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DETECTING MUTATIONS AND PLOIDY IN CHROMOSOMAL SEGMENTS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application is a continuation of U.S. Utility Application Ser. No. 16/014,961. U.S.
Utility Application Ser. No. 16/014,961 is a continuation of U.S. Utility Application Ser. No.
14/692,703, filed April 21, 2015, now U.S. Patent No. 10,179,937. U.S. Utility Application Ser.
No. 14/692,703, now U.S. Patent No. 10,179,937, claims the benefit of and priority to U.S.
Provisional Application Ser. No. 61/982,245, filed April 21, 2014; U.S. Provisional Application
Ser. No. 61/987,407, filed May 1, 2014; U.S. Provisional Application Ser. No. 61/994,791, filed
May 16, 2014; U.S. Provisional Application Ser. No. 62/066,514, filed October 21, 2014; U.S.
Provisional Application Ser. No. 62/146,188, filed April 10, 2015; U.S. Provisional Application
Ser. No. 62/147,377, filed April 14, 2015; U.S. Provisional Application Ser. No. 62/148,173, filed
April 15, 2015, the entirety of these applications are hereby incorporated herein by reference for

the teachings therein.

FIELD OF THE INVENTION
[0002] The present invention generally relates to methods and systems for detecting ploidy of a

chromosome segment, and methods and systems for detecting a single nucleotide variant.

BACKGROUND OF THE INVENTION

[0003] Copy number variation (CNV) has been identified as a major cause of structural variation
in the genome, involving both duplications and deletions of sequences that typically range in length
from 1,000 base pairs (1 kb) to 20 megabases (mb). Deletions and duplications of chromosome
segments or entire chromosomes are associated with a variety of conditions, such as susceptibility
or resistance to disease.

[0004] CNVs are often assigned to one of two main categories, based on the length of the affected
sequence. The first category includes copy number polymorphisms (CNPs), which are common in
the general population, occurring with an overall frequency of greater than 1%. CNPs are typically
small (most are less than 10 kilobases in length), and they are often enriched for genes that encode

proteins important in drug detoxification and immunity. A subset of these CNPs is highly variable
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with respect to copy number. As a result, different human chromosomes can have a wide range of
copy numbers (e.g., 2, 3, 4, 5, etc.) for a particular set of genes. CNPs associated with immune
response genes have recently been associated with susceptibility to complex genetic diseases,
including psoriasis, Crohn's disease, and glomerulonephritis.

[0005] The second class of CNVs includes relatively rare variants that are much longer than CNPs,
ranging in size from hundreds of thousands of base pairs to over 1 million base pairs in length. In
some cases, these CNVs may have arisen during production of the sperm or egg that gave rise to
a particular individual, or they may have been passed down for only a few generations within a
family. These large and rare structural variants have been observed disproportionately in subjects
with mental retardation, developmental delay, schizophrenia, and autism. Their appearance in
such subjects has led to speculation that large and rare CNVs may be more important in
neurocognitive diseases than other forms of inherited mutations, including single nucleotide
substitutions.

[0006] Gene copy number can be altered in cancer cells. For instance, duplication of Chrlp is
common in breast cancer, and the EGFR copy number can be higher than normal in non-small cell
lung cancer. Cancer is one of the leading causes of death; thus, early diagnosis and treatment of
cancer is important, since it can improve the patient’s outcome (such as by increasing the
probability of remission and the duration of remission). Early diagnosis can also allow the patient
to undergo fewer or less drastic treatment alternatives. Many of the current treatments that destroy
cancerous cells also affect normal cells, resulting in a variety of possible side-effects, such as
nausea, vomiting, low blood cell counts, increased risk of infection, hair loss, and ulcers in mucous
membranes. Thus, early detection of cancer is desirable since it can reduce the amount and/or
number of treatments (such as chemotherapeutic agents or radiation) needed to eliminate the
cancer.

[0007] Copy number variation has also been associated with severe mental and physical
handicaps, and idiopathic learning disability. Non-invasive prenatal testing (NIPT) using cell-free
DNA (cfDNA) can be used to detect abnormalities, such as fetal trisomies 13, 18, and 21, triploidy,
and sex chromosome aneuploidies. Subchromosomal microdeletions, which can also result in
severe mental and physical handicaps, are more challenging to detect due to their smaller size.
Eight of the microdeletion syndromes have an aggregate incidence of more than 1 in 1000, making

them nearly as common as fetal autosomal trisomies.
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[0008] In addition, a higher copy number of CCL3L1 has been associated with lower susceptibility
to HIV infection, and a low copy number of FCGR3B (the CD16 cell surface immunoglobulin
receptor) can increase susceptibility to systemic lupus erythematosus and similar inflammatory
autoimmune disorders.

[0009] Thus, improved methods are needed to detect deletions and duplications of chromosome
segments or entire chromosomes. Preferably, these methods can be used to more accurately

diagnose disease or an increased risk of disease, such as cancer or CN'Vs in a gestating fetus.

SUMMARY OF THE INVENTION
[0010] In illustrative embodiments, provided herein is a method for determining ploidy of a
chromosomal segment in a sample of an individual. The method includes the following steps:
a. receiving allele frequency data comprising the amount of each allele present in the
sample at each loci in a set of polymorphic loci on the chromosomal segment;
b. generating phased allelic information for the set of polymorphic loci by estimating
the phase of the allele frequency data;
c. generating individual probabilities of allele frequencies for the polymorphic loci
for different ploidy states using the allele frequency data;
d. generating joint probabilities for the set of polymorphic loci using the individual
probabilities and the phased allelic information; and
e. selecting, based on the joint probabilities, a best fit model indicative of
chromosomal ploidy, thereby determining ploidy of the chromosomal segment.
[0011] In one illustrative embodiment of the method for determining ploidy, the data is generated
using nucleic acid sequence data, especially high throughput nucleic acid sequence data. In certain
illustrative examples of the method for determining ploidy, the allele frequency data is corrected
for errors before it is used to generate individual probabilities. In specific illustrative
embodiments, the errors that are corrected include allele amplification efficiency bias. In other
embodiments, the errors that are corrected include ambient contamination and genotype
contamination. In some embodiments, errors that are corrected include allele amplification bias,
ambient contamination and genotype contamination.
[0012] In certain embodiments of the method for determining ploidy, the individual probabilities

are generated using a set of models of both different ploidy states and allelic imbalance fractions
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for the set of polymorphic loci. In these embodiments, and other embodiments, the joint
probabilities are generated by considering the linkage between polymorphic loci on the
chromosome segment.

[0013] Accordingly, in one illustrative embodiment that combines some of these embodiments,
provided herein is a method for detecting chromosomal ploidy in a sample of an individual, that
includes the following steps:

a. receiving nucleic acid sequence data for alleles at a set of polymorphic loci on a
chromosome segment in the individual;

b. detecting allele frequencies at the set of loci using the nucleic acid sequence data;

c. correcting for allele amplification efficiency bias in the detected allele frequencies
to generate corrected allele frequencies for the set of polymorphic loci;

d. generating phased allelic information for the set of polymorphic loci by estimating
the phase of the nucleic acid sequence data;

e. generating individual probabilities of allele frequencies for the polymorphic loci
for different ploidy states by comparing the corrected allele frequencies to a set of
models of different ploidy states and allelic imbalance fractions of the set of
polymorphic loci;

f. generating joint probabilities for the set of polymorphic loci by combining the
individual probabilities considering the linkage between polymorphic loci on the
chromosome segment; and

g. selecting, based on the joint probabilities, the best fit model indicative of
chromosomal aneuploidy.

[0014] In another aspect, provided herein is a system for detecting chromosomal ploidy in a
sample of an individual, the system comprising:

a. an input processor configured to receive allelic frequency data comprising the
amount of each allele present in the sample at each loci in a set of polymorphic loci
on the chromosomal segment;

b. amodeler configured to:

i. generate phased allelic information for the set of polymorphic loci by

estimating the phase of the allele frequency data; and
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ii. generate individual probabilities of allele frequencies for the polymorphic
loci for different ploidy states using the allele frequency data; and

iii. generate joint probabilities for the set of polymorphic loci using the
individual probabilities and the phased allelic information; and

c. a hypothesis manager configured to select, based on the joint probabilities, a best
fit model indicative of chromosomal ploidy, thereby determining ploidy of the
chromosomal segment.

[0015] In certain embodiments of this system embodiment, the allele frequency data is data
generated by a nucleic acid sequencing system. In certain embodiments, the system further
comprises an error correction unit configured to correct for errors in the allele frequency data,
wherein the corrected allele frequency data is used by the modeler for to generate individual
probabilities. In certain embodiments the error correction unit corrects for allele amplification
efficiency bias. In certain embodiments, the modeler generates the individual probabilities using a
set of models of both different ploidy states and allelic imbalance fractions for the set of
polymorphic loci. The modeler, in certain exemplary embodiments generates the joint probabilities
by considering the linkage between polymorphic loci on the chromosome segment.

[0016] In one illustrative embodiment, provided herein is a system for detecting chromosomal
ploidy in a sample of an individual, that includes the following:

a. an input processor configured to receive nucleic acid sequence data for alleles at a
set of polymorphic loci on a chromosome segment in the individual and detect allele
frequencies at the set of loci using the nucleic acid sequence data;

b. an error correction unit configured to correct for errors in the detected allele
frequencies and generate corrected allele frequencies for the set of polymorphic
loci;

c. amodeler configured to:

i. generate phased allelic information for the set of polymorphic loci by
estimating the phase of the nucleic acid sequence data;

ii. generate individual probabilities of allele frequencies for the polymorphic
loci for different ploidy states by comparing the phased allelic information
to a set of models of different ploidy states and allelic imbalance fractions

of the set of polymorphic loci; and
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iii. generate joint probabilities for the set of polymorphic loci by combining the
individual probabilities considering the relative distance between
polymorphic loci on the chromosome segment; and

d. ahypothesis manager configured to select, based on the joint probabilities, a best
fit model indicative of chromosomal aneuploidy.

[0017] In certain aspects, the present invention provides a method for determining whether
circulating tumor nucleic acids are present in a sample in an individual, comprising

a. analyzing the sample to determine a ploidy at a set of polymorphic loci on a

chromosome segment in the individual; and

b. determining the level of allelic imbalance present at the polymorphic loci based on the

ploidy determination, wherein an allelic imbalance equal to or greater than 0.4%, 0.45%,

or 0.5% is indicative of the presence of circulating tumor nucleic acids in the sample.
[0018] In certain embodiments the method for determining whether circulating tumor nucleic
acids are present, further comprises detecting a single nucleotide variant at a single nucleotide
variance site in a set of single nucleotide variance locations, wherein detecting either an allelic
imbalance equal to or greater than 45% or detecting the single nucleotide variant, or both, is
indicative of the presence of circulating tumor nucleic acids in the sample.
[0019] In certain embodiments analyzing step in the method for determining whether circulating
tumor nucleic acids are present, includes analyzing a set of chromosome segments known to
exhibit aneuploidy in cancer. In certain embodiments analyzing step in the method for
determining whether circulating tumor nucleic acids are present, includes analyzing between 1,000
and 50,000 or between 100 and 1000, polymorphic loci for ploidy.
[0020] In certain aspects, provided herein are methods for detecting single nucleotide variants in
a sample. Accordingly, provided herein is a method for determining whether a single nucleotide
variant is present at a set of genomic positions in a sample from an individual, the method
comprising:

a. for each genomic position, generating an estimate of efficiency and a per cycle error

rate for an amplicon spanning that genomic position, using a training data set;

b. receiving observed nucleotide identity information for each genomic position in the

sample;
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¢. determining a set of probabilities of single nucleotide variant percentage resulting from
one or more real mutations at each genomic position, by comparing the observed nucleotide
identity information at each genomic position to a model of different variant percentages
using the estimated amplification efficiency and the per cycle error rate for each genomic
position independently; and
d. determining the most-likely real variant percentage and confidence from the set of
probabilities for each genomic position.
[0021] In illustrative embodiments of the method for determining whether a single nucleotide
variant is present, the estimate of efficiency and the per cycle error rate is generated for a set of
amplicons that span the genomic position. For example, 2, 3, 4, 5, 10, 15, 20, 25, 50, 100 or more
amplicons can be included that span the genomic position. In certain embodiments of this method
for detecting one or more SNVs the limit of detection is 0.015%, 0.017%, or 0.02%.
[0022] In illustrative embodiments of the method for determining whether a single nucleotide
variant is present, the observed nucleotide identity information comprises an observed number of
total reads for each genomic position and an observed number of variant allele reads for each
genomic position.
[0023] In illustrative embodiments of the method for determining whether a single nucleotide
variant is present, the sample is a plasma sample and the single nucleotide variant is present in
circulating tumor DNA of the sample.
[0024] In another embodiment, provided herein is a method for detecting one or more single
nucleotide variants in a test sample from an individual. The method according to this embodiment,
includes the following steps:
a. determining a median variant allele frequency for a plurality of control samples from
each of a plurality of normal individuals, for each single nucleotide variant position in a
set of single nucleotide variance positions based on results generated in a sequencing run,
to identify selected single nucleotide variant positions having variant median allele
frequencies in normal samples below a threshold value and to determine background error
for each of the single nucleotide variant positions after removing outlier samples for each

of the single nucleotide variant positions;
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b. determining an observed depth of read weighted mean and variance for the selected

single nucleotide variant positions for the test sample based on data generated in the

sequencing run for the test sample; and

c¢. identifying using a computer, one or more single nucleotide variant positions with a

statistically significant depth of read weighted mean compared to the background error for

that position, thereby detecting the one or more single nucleotide variants.
[0025] In certain embodiments of this method for detecting one or more SNVs the sample is a
plasma sample, the control samples are plasma samples, and the detected one or more single
nucleotide variants detected is present in circulating tumor DNA of the sample. In certain
embodiments of this method for detecting one or more SNVs the plurality of control samples
comprises at least 25 samples. In certain embodiments of this method for detecting one or more
SNVs, outliers are removed from the data generated in the high throughput sequencing run to
calculate the observed depth of read weighted mean and observed variance are determined. In
certain embodiments of this method for detecting one or more SNVs the depth of read for each
single nucleotide variant position for the test sample is at least 100 reads.
[0026] In certain embodiments of this method for detecting one or more SNVs the
sequencing run comprises a multiplex amplification reaction performed under limited primer
reaction conditions. In certain embodiments of this method for detecting one or more SNVs the
limit of detection is 0.015%, 0.017%, or 0.02%.
[0027] In one aspect, the invention features a method of determining if there is an
overrepresentation of the number of copies of a first homologous chromosome segment as
compared to a second homologous chromosome segment in the genome of one or more cells from
an individual. In some embodiments, the method includes obtaining phased genetic data for the
first homologous chromosome segment comprising, the identity of the allele present at that locus
on the first homologous chromosome segment for each locus in a set of polymorphic loci on the
first homologous chromosome segment, obtaining phased genetic data for the second homologous
chromosome segment comprising the identity of the allele present at that locus on the second
homologous chromosome segment for each locus in the set of polymorphic loci on the second
homologous chromosome segment, and obtaining measured genetic allelic data comprising the
amount of each allele present in a sample of DNA or RNA from one or more cells from the

individual , for each of the alleles at each of the loci in the set of polymorphic loci. In some
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embodiments, the method includes enumerating a set of one or more hypotheses specifying the
degree of overrepresentation of the first homologous chromosome segment in the genome of one
or more cells from the individual, calculating (such as calculating on a computer) a likelihood of
one or more of the hypotheses based on the obtained genetic data of the sample and the obtained
phased genetic data, and selecting the hypothesis with the greatest likelihood, thereby determining
the degree of overrepresentation of the number of copies of the first homologous chromosome
segment in the genome of one or more cells from the individual. In some embodiments, the phased
data includes inferred phased data using population based haplotype frequencies and/or measured
phased data (e.g., phased data obtained by measuring a sample containing DNA or RNA from the
individual or a relative of the individual).

[0028] In one aspect, the invention provides a method for determining if there is an
overrepresentation of the number of copies of a first homologous chromosome segment as
compared to a second homologous chromosome segment in the genome of one or more cells from
an individual. In some embodiments, the method includes obtaining phased genetic data for the
first homologous chromosome segment comprising the identity of the allele present at that locus
on the first homologous chromosome segment for each locus in a set of polymorphic loci on the
first homologous chromosome segment, obtaining phased genetic data for the second homologous
chromosome segment comprising the identity of the allele present at that locus on the second
homologous chromosome segment for each locus in the set of polymorphic loci on the second
homologous chromosome segment, and obtaining measured genetic allelic data comprising the
amount of each allele present in a sample of DNA or RNA from one or more cells from the
individual for each of the alleles at each of the loci in the set of polymorphic loci. In some
embodiments, the method includes enumerating a set of one or more hypotheses specifying the
degree of overrepresentation of the first homologous chromosome segment; calculating, for each
of the hypotheses, expected genetic data for the plurality of loci in the sample from the obtained
phased genetic data; calculating (such as calculating on a computer) the data fit between the
obtained genetic data of the sample and the expected genetic data for the sample; ranking one or
more of the hypotheses according to the data fit; and selecting the hypothesis that is ranked
the highest, thereby determining the degree of overrepresentation of the number of copies of the

first homologous chromosome segment in the genome of one or more cells from the individual.
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[0029] In one aspect, the invention features a method for determining if there is an
overrepresentation of the number of copies of a first homologous chromosome segment as
compared to a second homologous chromosome segment in the genome of one or more cells from
an individual. In some embodiments, the method includes obtaining phased genetic data for the
first homologous chromosome segment comprising the identity of the allele present at that locus
on the first homologous chromosome segment for each locus in a set of polymorphic loci on the
first homologous chromosome segment, obtaining phased genetic data for the second homologous
chromosome segment comprising the identity of the allele present at that locus on the second
homologous chromosome segment for each locus in the set of polymorphic loci on the second
homologous chromosome segment, and obtaining measured genetic allelic data comprising, for
each of the alleles at each of the loci in the set of polymorphic loci, the amount of each allele
present in a sample of DNA or RNA from one or more target cells and one or more non-target
cells from the individual. In some embodiments, the method includes enumerating a set of one or
more hypotheses specifying the degree of overrepresentation of the first homologous chromosome
segment; calculating (such as calculating on a computer), for each of the hypotheses, expected
genetic data for the plurality of loci in the sample from the obtained phased genetic data for one or
more possible ratios of DNA or RNA from the one or more target cells to the total DNA or RNA
in the sample; calculating (such as calculating on a computer) for each possible ratio of DNA or
RNA and for each hypothesis, the data fit between the obtained genetic data of the sample and the
expected genetic data for the sample for that possible ratio of DNA or RNA and for that hypothesis;
ranking one or more of the hypotheses according to the data fit; and selecting the hypothesis
that is ranked the highest, thereby determining the degree of overrepresentation of the number of
copies of the first homologous chromosome segment in the genome of one or more cells from the
individual.

[0030] In one aspect, the invention features a method for determining if there is an
overrepresentation of the number of copies of a first homologous chromosome segment as
compared to a second homologous chromosome segment in the genome of one or more cells from
an individual. In some embodiments, the method includes obtaining phased genetic data for the
first homologous chromosome segment comprising the identity of the allele present at that locus
on the first homologous chromosome segment for each locus in a set of polymorphic loci on the

first homologous chromosome segment, obtaining phased genetic data for the second homologous
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chromosome segment comprising the identity of the allele present at that locus on the second
homologous chromosome segment for each locus in the set of polymorphic loci on the second
homologous chromosome segment, and obtaining measured genetic allelic data comprising the
amount of each allele present in a sample of DNA or RNA from one or more target cells and one
or more non-target cells from the individual for each of the alleles at each of the loci in the set of
polymorphic loci. In some embodiments, the method includes enumerating a set of one or more
hypotheses specifying the degree of overrepresentation of the first homologous chromosome
segment; calculating (such as calculating on a computer), for each of the hypotheses, expected
genetic data for the plurality of loci in the sample from the obtained phased genetic data for one or
more possible ratios of DNA or RNA from the one or more target cells to the total DNA or RNA
in the sample; calculating (such as calculating on a computer) for each locus in the plurality of
loci, each possible ratio of DNA or RNA, and each hypothesis, the likelihood that the hypothesis
is correct by comparing the obtained genetic data of the sample for that locus and the expected
genetic data for that locus for that possible ratio of DNA or RNA and for that hypothesis;
determining the combined probability for each hypothesis by combining the probabilities of that
hypothesis for each locus and each possible ratio; and selecting the hypothesis with the greatest
combined probability, thereby determining the degree of overrepresentation of the number of
copies of the first homologous chromosome segment. In some embodiments, all of the loci are
considered at once to calculate the probability of a particular hypothesis, and the hypothesis with
the greatest probability is selected.

[0031] In one aspect, the invention features a method for determining a number of copies of a
chromosome segment of interest in the genome of a fetus. In some
embodiments, the method includes obtaining phased genetic data for at least one biological parent
of the fetus, wherein the phased genetic data comprises the identity of the allele present for each
locus in a set of polymorphic loci on a first homologous chromosome segment and a second
homologous chromosome segment in a pair of homologous chromosome segments that comprises
the chromosome segment of interest. In some embodiments, the method includes obtaining
genetic data at the set of polymorphic loci on the chromosome segment of interest in
amixed sample of DNA or RNA comprising fetal DNA or RNA and maternal DNA or RNA from
the mother of the fetus by measuring the quantity of each allele at each locus. In some

embodiments, the method includes enumerating a set of one or more hypotheses specifying the
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number of copies of the chromosome segment of interest present in the genome of the fetus. In
some embodiments, the method includes enumerating a set of one or more hypotheses specifying,
for one or both parents, the number of copies of the first homologous chromosome segment or
portion thereof from the parent in the genome of the fetus, the number of copies of the second
homologous chromosome segment or portion thereof from the parent in the genome of the fetus,
and the total number of copies of the chromosome segment of interest present in the genome of
the fetus. In some embodiments, the method includes calculating (such as calculating on a
computer), for each of the hypotheses, expected genetic data for the plurality of loci in the mixed
sample from the obtained phased genetic data from the parent(s); calculating (such as calculating
on a computer) the data fit between the obtained genetic data of the mixed sample and the expected
genetic data for the mixed sample; ranking one or more of the hypotheses according to the data fit;
and selecting the hypothesis that is ranked the highest, thereby determining the number of
copies of the chromosome segment of interest in the genome of the fetus.

[0032] In one aspect, the invention features a method for determining a number of copies of a
chromosome or chromosome segment of interest in the genome of a fetus.
In some embodiments, the method includes obtaining phased genetic data for at least one
biological parent of the fetus, wherein the phased genetic data comprises the identity of the allele
present for each locus in a set of polymorphic loci on a first homologous chromosome segment
and a second homologous chromosome segment in the parent. In some embodiments, the method
includes obtaining genetic data at the set of polymorphic loci on the chromosome or
chromosome segment in amixed sample of DNA or RNA comprising fetal DNA or RNA
and maternal DNA or RNA from the mother of the fetus by measuring the quantity of each allele
at each locus. In some embodiments, the method includes enumerating a set of one or more
hypotheses specifying the number of copies of the chromosome or chromosome segment of
interest present in the genome of the fetus. In some embodiments, the method includes creating
(such as creating on a computer) for each of the hypotheses, a probability distribution of the
expected quantity of each allele at each of the plurality of loci in mixed sample from the (i) the
obtained phased genetic data from the parent(s) and (ii) optionally the probability of one or more
crossovers that may have occurred during the formation of a gamete that contributed a copy
of the chromosome or chromosome segment of interest to the fetus; calculating (such as calculating

on a computer) a fit, for each of the hypotheses, between (1) the obtained genetic data of the mixed
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sample and (2) the probability distribution of the expected quantity of each allele at each of the
plurality of loci in mixed sample for that hypothesis; ranking one or more of the hypotheses
according to the data fit; and selecting the hypothesis that is ranked the highest, thereby
determining the number of copies of the chromosome segment of interest in the genome of the
fetus.

[0033] In some embodiments, the method includes obtaining phased genetic data for the mother
of the fetus. In some embodiments, the method includes enumerating a set of one or more
hypotheses specifying the number of copies of the first homologous chromosome segment or
portion thereof from the mother in the genome of the fetus, the number of copies of the second
homologous chromosome segment or portion thereof from the mother in the genome of the fetus,
and the total number of copies of the chromosome segment of interest present in the genome of
the fetus. In some embodiments, the method includes calculating, for each of the hypotheses,
expected genetic data for the plurality of loci in the mixed sample from the obtained phased genetic
data from the mother.

[0034] In some embodiments, the expected genetic data for each of the hypotheses comprises the
identity and an amount of one or more alleles at each locus in the plurality of loci from the maternal
DNA or RNA and fetal DNA or RNA in the mixed sample. In some embodiments, the method
includes calculating (such as calculating on a computer) expected genetic data by determining a
fraction of fetal DNA or RNA and a fraction of maternal DNA or RNA in the mixed sample. In
some embodiments, the method includes calculating, for each locus in the plurality of loci, the
expected amount of one or more of the alleles for that locus in the maternal DNA or RNA in the
mixed sample using the identity of the allele(s) present at that locus in the obtained phased genetic
data of the mother and the fraction of maternal DNA or RNA in the mixed sample. In some
embodiments, the method includes calculating (such as calculating on a computer), for each locus
in the plurality of loci for each hypothesis, the expected amount of one or more of the alleles for
that locus in the fetal DNA or RNA inherited from the mother in the mixed sample using the
identity of the allele present at that locus in the first or second homologous chromosome segment
from the mother that is specified by the hypothesis to have been inherited by the fetus, the number
of copies of the first or second homologous chromosome segment from the mother that is specified
by the hypothesis to have been inherited by the fetus, and the fraction of fetal DNA or RNA in the

mixed sample.
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[0035] In some embodiments, the expected genetic data for each of the hypotheses comprises the
identity and an amount of one or more alleles at each locus in the plurality of loci from the maternal
DNA or RNA and fetal DNA or RNA in the mixed sample. In some embodiments, the method
includes calculating expected genetic data by determining a fraction of fetal DNA or RNA and a
fraction of maternal DNA or RNA in the mixed sample. In some embodiments, the method
includes calculating (such as calculating on a computer), for each locus in the plurality of loci, the
expected amount of one or more of the alleles for that locus in the maternal DNA or RNA in the
mixed sample using the identity of the allele(s) present at that locus in the obtained phased genetic
data of the mother and the fraction of maternal DNA or RNA in the mixed sample. In some
embodiments, the method includes calculating (such as calculating on a computer), for each locus
in the plurality of loci for each hypothesis, the expected amount of one or more of the alleles for
that locus in the fetal DNA or RNA inherited from the mother in the mixed sample using the
identity of the allele present at that locus in the first or second homologous chromosome segment
from the mother that is specified by the hypothesis to have been inherited by the fetus, the number
of copies of the first or second homologous chromosome segment from the mother that is specified
by the hypothesis to have been inherited by the fetus, the identity of one or more possible alleles
at that locus in the first or second homologous chromosome segment from the father that is
specified by the hypothesis to have been inherited by the fetus, the number of copies of the first or
second homologous chromosome segment from the father that is specified by the hypothesis to
have been inherited by the fetus, and the fraction of fetal DNA or RNA in the mixed sample. In
some embodiments, population frequencies are used to predict the identity of the alleles in the first
or second homologous chromosome segment from the father. In some embodiments, the
probability for each of the possible alleles at each locus in the first or second homologous
chromosome segment from the father are considered to be the same.

[0036] In some embodiments, the method includes obtaining phased genetic data for both the
mother and father of the fetus. In some embodiments, the method includes enumerating a set of
one or more hypotheses specifying the number of copies of the first homologous chromosome
segment or portion thereof from the mother in the genome of the fetus, the number of copies of
the second homologous chromosome segment or portion thereof from the mother in the genome
of the fetus, the number of copies of the first homologous chromosome segment or portion thereof

from the father in the genome of the fetus, the number of copies of the second homologous
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chromosome segment or portion thereof from the father in the genome of the fetus, and the total
number of copies of the chromosome segment of interest present in the genome of the fetus. In
some embodiments, the method includes calculating (such as calculating on a computer), for each
of the hypotheses, expected genetic data for the plurality of loci in the mixed sample from the
obtained phased genetic data from the mother and obtained phased genetic data from the father.
[0037] In some embodiments, the expected genetic data for each of the hypotheses comprises the
identity and an amount of one or more alleles at each locus in the plurality of loci from the maternal
DNA or RNA and fetal DNA or RNA in the mixed sample. In some embodiments, the method
includes calculating expected genetic data by determining a fraction of fetal DNA or RNA and a
fraction of maternal DNA or RNA in the mixed sample. In some embodiments, the method
includes calculating (such as calculating on a computer), for each locus in the plurality of loci, the
expected amount of one or more of the alleles for that locus in the maternal DNA or RNA in the
mixed sample using the identity of the allele(s) present at that locus in the obtained phased genetic
data of the mother and the fraction of maternal DNA or RNA in the mixed sample. In some
embodiments, the method includes calculating (such as calculating on a computer), for each locus
in the plurality of loci for each hypothesis, the expected amount of one or more of the alleles for
that locus in the fetal DNA or RNA in the mixed sample using the identity of the allele present at
that locus in the first or second homologous chromosome segment from the mother that is specified
by the hypothesis to have been inherited by the fetus, the number of copies of the first or second
homologous chromosome segment from the mother that is specified by the hypothesis to have
been inherited by the fetus, the identity of the allele present at that locus in the first or second
homologous chromosome segment from the father that is specified by the hypothesis to have been
inherited by the fetus, the number of copies of the first or second homologous chromosome
segment from the father that is specified by the hypothesis to have been inherited by the fetus, and
the fraction of fetal DNA or RNA in the mixed sample.

[0038] In some embodiments, the method includes calculating (such as calculating on a computer),
for each of the hypotheses, a probability distribution of expected genetic data for the plurality of
loci in the mixed sample from the obtained phased genetic data from the parent(s). In some
embodiments, the method includes increasing the probability in the probability distribution of an
a particular allele being present at a first locus in the mixed sample if that particular allele is present

in the first homologous segment in the parent and an allele at a nearby locus in the first homologous
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segment in the parent is observed in the obtained genetic data of the mixed sample; or decreasing
the probability in the probability distribution of an a particular allele being present at a first locus
in the mixed sample if that particular allele is present in the first homologous segment in the parent
and an allele at a nearby locus in the first homologous segment in the parent is not observed in the
obtained genetic data of the mixed sample. In some embodiments, the method includes increasing
the probability in the probability distribution of an a particular allele being present at a second
locus in the mixed sample if that particular allele is present in the second homologous segment in
the parent and an allele at a nearby locus in the second homologous segment in the parent is
observed in the obtained genetic data of the mixed sample; or decreasing the probability in the
probability distribution of an a particular allele being present at a second locus in the mixed sample
if that particular allele is present in the second homologous segment in the parent and an allele at
a nearby locus in the second homologous segment in the parent is not observed in the obtained
genetic data of the mixed sample.

[0039] In some embodiments, the method includes obtaining phased genetic data for both the
mother and father of the fetus. In some embodiments, the method includes enumerating a set of
one or more hypotheses specifying the number of copies of the first homologous chromosome
segment or portion thereof from the mother in the genome of the fetus, the number of copies of
the second homologous chromosome segment or portion thereof from the mother in the genome
of the fetus, the number of copies of the first homologous chromosome segment or portion thereof
from the father in the genome of the fetus, the number of copies of the second homologous
chromosome segment or portion thereof from the father in the genome of the fetus, and the total
number of copies of the chromosome segment of interest present in the genome of the fetus. In
some embodiments, the method includes calculating (such as calculating on a computer), for each
of the hypotheses, a probability distribution of expected genetic data for the plurality of loci in the
mixed sample from the obtained phased genetic data from the mother and father. In some
embodiments, the method includes increasing the probability in the probability distribution of an
a particular allele being present at a first locus in the mixed sample if that particular allele is present
in the first homologous segment in the mother or father and an allele at a nearby locus in the first
homologous segment in that parent is observed in the obtained genetic data of the mixed sample;
or decreasing the probability in the probability distribution of an a particular allele being present

at a first locus in the mixed sample if that particular allele is present in the first homologous
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segment in the mother or father and an allele at a nearby locus in the first homologous segment in
that parent is not observed in the obtained genetic data of the mixed sample. In some embodiments,
the method includes increasing the probability in the probability distribution of an a particular
allele being present at a second locus in the mixed sample if that particular allele is present in the
second homologous segment in the mother or father and an allele at a nearby locus in the second
homologous segment in that parent is observed in the obtained genetic data of the mixed sample;
or decreasing the probability in the probability distribution of an a particular allele being present
at a second locus in the mixed sample if that particular allele is present in the second homologous
segment in the mother or father and an allele at a nearby locus in the second homologous segment
in that parent is not observed in the obtained genetic data of the mixed sample.

[0040] In some embodiments, the first locus and the locus that is nearby to the first locus co-
segregate. In some embodiments, the second locus and the locus that is nearby to the second locus
co-segregate. In some embodiments, no crossovers are expected to occur between the first locus
and the locus that is nearby to the first locus. In some embodiments, no crossovers are expected
to occur between the second locus and the locus that is nearby to the second locus. In some
embodiments, the distance between the first locus and the locus that is nearby to the first locus is
less than 5 mb, 1 mb, 100 kb, 10 kb, 1 kb, 0.1 kb, or 0.01 kb. In some embodiments, the distance
between the second locus and the locus that is nearby to the second locus is less than 5 mb, 1 mb,
100 kb, 10 kb, 1 kb, 0.1 kb, or 0.01 kb.

[0041] In some embodiments, one or more crossovers occurs during the formation of a gamete
that contributed a copy of the chromosome segment of interest to the fetus; and the crossover
produces a chromosome segment of interest in the genome of the fetus that comprises a portion of
the first homologous segment and a portion of the second homologous segment from the parent.
In some embodiments, the set of hypothesis comprises one or more hypotheses specifying the
number of copies of the chromosome segment of interest in the genome of the fetus that comprises
a portion of the first homologous segment and a portion of the second homologous segment from
the parent.

[0042] In some embodiments, the expected genetic data of the mixed sample comprises the
expected amount of one or more of the alleles at each locus in the plurality of loci in the mixed

sample for each of the hypotheses.

17

NeoGenomics
Exhibit 1003 Page 1375



Atty. Docket No.: N.012.US.10

[0043] In one aspect, the invention features a method of determining if there is an
overrepresentation of the number of copies of a first homologous chromosome segment as
compared to a second homologous chromosome segment in the genome of an individual (such
as in the genome of one or more cells, cfDNA, cfRNA, an individual suspected of having cancer,
a fetus, or an embryo) using phased genetic data. In some embodiments, the method involves
simultaneously or sequentially in any order (i) obtaining phased genetic data for the first
homologous chromosome segment comprising the identity of the allele present at that locus on the
first homologous chromosome segment for each locus in a set of polymorphic loci on the first
homologous chromosome segment, (ii) obtaining phased genetic data for the second homologous
chromosome segment comprising the identity of the allele present at that locus on the second
homologous chromosome segment for each locus in the set of polymorphic loci on the second
homologous chromosome segment, and (iii) obtaining measured genetic allelic data comprising
the amount of each allele at each of the loci in the set of polymorphic loci in a sample of DNA or
RNA from one or more cells from the individual or in a mixed sample of cell-free DNA or RNA
from two or more genetically different cells from the individual. In some embodiments,
the method involves calculating allele ratios for one or more loci in the set of polymorphic loci
that are heterozygous in at least one cell from which the sample was derived. In some
embodiments, the calculated allele ratio for a particular locus is the measured quantity of one of
the alleles divided by the total measured quantity of all the alleles for the locus. In some
embodiments, the method involves determining if there is an overrepresentation of the number of
copies of the first homologous chromosome segment by comparing one or more calculated allele
ratios for a locus to an expected allele ratio, such as a ratio that is expected for that locus if the first
and second homologous chromosome segments are present in equal proportions. In some
embodiments, the expected ratio is 0.5 for biallelic loci.

[0044] In some embodiments for prenatal testing, the method involves simultaneously or
sequentially in any order (i) obtaining phased genetic data for the first homologous chromosome
segment in the genome of a fetus (such as a fetus gestating in a pregnant mother) comprising the
identity of the allele present at that locus on the first homologous chromosome segment for each
locus in a set of polymorphic loci on the first homologous chromosome segment, (ii) obtaining
phased genetic data for the second homologous chromosome segment in the genome of the fetus

comprising the identity of the allele present at that locus on the second homologous chromosome
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segment for each locus in the set of polymorphic loci on the second homologous chromosome
segment, and (iii) obtaining measured genetic allelic data comprising the amount of each allele at
each of the loci in the set of polymorphic loci in a mixed sample of DNA or RNA from the mother
of the fetus that includes fetal DNA or RNA and maternal DNA or RNA (such as a mixed sample
of cell-free DNA or RNA originating from a blood sample from the mother that includes fetal cell-
free DNA or RNA and maternal cell-free DNA or RNA). In some embodiments, the method
involves calculating allele ratios for one or more loci in the set of polymorphic loci that are
heterozygous in the fetus and/or heterozygous in the mother. In some embodiments, the calculated
allele ratio for a particular locus is the measured quantity of one of the alleles divided by the total
measured quantity of all the alleles for the locus. In some embodiments, the method involves
determining if there is an overrepresentation of the number of copies of the first homologous
chromosome segment by comparing one or more calculated allele ratios for a locus to an expected
allele ratio, such as a ratio that is expected for that locus if the first and second homologous
chromosome segments are present in equal proportions.

[0045] In some embodiments, a calculated allele ratio is indicative of an overrepresentation of the
number of copies of the first homologous chromosome segment if either (i) the allele ratio for the
measured quantity of the allele present at that locus on the first homologous chromosome divided
by the total measured quantity of all the alleles for the locus is greater than the expected allele ratio
for that locus, or (ii) the allele ratio for the measured quantity of the allele present at that locus on
the second homologous chromosome divided by the total measured quantity of all the alleles for
the locus is less than the expected allele ratio for that locus. In some embodiments, a calculated
allele ratio is indicative of no overrepresentation of the number of copies of the first homologous
chromosome segment if either (i) the allele ratio for the measured quantity of the allele present at
that locus on the first homologous chromosome divided by the total measured quantity of all the
alleles for the locus is less than or equal to the expected allele ratio for that locus, or (ii) the allele
ratio for the measured quantity of the allele present at that locus on the second homologous
chromosome divided by the total measured quantity of all the alleles for the locus is greater than
or equal to the expected allele ratio for that locus.

[0046] In some embodiments, determining if there is an overrepresentation of the number of
copies of the first homologous chromosome segment includes enumerating a set of one or more

hypotheses specifying the degree of overrepresentation of the first homologous chromosome
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segment. In some embodiments, predicted allele ratios for the loci that are heterozygous in at least
one cell (such as the loci that are heterozygous in the fetus and/or heterozygous in the mother) are
estimated for each hypothesis given the degree of overrepresentation specified by that hypothesis.
In some embodiments, the likelihood that the hypothesis is correct is calculated by comparing the
calculated allele ratios to the predicted allele ratios, and the hypothesis with the greatest likelihood
is selected. In some embodiments, an expected distribution of a test statistic is calculated using
the predicted allele ratios for each hypothesis. In some embodiments, the likelihood that the
hypothesis is correct is calculated by comparing a test statistic that is calculated using the
calculated allele ratios to the expected distribution of the test statistic that is calculated using the
predicted allele ratios, and the hypothesis with the greatest likelihood is selected. In some
embodiments, predicted allele ratios for the loci that are heterozygous in at least one cell (such as
the loci that are heterozygous in the fetus and/or heterozygous in the mother) are estimated given
the phased genetic data for the first homologous chromosome segment, the phased genetic data for
the second homologous chromosome segment, and the degree of overrepresentation specified by
that hypothesis. In some embodiments, the likelihood that the hypothesis is correct is calculated
by comparing the calculated allele ratios to the predicted allele ratios; and the hypothesis with the
greatest likelihood is selected.

[0047] In some embodiments, the ratio of DNA (or RNA) from one or more target cells to the total
DNA (or RNA) in the sample is calculated. An exemplary ratio is the ratio of fetal DNA (or RNA)
to the total DNA (or RNA) in the sample. In some embodiments, the ratio of fetal DNA to total
DNA in the sample is determined by measuring the amount of an allele at one or more loci in
which the fetus has the allele and the mother does not have the allele. In some embodiments, the
ratio of fetal DNA to total DNA in the sample is determined by measuring the difference in
methylation between one or more maternal and fetal alleles. In some embodiments, a set of one
or more hypotheses specifying the degree of overrepresentation of the first homologous
chromosome segment are enumerated. In some embodiments, predicted allele ratios for the loci
that are heterozygous in at least one cell (such as the loci that are heterozygous in the fetus and/or
heterozygous in the mother) are estimated given the calculated ratio of DNA or RNA and the
degree of overrepresentation specified by that hypothesis are estimated for each hypothesis. In
some embodiments, the likelihood that the hypothesis is correct is calculated by comparing the

calculated allele ratios to the predicted allele ratios, and the hypothesis with the greatest likelihood
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is selected. In some embodiments, an expected distribution of a test statistic calculated using the
predicted allele ratios and the calculated ratio of DNA or RNA is estimated for each hypothesis.
In some embodiments, the likelihood that the hypothesis is correct is determined by comparing a
test statistic calculated using the calculated allele ratios and the calculated ratio of DNA or RNA
to the expected distribution of the test statistic calculated using the predicted allele ratios and the
calculated ratio of DNA or RNA, and the hypothesis with the greatest likelihood is selected.
[0048] In some embodiments, the method includes enumerating a set of one or more hypotheses
specifying the degree of overrepresentation of the first homologous chromosome segment. In
some embodiments, the method includes estimating, for each hypothesis, either (i) predicted allele
ratios for the loci that are heterozygous in at least one cell (such as the loci that are heterozygous
in the fetus and/or heterozygous in the mother) given the degree of overrepresentation specified
by that hypothesis or (ii) for one or more possible ratios of DNA or RNA (such as ratios of fetal
DNA or RNA to the total DNA or RNA in the sample), an expected distribution of a test statistic
calculated using the predicted allele ratios and the possible ratio of DNA or RNA from the one or
more target cells (such as fetal cells) to the total DNA or RNA in the sample. In some
embodiments, a data fit is calculated by comparing either (i) the calculated allele ratios to the
predicted allele ratios, or (ii) a test statistic calculated using the calculated allele ratios and the
possible ratio of DNA or RNA to the expected distribution of the test statistic calculated using the
predicted allele ratios and the possible ratio of DNA or RNA. In some embodiments, one or more
of the hypotheses are ranked according to the data fit, and the hypothesis that is ranked the highest
is selected. In some embodiments, a technique or algorithm, such as a search algorithm, is used
for one or more of the following steps: calculating the data fit, ranking the hypotheses, or selecting
the hypothesis that is ranked the highest. In some embodiments, the data fit is a fit to a beta-
binomial distribution or a fit to a binomial distribution. In some embodiments, the technique or
algorithm is selected from the group consisting of maximum likelihood estimation, maximum a-
posteriori estimation, Bayesian estimation, dynamic estimation (such as dynamic Bayesian
estimation), and expectation-maximization estimation. In some embodiments, the method
includes applying the technique or algorithm to the obtained genetic data and the expected genetic
data.

[0049] In some embodiments, the method includes creating a partition of possible ratios (such as

ratios of fetal DNA or RNA to the total DNA or RNA in the sample) that range from a lower limit
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to an upper limit for the ratio of DNA or RNA from the one or more target cells to the total DNA
or RNA in the sample. In some embodiments, a set of one or more hypotheses specifying the
degree of overrepresentation of the first homologous chromosome segment are enumerated. In
some embodiments, the method includes estimating, for each of the possible ratios of DNA or
RNA in the partition and for each hypothesis, either (i) predicted allele ratios for the loci that are
heterozygous in at least one cell (such as the loci that are heterozygous in the fetus and/or
heterozygous in the mother) given the possible ratio of DNA or RNA and the degree of
overrepresentation specified by that hypothesis or (ii) an expected distribution of a test statistic
calculated using the predicted allele ratios and the possible ratio of DNA or RNA. In some
embodiments, the method includes calculating, for each of the possible ratios of DNA or RNA in
the partition and for each hypothesis, the likelihood that the hypothesis is correct by comparing
either (i) the calculated allele ratios to the predicted allele ratios, or (ii) a test statistic calculated
using the calculated allele ratios and the possible ratio of DNA or RNA to the expected distribution
of the test statistic calculated using the predicted allele ratios and the possible ratio of DNA or
RNA. In some embodiments, the combined probability for each hypothesis is determined by
combining the probabilities of that hypothesis for each of the possible ratios in the partition; and
the hypothesis with the greatest combined probability is selected. In some embodiments, the
combined probability for each hypothesis is determining by weighting the probability of a
hypothesis for a particular possible ratio based on the likelihood that the possible ratio is the correct
ratio.

[0050] In one aspect, the invention features a method for determining a number of copies of a
chromosome or chromosome segment in the genome of one or more cells from an individual using
phased or unphased genetic data. In some embodiments, the method involves obtaining genetic
data at a set of polymorphic loci on the chromosome or chromosome segment in a sample by
measuring the quantity of each allele at each locus. In some embodiments, the sample is a sample
of DNA or RNA from one or more cells from the individual or a mixed sample of cell-free DNA
from the individual that includes cell-free DNA from two or more genetically different cells. In
some embodiments, allele ratios are calculated for the loci that are heterozygous in at least one cell
from which the sample was derived. In some embodiments, the calculated allele ratio for a
particular locus is the measured quantity of one of the alleles divided by the total measured quantity

of all the alleles for the locus. In some embodiments, the calculated allele ratio for a particular
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locus is the measured quantity of one of the alleles (such as the allele on the first homologous
chromosome segment) divided by the measured quantity of one or more other alleles (such as the
allele on the second homologous chromosome segment) for the locus. In some embodiments, a
set of one or more hypotheses specifying the number of copies of the chromosome or chromosome
segment in the genome of one or more of the cells are enumerated. In some embodiments, the
hypothesis that is most likely based on the test statistic is selected, thereby determining the number
of copies of the chromosome or chromosome segment in the genome of one or more of the cells.
[0051] In one aspect, the invention features a method for determining a number of copies of a
chromosome or chromosome segment in the genome of a fetus (such as a fetus that is gestating
in a pregnant mother) using phased or unphased genetic data. In some embodiments, the method
involves obtaining genetic data at a set of polymorphic loci on the chromosome or
chromosome segment in asample by measuring the quantity of each allele at each locus.
In some embodiments, the sample is a mixed sample of DNA comprising fetal DNA or RNA and
maternal DNA or RNA from the mother of the fetus (such as a mixed sample of cell-free DNA or
RNA originating from a blood sample from the mother that includes fetal cell-free DNA or RNA
and maternal cell-free DNA or RNA). In some embodiments, allele ratios are calculated for the
loci that are heterozygous in the fetus and/or heterozygous in the mother. In some embodiments,
the calculated allele ratio for a particular locus is the measured quantity of one of the alleles divided
by the total measured quantity of all the alleles for the locus. In some embodiments, the calculated
allele ratio for a particular locus is the measured quantity of one of the alleles (such as the allele
on the first homologous chromosome segment) divided by the measured quantity of one or more
other alleles (such as the allele on the second homologous chromosome segment) for the locus. In
some embodiments, a set of one or more hypotheses specifying the number of copies of the
chromosome or chromosome segment in the genome of fetus are enumerated. In some
embodiments, the hypothesis that is most likely based on the test statistic is selected, thereby
determining the number of copies of the chromosome or chromosome segment in the
genome of the fetus.

[0052] In some embodiments, a hypotheses is selected if the probability that the test statistic
belongs to a distribution of the test statistic for that hypothesis is above an upper threshold; one or
more of the hypotheses is rejected if the probability that the test statistic belongs to the distribution

of the test statistic for that hypothesis is below an lower threshold; or a hypothesis is neither selected
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nor rejected if the probability that the test statistic belongs to the distribution of the test statistic for
that hypothesis is between the lower threshold and the upper threshold, or if the probability is not
determined with sufficiently high confidence. In some embodiments, the overrepresentation of the
number of copies of the first homologous chromosome segment is due to a duplication of the first
homologous chromosome segment or a deletion of the second homologous chromosome segment.
In some embodiments, the total measured quantity of all the alleles for one or more of the loci is
compared to a reference amount to determine whether the overrepresentation of the number of
copies of the first homologous chromosome segment is due to a duplication of the first homologous
chromosome segment or a deletion of the second homologous chromosome segment. In some
embodiments, the magnitude of the difference between the calculated allele ratio and the expected
allele ratio for one or more loci is used to determine whether the overrepresentation of the number
of copies of the first homologous chromosome segment is due to a duplication of the first
homologous chromosome segment or a deletion of the second homologous chromosome segment.
In some embodiments, the first and second homologous chromosome segments are determined to
be present in equal proportions if there is not an overrepresentation of the number of copies of the
first homologous chromosome segment, and there is not an overrepresentation of the second
homologous chromosome segment (such as in the genome of the cells, cfDNA, cfRNA, individual,
fetus, or embryo).

[0053] In some embodiments, the ratio of DNA from the one or more target cells to the total DNA
in the sample is determined based on the total or relative amount of one or more alleles at one or
more loci for which the genotype of the target cells differs from the genotype of the non-target
cells and for which the target cells and non-target cells are expected to be disomic. In some
embodiments, this ratio is used to determine whether the overrepresentation of the number of
copies of the first homologous chromosome segment is due to a duplication of the first homologous
chromosome segment or a deletion of the second homologous chromosome segment. In some
embodiments, the ratio is used to determine the number of extra copies of a chromosome segment
or chromosome that is duplicated. In some embodiments, the phased genetic data includes
probabilistic data. In some embodiments, obtaining the phased genetic data for the first
homologous chromosome segment and/or the second homologous chromosome segment in the
genome of the fetus includes obtaining phased genetic data for the first homologous chromosome

segment and/or the second homologous chromosome segment in the genome of one or both
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biological parents of the fetus, and inferring which homologous chromosome segment the fetus
inherited from one or both biological parents. In some embodiments, the probability of one or
more crossovers (such as 1, 2, 3, or 4 crossovers) that may have occurred during
the formation of a gamete that contributed a copy of the first homologous chromosome segment
or the second homologous chromosome segment to the fetus individual is used to infer which
homologous chromosome segment(s) the fetus inherited from one or both biological parents. In
some embodiments, phased genetic data for the mother and/or father of the fetus is obtained using
a technique selected from the group consisting of digital PCR, inferring a haplotype using
population based haplotype frequencies, haplotyping using a haploid cell such as a sperm or egg,
haplotyping using genetic data from one or more first degree relatives, and combinations thereof.
In some embodiments, the phased genetic data for the individual is obtained by phasing a portion
or all of region corresponding to a deletion or duplication in a sample from the individual. In some
embodiments, the phased genetic data for a fetus is obtained by phasing a portion or all of region
corresponding to a deletion or duplication in a sample from the fetus or the mother of the fetus. In
some embodiments, obtaining phased genetic data for the first and second homologous
chromosome segments includes determining the identity of alleles present in one of the
chromosome segments and determining the identity of alleles present in the other chromosome
segment by inference. In some embodiments, alleles from unphased genetic data that are not
present in the first homologous chromosome segment are assigned to the second homologous
chromosome segment. For example, if the genotype of the individual is (AB, AB) and the phased
data for the individual indicates that the first haplotype is (A,A); then, the other haplotype can be
inferred to be (B,B). In some embodiments, if only one allele is measured at a locus then that
allele is determined to be part of both the first and second homologous chromosome segments
(e.g., if the genotype is AA at a locus than both haplotypes have the A allele). In some
embodiments, the phased genetic data for the individual comprises determining whether or not one
or more possible chromosome crossovers occurred, such as by determining the sequence of a
recombination hotspot and optionally of a region flanking a recombination hotspot. In some
embodiments, any of the primer libraries of the invention are used to detect a recombination event
to determine what haplotype blocks are present in the genome of an individual.

[0054] In some embodiments, the method includes using a joint distribution model (such as a joint

distribution model that takes into account the linkage between loci), performing a linkage analysis,
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using a binomial distribution model, using a beta-binomial distribution model, and/or using the
likelihood of crossovers having occurred during the meiosis that gave rise to the gametes that
formed the embryo that grew into the fetus (such as using the probability of chromosomes crossing
over at different locations in a chromosome to model dependence between polymorphic alleles on
the chromosome or chromosome segment of interest).

[0055] In some embodiments, one or more of the calculated allele ratios for the cfDNA or cfRNA
are indicative of the corresponding allele ratios for DNA or RNA in the cells from which the
cfDNA or cfRNA was derived. In some embodiments, one or more of the calculated allele ratios
for the cfDNA or cfRNA are indicative of the corresponding allele ratios in the genome of the
individual. In some embodiments, an allele ratio is only calculated or is only compared to an
expected allele ratio if the measured genetic data indicate that more than one different allele is
present for that locus in the sample (such as in a cfDNA or cfRNA sample). In some embodiments,
an allele ratio is only calculated or is only compared to an expected allele ratio if the locus is
heterozygous in at least one of the cells from which the sample was derived (such as a locus that
is heterozygous in the fetus and/or heterozygous in the mother). In some embodiments, an allele
ratio is only calculated or is only compared to an expected allele ratio if the locus is heterozygous
in the fetus. In some embodiments, an allele ratio is calculated and compared to an expected allele
ratio for a homozygous locus. For example, allele ratios for loci that are predicted to be
homozygous for a particular individual being tested (or for both a fetus and pregnant mother) may
be analyzed to determine the level of noise or error in the system.

[0056] In some embodiments, at least 10; 50; 100; 200; 300; 500; 750; 1,000; 2,000; 3,000; 4,000,
or more loci (such as SNPs) are analyzed for a chromosome or chromosome segment of interest.
In some embodiments, the average number of loci (such as SNPs) per mb in a chromosome or
chromosome segment of interest is at least 1; 10; 25; 50; 100; 150; 200; 300; 500; 750; 1,000; or
more loci per mb. In some embodiments, the average number of loci (such as SNPs) per mb in a
chromosome or chromosome segment of interest is between 1 and 500 loci per mb, such as
between 1 and 50, 50 and 100, 100 and 200, 200 and 400, 200 and 300, or 300 and 400 loci per
mb, inclusive. In some embodiments, loci in multiple portions of a potential deletion or duplication
are analyzed to increase the sensitivity and/or specificity of the CNV determination compared to
only analyzing 1 loci or only analyzing a few loci that are near each other. In some embodiments,

only the two most common alleles at each locus are measured or are used to determine the
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calculated allele ratio. In some embodiments, the amplification of loci is performed using a
polymerase (e.g., a DNA polymerase, RNA polymerase, or reverse transcriptase) with low 5°— 3~
exonuclease and/or low strand displacement activity. In some embodiments, the measured genetic
allelic data is obtained by (i) sequencing the DNA or RNA in the sample,(ii) amplifying DNA or
RNA in the sample and then sequencing the amplified DNA, or (ii) amplifying the DNA or RNA
in the sample, ligating PCR products, and then sequencing the ligated products. In some
embodiments, measured genetic allelic data is obtained by dividing the DNA or RNA from the
sample into a plurality of fractions, adding a different barcode to the DNA or RNA in each fraction
(e.g., such that all the DNA or RNA in a particular fraction has the same barcode), optionally
amplifying the barcoded DNA or RNA, combining the fractions, and then sequencing the barcoded
DNA or RNA in the combined fractions. In some embodiments, alleles of the polymorphic loci
(such as SNPs) are identified using one or more of the following methods: sequencing (such as
nanopore sequencing or Halcyon Molecular sequencing), SNP array, real time PCR, TagMan,
Nanostring nCounter® Analysis System, Illumina GoldenGate Genotyping Assay that uses a
discriminatory DNA polymerase and ligase, ligation-mediated PCR, or Linked Inverted Probes
(LIPs; which can also be called pre-circularized probes, pre-circularizing probes, circularizing
probes, Padlock Probes, or Molecular Inversion Probes (MIPs)). In some embodiments, two or
more (such as 3 or 4) target amplicons are ligated together and then the ligated products are
sequenced. In some embodiments, measurements for different alleles for the same locus are
adjusted for differences in metabolism, apoptosis, histones, inactivation, and/or amplification
between the alleles (such as differences in amplification efficiency between different alleles of the
same locus). In some embodiments, this adjustment is performed prior to calculating allele ratios
for the obtained genetic data or prior to comparing the measured genetic data to the expected
genetic data.

[0057] In some embodiments, the method also includes determining the presence or absence of
one or more risk factors for a disease or disorder. In some embodiments, the method also includes
determining the presence or absence of one or more polymorphisms or mutations associated with
the disease or disorder or an increased risk for a disease or disorder. In some embodiments, the
method also includes determining the total level of cfDNA cf mDNA, cf nDNA, cfRNA, miRNA,
or any combination thereof. In some embodiments, the method includes determining the level of

one or more cfDNA cf mDNA, cf nDNA, ¢fRNA, and/or miRNA molecules of interest, such as
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molecules with a polymorphism or mutation associated with a disease or disorder or an increased
risk for a disease or disorder. In some embodiments, the fraction of tumor DNA out of total DNA
(such as the fraction of tumor cfDNA out of total cfDNA or the fraction of tumor cfDNA with a
particular mutation out of total cfDNA) is determined. In some embodiments, this tumor fraction
is used to determine the stage of a cancer (since higher tumor fractions can be associated with more
advanced stages of cancer). In some embodiments, the method also includes determining the total
level of DNA or RNA level. In some embodiments, the method includes determining the
methylation level of one or more DNA or RNA molecules of interest, such as molecules with a
polymorphism or mutation associated with a disease or disorder or an increased risk for a disease
or disorder. In some embodiments, the method includes determining the presence or absence of a
change in DNA integrity. In some embodiments, the method also includes determining the total
level of mRNA splicing. In some embodiments, the method includes determining the level of
mRNA splicing or detecting alternative mRNA splicing for one or RNA molecules of interest,
such as molecules with a polymorphism or mutation associated with a disease or disorder or an
increased risk for a disease or disorder.

[0058] In some embodiments, the invention features a method for detecting a cancer phenotype
in an individual, wherein the cancer phenotype is defined by the presence of at least one of a set
of mutations. In some embodiments, the method includes obtaining DNA or RNA measurements
for a sample of DNA or RNA from one or more cells from the individual, wherein one or more of
the cells is suspected of having the cancer phenotype; and analyzing the DNA or RNA
measurements to determine, for each of the mutations in the set of mutations, the likelihood that
at least one of the cells has that mutation. In some embodiments, the method includes determining
that the individual has the cancer phenotype if either (i) for at least one of the mutations, the
likelihood that at least one of the cells contains that mutations is greater than a threshold, or (ii)
for at least one of the mutations, the likelihood that at least one of the cells has that mutations is
less than the threshold, and for a plurality of the mutations, the combined likelihood that at least
one of the cells has at least one of the mutations is greater than the threshold. In some
embodiments, one or more cells have a subset or all of the mutations in the set of mutations. In
some embodiments, the subset of mutations is associated with cancer or an increased risk for
cancer. In some embodiments, the sample includes cell-free DNA or RNA. In some embodiments,

the DNA or RNA measurements include measurements (such as the quantity of each allele at each
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locus) at a set of polymorphic loci on one or more chromosomes or chromosome segments
of interest.

[0059] In one aspect, the invention features methods for selecting a therapy for the treatment,
stabilization, or prevention of a disease or disorder in a mammal. In some embodiments, the
method includes determining if there is an overrepresentation of the number of copies of a first
homologous chromosome segment as compared to a second homologous chromosome segment
using any of the methods described herein. In some embodiments, a therapy is selected for the
mammal (such as a therapy for a disease or disorder associated with the overrepresentation of the
first homologous chromosome segment).

[0060] In one aspect, the invention features methods for preventing, delaying, stabilizing, or
treating a disease or disorder in a mammal. In some embodiments, the method includes
determining if there is an overrepresentation of the number of copies of a first homologous
chromosome segment as compared to a second homologous chromosome segment using any of
the methods described herein. In some embodiments, a therapy is selected for the mammal (such
as a therapy for a disease or disorder associated with the overrepresentation of the first homologous
chromosome segment) and then the therapy is administered to the mammal.

[0061] In some embodiments, treating, stabilizing, or preventing a disease or disorder includes
preventing or delaying an initial or subsequent occurrence of a disease or disorder, increasing the
disease-free survival time between the disappearance of a condition and its reoccurrence,
stabilizing or reducing an adverse symptom associated with a condition, or inhibiting or stabilizing
the progression of a condition. In some embodiments, at least 20, 40, 60, 80, 90, or 95% of the
treated subjects have a complete remission in which all evidence of the condition disappears. In
some embodiments, the length of time a subject survives after being diagnosed with a condition
and treated is at least 20, 40, 60, 80, 100, 200, or even 500% greater than (i) the average amount
of time an untreated subject survives or (ii) the average amount of time a subject treated with
another therapy survives.

[0062] In some embodiments, treating, stabilizing, or preventing cancer includes reducing or
stabilizing the size of a tumor (e.g., a benign or malignant tumor), slowing or preventing an
increase in the size of a tumor, reducing or stabilizing the number of tumor cells, increasing the
disease-free survival time between the disappearance of a tumor and its reappearance, preventing

an initial or subsequent occurrence of a tumor, or reducing or stabilizing an adverse symptom
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associated with a tumor. In one embodiment, the number of cancerous cells surviving the
treatment is at least 10, 20, 40, 60, 80, or 100% lower than the initial number of cancerous cells,
as measured using any standard assay. In some embodiments, the decrease in the number of
cancerous cells induced by administration of a therapy of the invention is at least 2, 5, 10, 20, or
50-fold greater than the decrease in the number of non-cancerous cells. In some embodiments, the
number of cancerous cells present after administration of a therapy is at least 2, 5, 10, 20, or 50-
fold lower than the number of cancerous cells present after administration of a control (such as
administration of saline or a buffer). In some embodiments, the methods of the present invention
result in a decrease of 10, 20, 40, 60, 80, or 100% in the size of a tumor as determined using
standard methods. In some embodiments, at least 10, 20, 40, 60, 80, 90, or 95% of the treated
subjects have a complete remission in which there are no detectable cancerous cells. In some
embodiments, the cancer does not reappear, or reappears after at least 2, 5, 10, 15, or 20 years. In
some embodiments, the length of time a subject survives after being diagnosed with cancer and
treated with a therapy of the invention is at least 10, 20, 40, 60, 80, 100, 200, or even 500% greater
than (i) the average amount of time an untreated subject survives or (ii) the average amount of time
a subject treated with another therapy survives.

[0063] In one aspect, the invention features methods for stratification of subjects involved in a
clinical trial for the treatment, stabilization, or prevention of a disease or disorder in a mammal.
In some embodiments, the method includes determining if there is an overrepresentation of the
number of copies of a first homologous chromosome segment as compared to a second
homologous chromosome segment using any of the methods described herein before, during, or
after the clinical trial. In some embodiments, the presence or absence of the overrepresentation of
the first homologous chromosome segment in the genome of the subject places the subject into a
subgroup for the clinical trial.

[0064] In some embodiments, the disease or disorder is selected from the group consisting of
cancer, mental handicap, learning disability (e.g., idiopathic learning disability), mental
retardation, developmental delay, autism, neurodegenerative disease or disorder, schizophrenia,
physical handicap, autoimmune disecase or disorder, systemic lupus erythematosus, psoriasis,
Crohn's disease, glomerulonephritis, HIV infection, AIDS, and combinations thereof. In some
embodiments, the disease or disorder is selected from the group consisting of DiGeorge syndrome,

DiGeorge 2 syndrome, DiGeorge/VCFES syndrome, Prader-Willi syndrome, Angelman syndrome,
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Beckwith-Wiedemann syndrome, 1p36 deletion syndrome, 2q37 deletion syndrome, 3q29
deletion syndrome, 9q34 deletion syndrome, 17q21.31 deletion syndrome, Cri-du-chat syndrome,
Jacobsen syndrome, Miller Dieker syndrome, Phelan-McDermid syndrome, Smith-Magenis
syndrome, WAGR syndrome, Wolf-Hirschhorn syndrome, Williams syndrome, Williams-Beuren
syndrome, Miller-Dieker syndrome, Phelan-McDermid syndrome, Smith-Magenis syndrome,
Down syndrome, Edward syndrome, Patau syndrome, Klinefelter syndrome, Turner syndrome,
47 XXX syndrome, 47,XYY syndrome, Sotos syndrome, and combinations thereof. In some
embodiments, the method determines the presence or absence of one or more of the following
chromosomal abnormalities: nullsomy, monosomy, uniparental disomy, trisomy, matched
trisomy, unmatched trisomy, maternal trisomy, paternal trisomy, triploidy, mosaicism tetrasomy,
matched tetrasomy, unmatched tetrasomy, other aneuploidies, unbalanced translocations, balanced
translocations, insertions, deletions, recombinations, and combinations thereof. In some
embodiments, the chromosomal abnormality is any deviation in the copy number of a specific
chromosome or chromosome segment from the most common number of copies of that segment
or chromosome, for example in a human somatic cell, any deviation from 2 copies can be regarded
as a chromosomal abnormality. In some embodiments, the method determines the presence or
absence of a euploidy. In some embodiments, the copy number hypotheses include one or more
copy number hypotheses for a singleton pregnancy. In some embodiments, the copy number
hypotheses include one or more copy number hypotheses for a multiple pregnancy, such as a twin
pregnancy (e.g., identical or fraternal twins or a vanishing twin). In some embodiments, the copy
number hypotheses include all fetuses in a multiple pregnancy being euploid, all fetuses in a
multiple pregnancy being aneuploid (such as any of the aneuploidies disclosed herein), and/or one
or more fetuses in a multiple pregnancy being euploid and one or more fetuses in a multiple
pregnancy being aneuploidy. In some embodiments, the copy number hypotheses include identical
twins (also referred to as monozygotic twins) or fraternal twins (also referred to as dizygotic twins).
In some embodiments, the copy number hypotheses include a molar pregnancy, such as a complete
or partial molar pregnancy. In some embodiments, the chromosome segment of interest is an entire
chromosome. In some embodiments, the chromosome or chromosome segment is selected from
the group consisting of chromosome 13, chromosome 18, chromosome 21, the X chromosome,
the Y chromosome, segments thereof, and combinations thereof. In some embodiments, the first

homologous chromosome segment and second homologous chromosome segment are a pair of
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homologous chromosome segments that comprises the chromosome segment of interest. In some
embodiments, the first homologous chromosome segment and second homologous chromosome
segment are a pair of homologous chromosomes of interest. In some embodiments, a confidence
is computed for the CNV determination or the diagnosis of the disease or disorder.

[0065] In some embodiments, the deletion is a deletion of at least 0.01 kb, 0.1 kb, 1 kb, 10 kb, 100
kb, 1 mb, 2 mb, 3 mb, 5 mb, 10 mb, 15 mb, 20 mb, 30 mb, or 40 mb. In some embodiments, the
deletion is a deletion of between 1 kb to 40 mb, such as between 1 kb to 100 kb, 100 kb to 1 mb,
1to5 mb, 5to 10 mb, 10 to 15 mb, 15 to 20 mb, 20 to 25 mb, 25 to 30 mb, or 30 to 40 mb,
inclusive. In some embodiments, one copy of the chromosome segment is deleted and one copy
is present. In some embodiments, two copies of the chromosome segment are deleted. In some
embodiments, an entire chromosome is deleted.

[0066] In some embodiments, the duplication is a duplication of at least 0.01 kb, 0.1 kb, 1 kb, 10
kb, 100 kb, 1 mb, 2 mb, 3 mb, 5 mb, 10 mb, 15 mb, 20 mb, 30 mb, or 40 mb. In some embodiments,
the duplication is a duplication of between 1 kb to 40 mb, such as between 1 kb to 100 kb, 100 kb
to1 mb, 1 to 5 mb, 5 to 10 mb, 10 to 15 mb, 15 to 20 mb, 20 to 25 mb, 25 to 30 mb, or 30 to 40
mb, inclusive. In some embodiments, the chromosome segment is duplicated one time. In some
embodiments, the chromosome segment is duplicated more than one time, such as 2, 3, 4, or 5
times. In some embodiments, an entire chromosome is duplicated. In some embodiments, a region
in a first homologous segment is deleted, and the same region or another region in the second
homologous segment is duplicated. In some embodiments, at least 50, 60, 70, 80, 90, 95, 96, 98,
99, or 100% of the SNVs tested for are transversion mutations rather than transition mutations.
[0067] In some embodiments, the sample comprises DNA and/or RNA from (i) one or more target
cells or (ii) one or more non-target cells. In some embodiments, the sample is a mixed sample
with DNA and/or RNA from one or more target cells and one or more non-target cells. In some
embodiments, the target cells are cells that have a CNV, such as a deletion or duplication of
interest, and the non-target cells are cells that do not have the copy number variation of interest.
In some embodiments in which the one or more target cells are cancer cell(s) and the one or more
non-target cells are non-cancerous cell(s), the method includes determining if there is an
overrepresentation of the number of copies of the first homologous chromosome segment in the
genome of one or more of the cancer cells. In some embodiments in which the one or more target

cells are genetically identical cancer cell(s) and the one or more non-target cells are non-cancerous
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cell(s), the method includes determining if there is an overrepresentation of the number of copies
of the first homologous chromosome segment in the genome of the cancer cell(s). In some
embodiments in which the one or more target cells are genetically non-identical cancer cell(s) and
the one or more non-target cells are non-cancerous cell(s), the method includes determining if
there is an overrepresentation of the number of copies of the first homologous chromosome
segment in the genome of one or more of the genetically non-identical cancer cells. In some
embodiments in which the sample comprises cell-free DNA from a mixture of one or more cancer
cells and one or more non-cancerous cells, the method includes determining if there is an
overrepresentation of the number of copies of the first homologous chromosome segment in the
genome of one or more of the cancer cells. In some embodiments in which the one or more target
cells are genetically identical fetal cell(s) and the one or more non-target cells are maternal cell(s),
the method includes determining if there is an overrepresentation of the number of copies of the
first homologous chromosome segment in the genome of the fetal cell(s). In some embodiments
in which the one or more target cells are genetically non-identical fetal cell(s) and the one or more
non-target cells are maternal cell(s), the method includes determining if there is an
overrepresentation of the number of copies of the first homologous chromosome segment in the
genome of one or more of the genetically non-identical fetal cells. As the cells of most individuals
contain a nearly identical set of nuclear DNA, the term “target cell” may be used interchangeably
with the term “individual” in some embodiments. Cancerous cells have genotypes that are distinct
from the host individual. In this case, the cancer itself may be considered an individual. Moreover,
many cancers are heterogeneous meaning that different cells in a tumor are genetically distinct
from other cells in the same tumor. In this case, the different genetically identical regions can be
considered different individuals. Alternately, the cancer may be considered a single individual with
a mixture of cells with distinct genomes. Typically, non-target cells are euploid, though this is not
necessarily the case.

[0068] In some embodiments, the sample is obtained from a maternal whole blood sample or
fraction thereof, cells isolated from a maternal blood sample, an amniocentesis sample, a products
of conception sample, a placental tissue sample, a chorionic villus sample, a placental membrane
sample, a cervical mucus sample, or a sample from a fetus. In some embodiments, the sample
comprises cell-free DNA obtained from a blood sample or fraction thereof from the mother. In

some embodiments, the sample comprises nuclear DNA obtained from a mixture of fetal cells and
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maternal cells. In some embodiments, the sample is obtained from a fraction of maternal blood
containing nucleated cells that has been enriched for fetal cells. In some embodiments, a sample
is divided into multiple fractions (such as 2, 3, 4 5, or more fractions) that are each analyzed using
a method of the invention. If each fraction produces the same results (such as the presence or
absence of one or more CNVs of interest), the confidence in the results increases. In different
fractions produce different results, the sample could be re-analyzed or another sample could be
collected from the same subject and analyzed.

[0069] Exemplary subjects include mammals, such as humans and mammals of veterinary
interest. In some embodiments, the mammal is a primate (e.g., a human, a monkey, a gorilla, an
ape, a lemur, efc.), a bovine, an equine, a porcine, a canine, or a feline.

[0070] In some embodiments, any of the methods include generating a report (such as a written
or electronic report) disclosing a result of the method of the invention (such as the presence or
absence of a deletion or duplication).

[0071] In some embodiments, any of the methods include taking a clinical action based on a result
of a method of the invention (such as the presence or absence of a deletion or duplication). In
some embodiments in which an embryo or fetus has one or more polymorphisms or mutations of
interest (such as a CN'V) based on a result of a method of the invention, the clinical action includes
performing additional testing (such as testing to confirm the presence of the polymorphism or
mutation), not implanting the embryo for IVF, implanting a different embryo for IVF, terminating
a pregnancy, preparing for a special needs child, or undergoing an intervention designed to
decrease the severity of the phenotypic presentation of a genetic disorder. In some embodiments,
the clinical action is selected from the group consisting of performing an ultrasound, amniocentesis
on the fetus, amniocentesis on a subsequent fetus that inherits genetic material from the mother
and/or father, chorion villus biopsy on the fetus, chorion villus biopsy on a subsequent fetus that
inherits genetic material from the mother and/or father, in vitro fertilization, preimplantation
genetic diagnosis on one or more embryos that inherited genetic material from the mother and/or
father, karyotyping on the mother, karyotyping on the father, fetal echocardiogram (such as an
echocardiogram of a fetus with trisomy 21, 18, or 13, monosomy X, or a microdeletion) and
combinations thereof. In some embodiments, the clinical action is selected from the group
consisting of administering growth hormone to a born child with monosomy X (such as

administration starting at ~9 months), administering calcium to a born child with a 22q deletion
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(such as DiGeorge syndrome), administering an androgen such as testosterone to a born child with
47, XXY (such as one injection per month for 3 months of 25 mg testosterone enanthate to an infant
or toddler), performing a test for cancer on a woman with a complete or partial molar pregnancy
(such as a triploid fetus), administering a therapy for cancer such as a chemotherapeutic agent to a
woman with a complete or partial molar pregnancy (such as a triploid fetus), screening a fetus
determined to be male (such as a fetus determined to be male using a method of the invention) for
one or more X-linked genetic disorders such as Duchenne muscular dystrophy (DMD),
adrenoleukodystrophy, or hemophilia, performing amniocentesis on a male fetus at risk for an X-
linked disorder, administering dexamethasone to a women with a female fetus (such as a fetus
determined to be female using a method of the invention) at risk for congenital adrenal hyperplasia,
performing amniocentesis on a female fetus at risk for congenital adrenal hyperplasia,
administering killed vaccines (instead of live vaccines) or not administering certain vaccines to a
born child that is (or is suspected of being) immune deficient from a 22q11.2 deletion, performing
occupational and/or physical therapy, performing early intervention in education, delivering the
baby at a tertiary care center with a NICU and/or having pediatric specialists available at delivery,
behavioral intervention for born child (such as a child with XXX, XXY, or XYY), and
combinations thereof.

[0072] In some embodiments, ultrasound or another screening test is performed on a women
determined to have multiple pregnancies (such as twins) to determine whether or not two or more
of the fetus are monochorionic. Monozygotic twins result from ovulation and fertilization of a
single oocyte, with subsequent division of the zygote; placentation may be dichorionic or
monochorionic. Dizygotic twins occur from ovulation and fertilization of two oocytes, which
usually results in dichorionic placentation. Monochorionic twins have a risk of twin-to-twin
transfusion syndrome, which may cause unequal distribution of blood between fetuses that results
in differences in their growth and development, sometimes resulting in stillbirth. Thus, twins
determined to be monozygotic twins using a method of the invention are desirably tested (such as
by ultrasound) to determine if they are monochorionic twins, and if so, these twins can be
monitored (such as bi-weekly ultrasounds from 16 weeks) for signs of win-to-twin transfusion
syndrome.

[0073] In some embodiments in which an embryo or fetus does not have one or more one or more

polymorphisms or mutations of interest (such as a CNV) based on a result of a method of the
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invention, the clinical action includes implanting the embryo for IVF or continuing a pregnancy.
In some embodiments, the clinical action is additional testing to confirm the absence of the
polymorphism or mutation selected from the group consisting of performing an ultrasound,
amniocentesis, chorion villus biopsy, and combinations thereof.

[0074] In some embodiments in which an individual has one or more one or more polymorphisms
or mutations (such as a polymorphism or mutation associated with a disease or disorder such as
cancer or an increased risk for a disease or disorder such as cancer) based on a result of a method
of the invention, the clinical action includes performing additional testing or administering one or
more therapies for a disease or disorder (such as a therapy for cancer, a therapy for the specific
type of cancer or type of mutation the individual is diagnosed with, or any of the therapies disclosed
herein). In some embodiments, the clinical action is additional testing to confirm the presence or
absence of a polymorphism or mutation selected from the group consisting of biopsy, surgery,
medical imaging (such as a mammogram or an ultrasound), and combinations thereof.

[0075] In some embodiments, the additional testing includes performing the same or a different
method (such as any of the methods described herein) to confirm the presence or absence of the
polymorphism or mutation (such as a CNV), such as testing either a second fraction of the same
sample that was tested or a different sample from the same individual (such as the same pregnant
mother, fetus, embryo, or individual at increased risk for cancer). In some embodiments, the
additional testing is performed for an individual for whom the probability of a polymorphism or
mutation (such as a CNV) is above a threshold value (such as additional testing to confirm the
presence of a likely polymorphism or mutation). In some embodiments, the additional testing is
performed for an individual for whom the confidence or z-score for the determination of a
polymorphism or mutation (such as a CNV) is above a threshold value (such as additional testing
to confirm the presence of a likely polymorphism or mutation). In some embodiments, the
additional testing is performed for an individual for whom the confidence or z-score for the
determination of a polymorphism or mutation (such as a CNV) is between minimum and maximum
threshold values (such as additional testing to increase the confidence that the initial result is
correct). In some embodiments, the additional testing is performed for an individual for whom the
confidence for the determination of the presence or absence of a polymorphism or mutation (such
as a CNV) is below a threshold value (such as a “no call” result due to not being able to determine

the presence or absence of the CNV with sufficient confidence). An exemplary Z core is calculated
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in Chiu et al. BMJ 2011;342:¢7401 (which is hereby incorporated by reference in its entirety) in
which chromosome 21 is used as an example and can be replaced with any other chromosome or

chromosome segment in the test sample.

Z score for percentage chromosome 21 in test case = ((percentage chromosome 21
in test case) — (mean percentage chromosome 21 in reference controls)) / (standard

deviation of percentage chromosome 21 in reference controls).

In some embodiments, the additional testing is performed for an individual for whom the initial
sample did not meet quality control guidelines or had a fetal fraction or a tumor fraction below a
threshold value. In some embodiments, the method includes selecting an individual for additional
testing based on the result of a method of the invention, the probability of the result, the confidence
of the result, or the z-score; and performing the additional testing on the individual (such as on the
same or a different sample). In some embodiments, a subject diagnosed with a disease or disorder
(such as cancer) undergoes repeat testing using a method of the invention or known testing for the
disease or disorder at multiple time points to monitor the progression of the disease or disorder or
the remission or reoccurrence of the disease or disorder.

[0076] In one aspect, the invention features a report (such as a written or electronic report) with
a result from a method of the invention (such as the presence or absence of a deletion or
duplication).

[0077] In various embodiments, the primer extension reaction or the polymerase chain reaction
includes the addition of one or more nucleotides by a polymerase. In some embodiments, the
primers are in solution. In some embodiments, the primers are in solution and are not immobilized
on a solid support. In some embodiments, the primers are not part of a microarray. In various
embodiments, the primer extension reaction or the polymerase chain reaction does not include
ligation-mediated PCR. In various embodiments, the primer extension reaction or the polymerase
chain reaction does not include the joining of two primers by a ligase. In various embodiments,
the primers do not include Linked Inverted Probes (LIPs), which can also be called pre-circularized
probes, pre-circularizing probes, circularizing probes, Padlock Probes, or Molecular Inversion

Probes (MIPs).
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[0078] It is understood that aspects and embodiments of the invention described herein include

combinations of any two or more of the aspects or embodiments of the invention.

Definitions

[0079] Single Nucleotide Polymorphism (SNP) refers to a single nucleotide that may differ
between the genomes of two members of the same species. The usage of the term should not imply
any limit on the frequency with which each variant occurs.

[0080] Sequence refers to a DNA sequence or a genetic sequence. It may refer to the primary,
physical structure of the DNA molecule or strand in an individual. It may refer to the sequence of
nucleotides found in that DNA molecule, or the complementary strand to the DNA molecule. It
may refer to the information contained in the DNA molecule as its representation in silico.

[0081] Locus refers to a particular region of interest on the DNA of an individual, which may
refer to a SNP, the site of a possible insertion or deletion, or the site of some other relevant genetic
variation. Disease-linked SNPs may also refer to disease-linked loci.

[0082] Polymorphic Allele, also “Polymorphic Locus,” refers to an allele or locus where the
genotype varies between individuals within a given species. Some examples of polymorphic alleles
include single nucleotide polymorphisms, short tandem repeats, deletions, duplications, and
inversions.

[0083] Polymorphic Site refers to the specific nucleotides found in a polymorphic region that
vary between individuals.

[0084] Mutation refers to an alteration in a naturally-occurring or reference nucleic acid
sequence, such as an insertion, deletion, duplication, translocation, substitution, frameshift
mutation, silent mutation, nonsense mutation, missense mutation, point mutation, transition
mutation, transversion mutation, reverse mutation, or microsatellite alteration. In some
embodiments, the amino acid sequence encoded by the nucleic acid sequence has at least one
amino acid alteration from a naturally-occurring sequence.

[0085] Allele refers to the genes that occupy a particular locus.

[0086] Genetic Data also “Genotypic Data” refers to the data describing aspects of the genome
of one or more individuals. It may refer to one or a set of loci, partial or entire sequences, partial
or entire chromosomes, or the entire genome. It may refer to the identity of one or a plurality of

nucleotides; it may refer to a set of sequential nucleotides, or nucleotides from different locations
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in the genome, or a combination thereof. Genotypic data is typically in silico, however, it is also
possible to consider physical nucleotides in a sequence as chemically encoded genetic data.
Genotypic Data may be said to be “on,” “of,” “at,” “from” or “on” the individual(s). Genotypic
Data may refer to output measurements from a genotyping platform where those measurements
are made on genetic material.

[0087] Genetic Material also “Genetic Sample” refers to physical matter, such as tissue or blood,
from one or more individuals comprising DNA or RNA.

[0088] Confidence refers to the statistical likelihood that the called SNP, allele, set of alleles,
determined number of copies of a chromosome or chromosome segment, or diagnosis of the
presence or absence of a disease correctly represents the real genetic state of the individual.
[0089] Ploidy Calling, also “Chromosome Copy Number Calling,” or “Copy Number Calling”
(CNC), may refer to the act of determining the quantity and/or chromosomal identity of one or
more chromosomes or chromosome segments present in a cell.

[0090] Aneuploidy refers to the state where the wrong number of chromosomes (e.g., the wrong
number of full chromosomes or the wrong number of chromosome segments, such as the presence
of deletions or duplications of a chromosome segment) is present in a cell. In the case of a somatic
human cell it may refer to the case where a cell does not contain 22 pairs of autosomal
chromosomes and one pair of sex chromosomes. In the case of a human gamete, it may refer to
the case where a cell does not contain one of each of the 23 chromosomes. In the case of a single
chromosome type, it may refer to the case where more or less than two homologous but non-
identical chromosome copies are present, or where there are two chromosome copies present that
originate from the same parent. In some embodiments, the deletion of a chromosome segment is
a microdeletion.

[0091] Ploidy State refers to the quantity and/or chromosomal identity of one or more
chromosomes or chromosome segments in a cell.

[0092] Chromosome may refer to a single chromosome copy, meaning a single molecule of DNA
of which there are 46 in a normal somatic cell; an example is ‘the maternally derived chromosome
18’. Chromosome may also refer to a chromosome type, of which there are 23 in a normal human
somatic cell; an example is ‘chromosome 18’.

[0093] Chromosomal Identity may refer to the referent chromosome number, i.e. the chromosome

type. Normal humans have 22 types of numbered autosomal chromosome types, and two types of
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sex chromosomes. It may also refer to the parental origin of the chromosome. It may also refer to
a specific chromosome inherited from the parent. It may also refer to other identifying features of
a chromosome.

[0094] Allelic Data refers to a set of genotypic data concerning a set of one or more alleles. It
may refer to the phased, haplotypic data. It may refer to SNP identities, and it may refer to the
sequence data of the DNA, including insertions, deletions, repeats and mutations. It may include
the parental origin of each allele.

[0095] Allelic State refers to the actual state of the genes in a set of one or more alleles. It may
refer to the actual state of the genes described by the allelic data.

[0096] Allele Count refers to the number of sequences that map to a particular locus, and if that
locus is polymorphic, it refers to the number of sequences that map to each of the alleles. If each
allele is counted in a binary fashion, then the allele count will be whole number. If the alleles are
counted probabilistically, then the allele count can be a fractional number.

[0097] Allele Count Probability refers to the number of sequences that are likely to map to a
particular locus or a set of alleles at a polymorphic locus, combined with the probability of the
mapping. Note that allele counts are equivalent to allele count probabilities where the probability
of the mapping for each counted sequence is binary (zero or one). In some embodiments, the allele
count probabilities may be binary. In some embodiments, the allele count probabilities may be set
to be equal to the DNA measurements.

[0098] Allelic Distribution, or “allele count distribution” refers to the relative amount of each
allele that is present for each locus in a set of loci. An allelic distribution can refer to an individual,
to a sample, or to a set of measurements made on a sample. In the context of digital allele
measurements such as sequencing, the allelic distribution refers to the number or probable number
of reads that map to a particular allele for each allele in a set of polymorphic loci. In the context
of analog allele measurements such as SNP arrays, the allelic distribution refers to allele intensities
and/or allele ratios. The allele measurements may be treated probabilistically, that is, the
likelihood that a given allele is present for a give sequence read is a fraction between 0 and 1, or
they may be treated in a binary fashion, that is, any given read is considered to be exactly zero or

one copies of a particular allele.
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[0099] Allelic Distribution Pattern refers to a set of different allele distributions for different
contexts, such as different parental contexts. Certain allelic distribution patterns may be indicative
of certain ploidy states.

[0100] Allelic Bias refers to the degree to which the measured ratio of alleles at a heterozygous
locus is different to the ratio that was present in the original sample of DNA or RNA. The degree
of allelic bias at a particular locus is equal to the observed allelic ratio at that locus, as measured,
divided by the ratio of alleles in the original DNA or RNA sample at that locus. Allelic bias maybe
due to amplification bias, purification bias, or some other phenomenon that affects different alleles
differently.

[0101] Allelic imbalance refers for SNVs, to the proportion of abnormal DNA is typically
measured using mutant allele frequency (number of mutant alleles at a locus / total number of
alleles at that locus). Since the difference between the amounts of two homologs in tumours is
analogous, we measure the proportion of abnormal DNA for a CNV by the average allelic
imbalance (AAI), defined as I(H1 - H2)I/(H1 + H2), where Hi is the average number of copies of
homolog i in the sample and Hi/(H1 + H2) is the fractional abundance, or homolog ratio, of
homolog i. The maximum homolog ratio is the homolog ratio of the more abundant homolog.
[0102] Assay drop-out rate is the percentage of SNPs with no reads, estimated using all SNPs.
[0103] Single allele drop-out (ADO) rate is the percentage of SNPs with only one allele present,
estimated using only heterozygous SNPs.

[0104] Primer, also “PCR probe” refers to a single nucleic acid molecule (such as a DNA
molecule or a DNA oligomer) or a collection of nucleic acid molecules (such as DNA molecules
or DNA oligomers) where the molecules are identical, or nearly so, and wherein the primer
contains a region that is designed to hybridize to a targeted locus (e.g., a targeted polymorphic
locus or a non-polymorphic locus) or to a universal priming sequence, and may contain a priming
sequence designed to allow PCR amplification. A primer may also contain a molecular barcode.
A primer may contain a random region that differs for each individual molecule.

[0105] Library of primers refers to a population of two or more primers. In various embodiments,
the library includes at least 100; 200; 500; 750; 1,000; 2,000; 5,000; 7,500; 10,000; 20,000; 25,000;
30,000; 40,000; 50,000; 75,000; or 100,000 different primers. In various embodiments, the library
includes at least 100; 200; 500; 750; 1,000; 2,000; 5,000; 7,500; 10,000; 20,000; 25,000; 30,000;
40,000; 50,000; 75,000; or 100,000 different primer pairs, wherein each pair of primers includes a
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forward test primer and a reverse test primer where each pair of test primers hybridize to a target
locus. In some embodiments, the library of primers includes at least 100; 200; 500; 750; 1,000;
2,000; 5,000; 7,500; 10,000; 20,000; 25,0005 30,000; 40,000; 50,000; 75,000; or 100,000 different
individual primers that each hybridize to a different target locus, wherein the individual primers
are not part of primer pairs. In some embodiments, the library has both (i) primer pairs and (ii)
individual primers (such as universal primers) that are not part of primer pairs.

[0106] Different primers refers to non-identical primers.

[0107] Different pools refers to non-identical pools.

[0108] Different target loci refers to non-identical target loci.

[0109] Different amplicons refers to non-identical amplicons.

[0110]1 Hybrid Capture Probe refers to any nucleic acid sequence, possibly modified, that is
generated by various methods such as PCR or direct synthesis and intended to be complementary
to one strand of a specific target DNA sequence in a sample. The exogenous hybrid capture probes
may be added to a prepared sample and hybridized through a denature-reannealing process to form
duplexes of exogenous-endogenous fragments. These duplexes may then be physically separated
from the sample by various means.

[0111] Sequence Read refers to data representing a sequence of nucleotide bases that were
measured, e.g., using a clonal sequencing method. Clonal sequencing may produce sequence data
representing single, or clones, or clusters of one original DNA molecule. A sequence read may
also have associated quality score at each base position of the sequence indicating the probability
that nucleotide has been called correctly.

[0112] Mapping a sequence read is the process of determining a sequence read’s location of
origin in the genome sequence of a particular organism. The location of origin of sequence reads
is based on similarity of nucleotide sequence of the read and the genome sequence.

[0113] Matched Copy Error, also “Matching Chromosome Aneuploidy” (MCA), refers to a state
of aneuploidy where one cell contains two identical or nearly identical chromosomes. This type of
ancuploidy may arise during the formation of the gametes in meiosis, and may be referred to as a
meiotic non-disjunction error. This type of error may arise in mitosis. Matching trisomy may refer
to the case where three copies of a given chromosome are present in an individual and two of the

copies are identical.
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[0114] Unmatched Copy Error, also “Unique Chromosome Aneuploidy” (UCA), refers to a state
of aneuploidy where one cell contains two chromosomes that are from the same parent, and that
may be homologous but not identical. This type of aneuploidy may arise during meiosis, and may
be referred to as a meiotic error. Unmatching trisomy may refer to the case where three copies of
a given chromosome are present in an individual and two of the copies are from the same parent,
and are homologous, but are not identical. Note that unmatching trisomy may refer to the case
where two homologous chromosomes from one parent are present, and where some segments of
the chromosomes are identical while other segments are merely homologous.

[0115] Homologous Chromosomes refers to chromosome copies that contain the same set of
genes that normally pair up during meiosis.

[0116] Identical Chromosomes refers to chromosome copies that contain the same set of genes,
and for each gene they have the same set of alleles that are identical, or nearly identical.

[0117] Allele Drop Out (ADO) refers to the situation where at least one of the base pairs in a set
of base pairs from homologous chromosomes at a given allele is not detected.

[0118] Locus Drop Out (LDO) refers to the situation where both base pairs in a set of base pairs
from homologous chromosomes at a given allele are not detected.

[0119] Homozygous refers to having similar alleles as corresponding chromosomal loci.

[0120] Heterozygous refers to having dissimilar alleles as corresponding chromosomal loci.
[0121] Heterozygosity Rate refers to the rate of individuals in the population having heterozygous
alleles at a given locus. The heterozygosity rate may also refer to the expected or measured ratio
of alleles, at a given locus in an individual, or a sample of DNA or RNA.

[0122] Chromosomal Region refers to a segment of a chromosome, or a full chromosome.
[0123] Segment of a Chromosome refers to a section of a chromosome that can range in size from
one base pair to the entire chromosome.

[0124] Chromosome refers to either a full chromosome, or a segment or section of a chromosome.
[0125] Copies refers to the number of copies of a chromosome segment. It may refer to identical
copies, or to non-identical, homologous copies of a chromosome segment wherein the different
copies of the chromosome segment contain a substantially similar set of loci, and where one or
more of the alleles are different. Note that in some cases of aneuploidy, such as the M2 copy error,
it is possible to have some copies of the given chromosome segment that are identical as well as

some copies of the same chromosome segment that are not identical.
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[0126] Haplotype refers to a combination of alleles at multiple loci that are typically inherited
together on the same chromosome. Haplotype may refer to as few as two loci or to an entire
chromosome depending on the number of recombination events that have occurred between a
given set of loci. Haplotype can also refer to a set of SNPs on a single chromatid that are
statistically associated.

[0127] Haplotypic Data, also “Phased Data” or “Ordered Genetic Data,” refers to data from a
single chromosome or chromosome segment in a diploid or polyploid genome, e.g., either the
segregated maternal or paternal copy of a chromosome in a diploid genome.

[0128] Phasing refers to the act of determining the haplotypic genetic data of an individual given
unordered, diploid (or polyploidy) genetic data. It may refer to the act of determining which of
two genes at an allele, for a set of alleles found on one chromosome, are associated with each of
the two homologous chromosomes in an individual.

[0129] Phased Data refers to genetic data where one or more haplotypes have been determined.
[0130] Hypothesis refers to a possible state, such as a possible degree of overrepresentation of
the number of copies of a first homologous chromosome or chromosome segment as compared to
a second homologous chromosome or chromosome segment, a possible deletion, a possible
duplication, a possible ploidy state at a given set of one or more chromosomes or chromosome
segments, a possible allelic state at a given set of one or more loci, a possible paternity relationship,
or a possible DNA, RNA, fetal fraction at a given set of one or more chromosomes or chromosome
segment, or a set of quantities of genetic material from a set of loci. The genetic states can
optionally be linked with probabilities indicating the relative likelihood of each of the elements in
the hypothesis being true in relation to other elements in the hypothesis, or the relative likelihood
of the hypothesis as a whole being true. The set of possibilities may comprise one or more
elements.

[0131] Copy Number Hypothesis, also “Ploidy State Hypothesis,” refers to a hypothesis
concerning the number of copies of a chromosome or chromosome segment in an individual. It
may also refer to a hypothesis concerning the identity of each of the chromosomes, including the
parent of origin of each chromosome, and which of the parent’s two chromosomes are present in
the individual. It may also refer to a hypothesis concerning which chromosomes, or chromosome
segments, if any, from a related individual correspond genetically to a given chromosome from an

individual.
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[0132] Related Individual refers to any individual who is genetically related to, and thus shares
haplotype blocks with, the target individual. In one context, the related individual may be a genetic
parent of the target individual, or any genetic material derived from a parent, such as a sperm, a
polar body, an embryo, a fetus, or a child. It may also refer to a sibling, parent, or grandparent.
[0133] Sibling refers to any individual whose genetic parents are the same as the individual in
question. In some embodiments, it may refer to a born child, an embryo, or a fetus, or one or more
cells originating from a born child, an embryo, or a fetus. A sibling may also refer to a haploid
individual that originates from one of the parents, such as a sperm, a polar body, or any other set
of haplotypic genetic matter. An individual may be considered to be a sibling of itself.

[0134] Child may refer to an embryo, a blastomere, or a fetus. Note that in the presently disclosed
embodiments, the concepts described apply equally well to individuals who are a born child, a
fetus, an embryo, or a set of cells therefrom. The use of the term child may simply be meant to
connote that the individual referred to as the child is the genetic offspring of the parents.

[0135] Fetal refers to “of the fetus,” or “of the region of the placenta that is genetically similar to
the fetus”. In a pregnant woman, some portion of the placenta is genetically similar to the fetus,
and the free floating fetal DNA found in maternal blood may have originated from the portion of
the placenta with a genotype that matches the fetus. Note that the genetic information in half of
the chromosomes in a fetus is inherited from the mother of the fetus. In some embodiments, the
DNA from these maternally inherited chromosomes that came from a fetal cell is considered to be
“of fetal origin,” not “of maternal origin.”

[0136] DNA of Fetal Origin refers to DNA that was originally part of a cell whose genotype was
essentially equivalent to that of the fetus.

[0137]1 DNA of Maternal Origin refers to DNA that was originally part of a cell whose genotype
was essentially equivalent to that of the mother.

[0138] Parent refers to the genetic mother or father of an individual. An individual typically has
two parents, a mother and a father, though this may not necessarily be the case such as in genetic
or chromosomal chimerism. A parent may be considered to be an individual.

[0139] Parental Context refers to the genetic state of a given SNP, on each of the two relevant
chromosomes for one or both of the two parents of the target.

[0140] Maternal Plasma refers to the plasma portion of the blood from a female who is pregnant.
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[0141] Clinical Decision refers to any decision to take or not take an action that has an outcome
that affects the health or survival of an individual. A clinical decision may also refer to a decision
to conduct further testing, to abort or maintain a pregnancy, to take actions to mitigate an
undesirable phenotype, or to take actions to prepare for a phenotype.

[0142] Diagnostic Box refers to one or a combination of machines designed to perform one or a
plurality of aspects of the methods disclosed herein. In an embodiment, the diagnostic box may be
placed at a point of patient care. In an embodiment, the diagnostic box may perform targeted
amplification followed by sequencing. In an embodiment the diagnostic box may function alone
or with the help of a technician.

[0143] Informatics Based Method refers to a method that relies heavily on statistics to make sense
of a large amount of data. In the context of prenatal diagnosis, it refers to a method designed to
determine the ploidy state at one or more chromosomes or chromosome segments, the allelic state
at one or more alleles, or paternity by statistically inferring the most likely state, rather than by
directly physically measuring the state, given a large amount of genetic data, for example from a
molecular array or sequencing. In an embodiment of the present disclosure, the informatics based
technique may be one disclosed in this patent application. In an embodiment of the present
disclosure it may be PARENTAL SUPPORT.

[0144] Primary Genetic Data refers to the analog intensity signals that are output by a genotyping
platform. In the context of SNP arrays, primary genetic data refers to the intensity signals before
any genotype calling has been done. In the context of sequencing, primary genetic data refers to
the analog measurements, analogous to the chromatogram, that comes off the sequencer before the
identity of any base pairs have been determined, and before the sequence has been mapped to the
genome.

[0145] Secondary Genetic Data refers to processed genetic data that are output by a genotyping
platform. In the context of a SNP array, the secondary genetic data refers to the allele calls made
by software associated with the SNP array reader, wherein the software has made a call whether a
given allele is present or not present in the sample. In the context of sequencing, the secondary
genetic data refers to the base pair identities of the sequences have been determined, and possibly
also where the sequences have been mapped to the genome.

[0146] Preferential Enrichment of DNA that corresponds to a locus, or preferential enrichment

of DNA at a locus, refers to any method that results in the percentage of molecules of DNA in a
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post-enrichment DNA mixture that correspond to the locus being higher than the percentage of
molecules of DNA in the pre-enrichment DNA mixture that correspond to the locus. The method
may involve selective amplification of DNA molecules that correspond to a locus. The method
may involve removing DNA molecules that do not correspond to the locus. The method may
involve a combination of methods. The degree of enrichment is defined as the percentage of
molecules of DNA in the post-enrichment mixture that correspond to the locus divided by the
percentage of molecules of DNA in the pre-enrichment mixture that correspond to the locus.
Preferential enrichment may be carried out at a plurality of loci. In some embodiments of the
present disclosure, the degree of enrichment is greater than 20, 200, or 2,000. When preferential
enrichment is carried out at a plurality of loci, the degree of enrichment may refer to the average
degree of enrichment of all of the loci in the set of loci.

[0147] Amplification refers to a method that increases the number of copies of a molecule of DNA
or RNA.

[0148] Selective Amplification may refer to a method that increases the number of copies of a
particular molecule of DNA (or RNA), or molecules of DNA (or RNA) that correspond to a
particular region of DNA (or RNA). It may also refer to a method that increases the number of
copies of a particular targeted molecule of DNA (or RNA), or targeted region of DNA (or RNA)
more than it increases non-targeted molecules or regions of DNA (or RNA). Selective
amplification may be a method of preferential enrichment.

[0149] Universal Priming Sequence refers to a DNA (or RNA) sequence that may be appended
to a population of target DNA (or RNA) molecules, for example by ligation, PCR, or ligation
mediated PCR. Once added to the population of target molecules, primers specific to the universal
priming sequences can be used to amplify the target population using a single pair of amplification
primers. Universal priming sequences are typically not related to the target sequences.

[0150] Universal Adapters, or “ligation adaptors” or “library tags” are nucleic acid molecules
containing a universal priming sequence that can be covalently linked to the 5-prime and 3-prime
end of a population of target double stranded nucleic acid molecules. The addition of the adapters
provides universal priming sequences to the 5-prime and 3-prime end of the target population from
which PCR amplification can take place, amplifying all molecules from the target population,

using a single pair of amplification primers.
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[0151] Targeting refers to a method used to selectively amplify or otherwise preferentially enrich
those molecules of DNA (or RNA) that correspond to a set of loci in a mixture of DNA (or RNA).
[0152] Joint Distribution Model refers to a model that defines the probability of events defined
in terms of multiple random variables, given a plurality of random variables defined on the same
probability space, where the probabilities of the variable are linked. In some embodiments, the
degenerate case where the probabilities of the variables are not linked may be used.

[0153] Cancer-related gene refers to a gene associated with an altered risk for a cancer or an
altered prognosis for a cancer. Exemplary cancer-related genes that promote cancer include
oncogenes; genes that enhance cell proliferation, invasion, or metastasis; genes that inhibit
apoptosis; and pro-angiogenesis genes. Cancer-related genes that inhibit cancer include, but are
not limited to, tumor suppressor genes; genes that inhibit cell proliferation, invasion, or metastasis;
genes that promote apoptosis; and anti-angiogenesis genes.

[0154] Estrogen-related cancer refers to a cancer that is modulated by estrogen. Examples of
estrogen-related cancers include, without limitation, breast cancer and ovarian cancer. Her2 is
overexpressed in many estrogen-related cancers (U.S. Pat. No. 6,165,464, which is hereby
incorporated by reference in its entirety).

[0155] Androgen-related cancer refers to a cancer that is modulated by androgen. An example of
androgen-related cancers is prostate cancer.

[0156] Higher than normal expression level refers to expression of an mRNA or protein at a
level that is higher than the average expression level of the corresponding molecule in control
subjects (such as subjects without a disease or disorder such as cancer). In various embodiments,
the expression level is at least 20, 40, 50, 75, 90, 100, 200, 500, or even 1000% higher than the
level in control subjects.

[0157] Lower than normal expression level refers to expression of an mRNA or protein at a level
that is lower than the average expression level of the corresponding molecule in control subjects
(such as subjects without a disease or disorder such as cancer). In various embodiments, the
expression level is at least 20, 40, 50, 75, 90, 95, or 100% lower than the level in control subjects.
In some embodiments, the expression of the mRNA or protein is not detectable.

[0158] Modulate expression or activity refers to either increasing or decreasing expression or
activity, for example, of a protein or nucleic acid sequence, relative to control conditions. In some

embodiments, the modulation in expression or activity is an increase or decrease of at least 10, 20,
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40, 50, 75, 90, 100, 200, 500, or even 1000%. In various embodiments, transcription, translation,
mRNA or protein stability, or the binding of the mRNA or protein to other molecules in vivo is
modulated by the therapy. In some embodiments, the level of mRNA is determined by standard
Northern blot analysis, and the level of protein is determined by standard Western blot analysis,
such as the analyses described herein or those described by, for example, Ausubel et al. (Current
Protocols in Molecular Biology, John Wiley & Sons, New York, July 11, 2013, which is hereby
incorporated by reference in its entirety). In one embodiment, the level of a protein is determined
by measuring the level of enzymatic activity, using standard methods. In another preferred
embodiment, the level of mRNA, protein, or enzymatic activity is equal to or less than 20, 10, 5,
or 2-fold above the corresponding level in control cells that do not express a functional form of
the protein, such as cells homozygous for a nonsense mutation. In yet another embodiment, the
level of mRNA, protein, or enzymatic activity is equal to or less than 20, 10, 5, or 2-fold above the
corresponding basal level in control cells, such as non-cancerous cells, cells that have not been
exposed to conditions that induce abnormal cell proliferation or that inhibit apoptosis, or cells from
a subject without the disease or disorder of interest.

[0159] Dosage sufficient to modulate mRNA or protein expression or activity refers to an amount
of a therapy that increases or decreases mRNA or protein expression or activity when administered
to a subject. In some embodiments, for a compound that decreases expression or activity, the
modulation is a decrease in expression or activity that is at least 10%, 30%, 40%, 50%, 75%, or
90% lower in a treated subject than in the same subject prior to the administration of the inhibitor
or than in an untreated, control subject. In addition, In some embodiments, for a compound that
increases expression or activity, the amount of expression or activity of the mRNA or protein is at
least 1.5-, 2-, 3-, 5-, 10-, or 20-fold greater in a treated subject than in the same subject prior to the
administration of the modulator or than in an untreated, control subject.

[0160] In some embodiments, compounds may directly or indirectly modulate the expression or
activity of the mRNA or protein. For example, a compound may indirectly modulate the expression
or activity of an mRNA or protein of interest by modulating the expression or activity of a molecule
(e.g., a nucleic acid, protein, signaling molecule, growth factor, cytokine, or chemokine) that
directly or indirectly affects the expression or activity of the mRNA or protein of interest. In some
embodiments, the compounds inhibit cell division or induce apoptosis. These compounds in the

therapy may include, for example, unpurified or purified proteins, antibodies, synthetic organic
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molecules, naturally-occurring organic molecules, nucleic acid molecules, and components
thereof. The compounds in a combination therapy may be administered simultaneously or
sequentially. Exemplary compounds include signal transduction inhibitors.

[0161] Purified refers to being separated from other components that naturally accompany it.
Typically, a factor is substantially pure when it is at least 50%, by weight, free from proteins,
antibodies, and naturally-occurring organic molecules with which it is naturally associated. In
some embodiments, the factor is at least 75%, 90%, or 99%, by weight, pure. A substantially pure
factor may be obtained by chemical synthesis, separation of the factor from natural sources, or
production of the factor in a recombinant host cell that does not naturally produce the factor.
Proteins and small molecules may be purified by one skilled in the art using standard techniques
such as those described by Ausubel et al. (Current Protocols in Molecular Biology, John Wiley &
Sons, New York, July 11, 2013, which is hereby incorporated by reference in its entirety). In some
embodiments the factor is at least 2, 5, or 10 times as pure as the starting material, as measured
using polyacrylamide gel electrophoresis, column chromatography, optical density, HPLC
analysis, or western analysis (Ausubel et al., supra). Exemplary methods of purification include
immunoprecipitation, column chromatography such as immunoaffinity chromatography, magnetic
bead immunoaffinity purification, and panning with a plate-bound antibody.

[0162] Other features and advantages of the invention will be apparent from the following

detailed description and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0163] The patent or application file contains at least one drawing executed in color. Copies of
this patent or patent application publication with color drawing(s) will be provided by the Office
upon request and payment of the necessary fee.

[0164] The presently disclosed embodiments will be further explained with reference to the
attached drawings, wherein like structures are referred to by like numerals throughout the several
views. The drawings shown are not necessarily to scale, with emphasis instead generally being
placed upon illustrating the principles of the presently disclosed embodiments.

[0165] FIGs. 1A-1D are graphs showing the distribution of the test statistic S divided by T (the
number of SNPs) (“S/T”) for various copy number hypotheses for a depth of read (DOR) of 500

50

NeoGenomics
Exhibit 1003 Page 1408



Atty. Docket No.: N.012.US.10

and a tumor fraction of 1% for an increasing number of SNPs. FIG. 1A: 100 SNPs, FIG. 1B: 333
SNPs, FIG. 1C: 667 SNPs, FIG. 1D: 1000 SNPs.

[0166] FIGs. 2A-2D are graphs showing the distribution of S/T for various copy number
hypotheses for a DOR of 500 and tumor fraction of 2% for an increasing number of SNPs. FIG.
2A: 100 SNPs, FIG. 2B: 333 SNPs, FIG. 2C: 667 SNPs, FIG. 2D: 1000 SNPs.

[0167] FIGs. 3A-3D are graphs showing the distribution of S/T for various copy number
hypotheses for a DOR of 500 and tumor fraction of 3% for an increasing number of SNPs. FIG.
3A: 100 SNPs, FIG. 3B: 333 SNPs, FIG. 3C: 667 SNPs, FIG. 3D: 1000 SNPs.

[0168] FIGs. 4A-4D are graphs showing the distribution of S/T for various copy number
hypotheses for a DOR of 500 and tumor fraction of 4% for an increasing number of SNPs. FIG.
4A: 100 SNPs, FIG. 4B: 333 SNPs, FIG. 4C: 667 SNPs, FIG. 4D: 1000 SNPs.

[0169] FIGs. 5A-5D are graphs showing the distribution of S/T for various copy number
hypotheses for a DOR of 500 and tumor fraction of 5% for an increasing number of SNPs. FIG.
5A: 100 SNPs, FIG. 5B: 333 SNPs, FIG. 5C: 667 SNPs, FIG. 5D: 1000 SNPs.

[0170] FIGs. 6A-6D are graphs showing the distribution of S/T for various copy number
hypotheses for a DOR of 500 and tumor fraction of 6% for an increasing number of SNPs. FIG.
6A: 100 SNPs, FIG. 6B: 333 SNPs, FIG. 6C: 667 SNPs, FIG. 6D: 1000 SNPs.

[0171] FIGs. 7A-7D are graphs showing the distribution of S/T for various copy number
hypotheses for a DOR of 1000 and tumor fraction of 0.5% for an increasing number of SNPs. FIG.
7A: 100 SNPs, FIG. 7B: 333 SNPs, FIG. 7C: 667 SNPs, FIG. 7D: 1000 SNPs.

[0172] FIGs. 8A-8D are graphs showing the distribution of S/T for various copy number
hypotheses for a DOR of 1000 and tumor fraction of 1% for an increasing number of SNPs. FIG.
8A: 100 SNPs, FIG. 8B: 333 SNPs, FIG. 8C: 667 SNPs, FIG. 8D: 1000 SNPs.

[0173] FIGs. 9A-9D are graphs showing the distribution of S/T for various copy number
hypotheses for a DOR of 1000 and tumor fraction of 2% for an increasing number of SNPs. FIG.
9A: 100 SNPs, FIG. 9B: 333 SNPs, FIG. 9C: 667 SNPs, FIG. 9D: 1000 SNPs.

[0174] FIGs. 10A-10D are graphs showing the distribution of S/T for various copy number
hypotheses for a DOR of 1000 and tumor fraction of 3% for an increasing number of SNPs. FIG.
10A: 100 SNPs, FIG. 10B: 333 SNPs, FIG. 10C: 667 SNPs, FIG. 10D: 1000 SNPs.
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[0175] FIGs. 11A-11D are graphs showing the distribution of S/T for various copy number
hypotheses for a DOR of 1000 and tumor fraction of 4% for an increasing number of SNPs. FIG.
11A: 100 SNPs, FIG. 11B: 333 SNPs, FIG. 11C: 667 SNPs, FIG. 11D: 1000 SNPs.

[0176] FIGs. 12A-12D are graphs showing the distribution of S/T for various copy number
hypotheses for a DOR of 3000 and tumor fraction of 0.5% for an increasing number of SNPs. FIG.
12A: 100 SNPs, FIG. 12B: 333 SNPs, FIG. 12C: 667 SNPs, FIG. 12D: 1000 SNPs.

[0177] FIGs. 13A-13D are graphs showing the distribution of S/T for various copy number
hypotheses for a DOR of 3000 and tumor fraction of 1% for an increasing number of SNPs. FIG.
13A: 100 SNPs, FIG. 13B: 333 SNPs, FIG. 13C: 667 SNPs, FIG. 13D: 1000 SNPs.

[0178] FIG. 14 is a table indicating the sensitivity and specificity for detecting six microdeletion
syndromes.

[0179] FIG. 15 is a graphical representation of euploidy. The x-axis represents the linear position
of the individual polymorphic loci along the chromosome, and the y-axis represents the number of
A allele reads as a fraction of the total (A+B) allele reads. Maternal and fetal genotypes are
indicated to the right of the plots. The plots are symbol-coded according to maternal genotype,
such that solid circles indicate a maternal genotype of AA, solid squares indicate a maternal
genotype of BB, and open triangles indicate a maternal genotype of AB. The left plot is a plot of
when two chromosomes are present, and the fetal cfDNA fraction is 0%. This plot is from a non-
pregnant woman, and thus represents the pattern when the genotype is entirely maternal. Allele
clusters are thus centered around 1 (AA alleles), 0.5 (AB alleles), and O (BB alleles). The center
plotis a plot of when two chromosomes are present, and the fetal fraction is 12%. The contribution
of fetal alleles to the fraction of A allele reads shifts the position of some allele spots up or down
along the y-axis. The right plot is a plot of when two chromosomes are present, and the fetal
fraction is 26%. The pattern, including two solid circle and two solid square peripheral bands and
a trio of central open triangles, is readily apparent.

[0180] FIGs. 16A and 16B are graphical representations of 22q11.2 deletion syndrome. FIG.
16A is for maternal 22q11.2 deletion carrier (as indicated by the absence of the open triangles
indicating AB SNPs). FIG 16B is for a paternally inherited 22q11 deletion in a fetus (as indicated
by the presence of solid circle and solid square peripheral bands). The x-axis represents the linear
position of the SNPs, and the y-axis indicates the fraction of A allele reads out of the total reads.

Each individual circle, triangle or square represents a single SNP locus.
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[0181] FIG. 17 is a graphical representation of maternally inherited Cri-du-Chat deletion
syndrome (as indicated by the presence of two central open triangle shape bands instead of three
open triangle shape bands). The x-axis represents the linear position of the SNPs, and the y-axis
indicates the fraction of A allele reads out of the total reads. Each individual circle, triangle or
square represents a single SNP locus.

[0182] FIG. 18 is a graphical representation of paternally inherited Wolf-Hirschhorn deletion
syndrome (as indicated by the presence of solid circle and solid square peripheral bands). The x-
axis represents the linear position of the SNPs, and the y-axis indicates the fraction of A allele
reads out of the total reads. Each individual circle, triangle or square represents a single SNP
locus.

[0183] FIGs. 19A-19D are graphical representations of X chromosome spike-in experiments to
represent an extra copy of a chromosome or chromosome segment. The plots show different
amounts of DNA from a father mixed with DNA from the daughter: 16% father DNA (FIG. 19A),
10% father DNA (FIG. 19B), 1% father DNA (FIG. 19C), and 0.1% father DNA (FIG. 19D). The
x-axis represents the linear position of the SNPs on the X chromosome, and the y-axis indicates
the fraction of M allele reads out of the total reads (M + R). Each individual criss-cross, circle,
triangle or square represents a single SNP locus with allele M or R.

[0184] FIGs. 20A and 20B are graphs of the false negative rate using haplotype data (FIG. 20A)
and without haplotype data (FIG. 20B).

[0185] FIGs. 21A and 21B are graphs of the false positive rate for p =1% using haplotype data
(FIG. 21A) and without haplotype data (FIG. 21B).

[0186] FIGs. 22A and 22B are graphs of the false positive rate for p =1.5% using haplotype data
(FIG. 22A) and without haplotype data (FIG. 22B).

[0187] FIGs. 23A and 23B are graphs of the false positive rate for p =2% using haplotype data
(FIG. 23A) and without haplotype data (FIG. 23B).

[0188] FIGs. 24A and 24B are graphs of the false positive rate for p =2.5% using haplotype data
(FIG. 24 A) and without haplotype data (FIG. 24B).

[0189] FIGs. 25A and 25B are graphs of the false positive rate for p =3% using haplotype data
(FIG. 25A) and without haplotype data (FIG. 25B).

[0190] FIG. 26 is a table of false positive rates for the first simulation.

[0191] FIG. 27 is a table of false negative rates for the first simulation.
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[0192] FIG. 28 contains a graph of reference counts (counts of one allele, such as the “A” allele)
divided by total counts for that locus for a normal (noncancerous) cell line, a graph of reference
counts divided by total counts for a cancer cell line with a deletion and a graph of reference counts
divided by total counts for a mixture of DNA from the normal cell line (95%) and the cancer cell
line (5%).

[0193] FIG. 29 is a graph of reference counts divided by total counts for a plasma sample from a
patient with stage Ila breast cancer with a tumor fraction estimated to be 4.33% (in which 4.33%
of the DNA is from tumor cells). The diamond portion of the graph represents a region in which
no CNV is present. The portion of the graph with solid circles and squares represents a region in
which a CNV is present and there is a visible separation of the measured allele ratios from the
expected allele ratio of 0.5. The solid square indicates one haplotype, and the solid circle indicates
the other haplotype. Approximately 636 heterozygous SNPs were analyzed in the region of the
CNV.

[0194] FIG. 30 is a graph of reference counts divided by total counts for a plasma sample from a
patient with stage IIb breast cancer with a tumor fraction estimated to be 0.58%. The open
diamonds of the graph represents a region in which no CNV is present. The portion of the graph
with solid circles and squares represents a region in which a CNV is present but there is no clearly
visible separation of the measured allele ratios from the expected allele ratio of 0.5. For this
analysis, 86 heterozygous SNPs were analyzed in the region of the CNV.

[0195] FIGs. 31A and 31B are graphs showing the maximum likelihood estimation of the tumor
fraction. The maximum likelihood estimate is indicated by the peak of the graph and is 4.33% for
FIG. 31A and 0.58% for FIG. 31B.

[0196] FIG. 32A is a comparison of the graphs of the log of the odds ratio for various possible
tumor fractions for the high tumor fraction sample (4.33%) and the low tumor fraction sample
(0.58%). If the log odds ratio is less than 0, the euploid hypothesis is more likely. If the log odds
ratio is greater than 0, the presence of a CNV is more likely.

[0197] FIG. 32B is a graph of small tumor results plotted in probability space. The graph depicts
the probability of a deletion divided by the probability of no deletion for various possible tumor

fractions for the low tumor fraction sample (0.58%).
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[0198] FIG. 33 is a graph of the log of the odds ratio for various possible tumor fractions for the
low tumor fraction sample (0.58%). FIG. 33 is an enlarged version of the graph in FIG. 32A for
the low tumor fraction sample.

[0199] FIG. 34 is a graph showing the limit of detection for single nucleotide variants in a tumor
biopsy using three different methods described in Example 6.

[0200] FIG. 35 is a graph showing the limit of detection for single nucleotide variants in a plasma
sample using three different methods described in Example 6.

[0201] FIGs. 36A and 36B are graphs of the analysis of genomic DNA (FIG. 36A) or DNA from
a single cell (FIG. 36B) using a library of approximately 28,000 primers designed to detect CNVs.
The presence of two central bands instead of one central band indicates the presence of a CNV.
The x-axis represents the linear position of the SNPs, and the y-axis indicates the fraction of A
allele reads out of the total reads.

[0202] FIGs. 37A and 37B are graphs of the analysis of genomic DNA (FIG. 37A) or DNA from
a single cell (FIG. 37B) using a library of approximately 3,000 primers designed to detect CNVs.
The presence of two central bands instead of one central band indicates the presence of a CNV.
The x-axis represents the linear position of the SNPs, and the y-axis indicates the fraction of A
allele reads out of the total reads.

[0203] FIG. 38 is a graph illustrating the uniformity in DOR for these ~3,000 loci.

[0204] FIG. 39 is a table comparing error call metrics for genomic DNA and DNA from a single
cell.

[0205] FIG. 40 is a graph of error rates for transition mutations and transversion mutations.
[0206] FIGs. 41A-D are graphs of Sensitivity of CONVERGe determined with PlasmArts. FIG.
41A: Correlation between CoNVERGe-calculated AAI and actual input fraction in PlasmArt
samples with DNA from a 22q11.2 deletion and matched normal cell lines. FIG. 41B: Correlation
between calculated AAI and actual tumour DNA input in PlasmArt samples with DNA from
HCC2218 breast cancer cells with chromosome 2p and 2q CNVs and matched normal
HCC2218BL cells, containing 0-9.09% tumour DNA fractions. FIG. 41C: Correlation between
calculated AAI and actual tumour DNA input in PlasmArt samples with DNA from HCC1954
breast cancer cells with chromosome 1p and 1q CNVs and matched normal HCC1954BL cells,
containing 0-5.66% tumour DNA fractions. FIG. 41D: Allele frequency plot for HCC1954 cells

used in FIG. C. In FIGs. 41A-C, data points and error bars indicate the mean and standard deviation
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(SD), respectively, of 3-8 replicates.

[0207]  FIGs. 42A-B provide a model system for validation. Plasmart samples were made from
cell lines with similar size profiles to plasma. FIG. 42A illustrates a son’s plasma with a 22q11
deletion spiked into the father’s plasma. Focal CNV: 3 MB. FIG. 42B illustrates Chromosomes 1
and 2: cancer cell lines into normal cell line of same individual. CNVs on chromosome arms 1p,
1q, 2p, 2q. FIGs. 42A and 42B are graphs showing fragment size distributions of an exemplary
Plasmart standard.

[0208] FIG. 43A1, FIG. 43A2, FIG. 43B1, and FIG. 43B2 provide results from a dilution curve
of Plasmart synthetic ctDNA standards for validation of microdeletion and cancer panels. FIG.
43A1 is a graph showing the maximum likelihood of tumor. FIG. 43A2 is an estimate of DNA
fraction results as an odds ratio plot. FIG. 43B1 is a plot for the detection of transversion events.
FIG. 43B2 is a plot for the detection of Transition events.

[0209] FIG. 44 is a plot showing CNVs for various chromosomal regions as indicated for
various samples at different % ctDNAs. The plot depicts plasma from 21 breast cancer patients
(stage 1-1IIB) and demonstrated that CN'Vs could be detected in ctDNA with an AAI >0.45% and
required as few as 62 heterozygous SNPs.

[0210] FIG. 45 is a plot showing CNVs for various chromosomal regions for various ovarian
cancer samples with different % ctDNA levels. The plot indicates 100% detection rate at a 9.45%
cutoff.

[0211] FIG. 46A is a table showing the percent of breast or lung cancer patients with an SNV
or a combined SNV and/or CNV in ctDNA. The analysis was on ctDNA (plasma) from Stage I-
III cancer patients and indicates that the ability to detect CNV in plasma dramatically improves
detection rate vs. testing SNVs alone. FIG. 46B plots cumulative proportion TCGA breast cancer
patients covered vs. genes with breast SNVs. FIG. 46C plots cumulative COSMIC patient capture
vs. cumulative patient coverage (TCGA) for breast deletions. FIG. 46D plots cumulative COSMIC
patient capture vs. cumulative patient coverage (TCGA) for breast amplifications.

[0212] FIG. 47A is a graph of % samples at different breast cancer stages with tumor-specific
SNVs and/or CNVs in plasma. FIG. 47B is a table of percent detection of breast CNVs and SNVs
by stage.

[0213] FIG. 48A is a graph of % samples at different breast cancer substages with tumor-
specific SNVs and/or CNVs in plasma. Fig. 48B is a table of percent detection of breast CNVs
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and SNVs by tumor substage.

[0214] FIG. 49A is a graph of % samples at different lung cancer stages with tumor-specific
SNVs and/or CNVs in plasma. FIG. 49B is a table of lung plasma detection rate of lung SNVs
and/or CNVs.

[0215] FIG. 50A is a graph of % samples at different lung cancer substages with tumor-specific
SNVs and/or CNVs in plasma. FIG. 50B is a table of lung plasma detection rate of lung SNVs
and/or CNVs by tumor substage.

[0216] FIG. 51A represents the histological finding/history for primary lung tumors analyzed
for clonal and subclonal tumor heterogeneity. FIG. 51B is a table of the VAF identities of the
biopsied lung tumors by whole genome sequencing and assaying by AmpliSEQ.

[0217] FIG. 52 illustrates the use of ctDNA from plasma to identify both clonal and subclonal
SNV mutations to overcome tumor heterogeneity.

[0218] FIG. 53A is a table comparing VAF calls by AmpliSeq. FIG. 53B is a table comparing
VAF calls by mmPCR-NGS. A comparison of the two tables for detection of SNVs in primary
tumor indicate that SN'Vs were missed by AmpliSeq and SNV mutations were identified in ctDNA
from plasma with mmPCR-NGS.

[0219] FIG. 54A is a plot of % VAF in Primary Lung Tumor. FIG. 54B is a linear regression
plot of AmpliSeq VAF vs. Natera VAF.

[0220] FIG. 55 is a graph of Pool 1/4 of an 84-plex SNV PCR primer reaction when primer
concentration is limited.

[0221] FIG. 56 is a graph of Pool 2/4 of an 84-plex SNV PCR primer reaction when primer
concentration is limited.

[0222] FIG. 57 is a graph of Pool 3/4 of an 84-plex SNV PCR primer reaction when primer
concentration is limited.

[0223] FIG. 58 is a graph of Pool 4/4 of an 84-plex SNV PCR primer reaction when primer
concentration is limited.

[0224] FIG. 59 illustrates a plot of Limit of Detection (LOD) vs. Depth of Read (DOR) for
detection of SNV Transition and Transversion mutations in a 84-plex PCR reaction at 15 PCR
cycles.

[0225] FIG. 60 illustrates a plot of Limit of Detection (LOD) vs. Depth of Read (DOR) for

detection of SNV Transition and Transversion mutations in a 84-plex PCR reaction at 20 PCR
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cycles.

[0226] FIG. 61 illustrates a plot of Limit of Detection (LOD) vs. Depth of Read (DOR) for
detection of SNV Transition and Transversion mutations in a 84-plex PCR reaction at 25 PCR
cycles.

[0227] FIG. 62A is a plot illustrating sensitivity of detection of SNVs in tumor cell genomic
DNA. FIG. 62B illustrates sensitivity of detection of SNVs in 1/3 single cells. FIG. 62C
illustrates sensitivity of detection of SNVs in 2/3 single cells. FIG 62D illustrates sensitivity of
detection of SNVs in 3/3 single cells. Comparable sensitivities are seen between tumor and
single cell genomic DNA.

[0228] FIG. 63A illustrates the workflow for analysis of CNVs in a variety of cancer sample
types in a massively multiplexed PCR (mmPCR) assay targeting SNPs. FIG. 63B illustrates
detection of somatic CNVs in human breast cancer cell lines and matched normal cell lines (FIG.
63C) on the CoNVERGe platform. FIG. 63D illustrates detection of somatic CN'Vs in human
breast cancer cell lines and matched normal cell lines (FIG. 63E) on the CytoSNP-12 microarray
platform. FIG. 63F is a plot of the maximum homolog ratios for CNVs identified by
CoNVERG3e or CytoSNP-12 showing a strong linear correlation of identified CN'Vs by either
method.

[0229] FIGs. 64A-H provide a comparison of Fresh Frozen (FF) and FFPE (formalin-fixed
paraffin embedded) breast cancer samples to matched buffy coat gDNA control samples. FIG.
64 A is a FF breast tissue control sample analyzed by CONVERGe. FIG. 64B is a FFPE breast
tissue control sample analyzed by CoONVERGe. FIG. 64C is a FF breast tumour tissue sample
analyzed by CONVERGe. FIG. 64D is a FFPE breast tumour tissue sample analyzed by
CoNVERGe. FIG. 64E is a FF breast tumour tissue sample analyzed by CytoSNP-12. FIG. 64F
is a FFPE breast tumour tissue sample analyzed by CytoSNP-12. FIG. 64G compares the
CoNVERGe assay to a microarray assay on breast cancer cell lines and FIG. 64H compares the
CoNVERGe assay to the OneScan assay on breast cancer cell lines.

[0230] FIGs. 65A-D illustrate Allele frequency plots to reflect chromosome copy number
using the CONVERGe assay to detect CNVs in single cells. FIG. 65A is the analysis of 1/3
breast cancer single cell replicates. FIG. 65B is the analysis of 2/3 breast cancer single cell
replicates. FIG. 65C is the analysis of 3/3 breast cancer single cell replicates. FIG. 65D is the

analysis of a B-lymphocyte cell line lacking CNVs in the target regions.
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[0231] FIGs. 66A-C illustrate Allele frequency plots to reflect chromosome copy number
using the CONVERGe assay to detect CNVs in real plasma samples. FIG. 66A is a stage 11
breast cancer plasma cfDNA sample and its matched tumor biopsy gDNA. FIG. 66B is a late
stage ovarian cancer plasma cfDNA sample and its matched tumor biopsy gDNA. FIG. 66C is a
chart illustrating tumor heterogeneity as determined by CNV detection in five late stage ovarian
cancer plasma and matched tissue samples.

[0232] FIGs. 67A-H lists the chromosome positions, SNVs and mutation change in breast
cancer.

[0233] FIGs. 68A-B illustrate the major (FIG. 68A) and minor allele (FIG. 68B) frequencies
of SNPs used in a 3168 mmPCR reaction.

[0234] FIG. 69 shows an example system architecture X00 useful for performing
embodiments of the present invention. System architecture X00 includes an analysis platform
X08 and a laboratory information systems ("LISs") X04. X04 can be connected to Genetic Data
Source X10. X08 may be connected to LIS X04 over a network X02. Analysis platform X08
may alternatively or additionally be connected directly to LIS X06. LIS X06 can be connected
to Genetic Data Source X10. Analysis platform X08 includes one or more of an input processor
X12, a hypothesis manager X14, a modeler X16, an error correction unit X18, a machine
learning unit X20, and an output processor X22.

[0235] FIG. 70 illustrates an example computer system YOO for performing embodiments of
the present invention. System architecture YOO includes one or more processors Y10, a BUS
Y20, a main memory Y30, a memory controller Y75, a communications and network interface
Y80, a communication path Y85, an input/output/display devices Y90, and may also include a
secondary memory Y40. Y40 may include a hard disk drive Y50 and a removable storage drive
Y60. Y60 can write to a removable storage unit Y70.

[0236] While the above-identified drawings set forth presently disclosed embodiments, other
embodiments are also contemplated, as noted in the discussion. This disclosure presents
illustrative embodiments by way of representation and not limitation. Numerous other
modifications and embodiments can be devised by those skilled in the art which fall within the

scope and spirit of the principles of the presently disclosed embodiments.
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DETAILED DESCRIPTION OF THE INVENTION

[0237] In one aspect, the present invention generally relates, at least in part, to improved methods
of determining the presence or absence of copy number variations, such as deletions or
duplications of chromosome segments or entire chromosomes. The methods are particularly useful
for detecting small deletions or duplications, which can be difficult to detect with high specificity
and sensitivity using prior methods due to the small amount of data available from the relevant
chromosome segment. The methods include improved analytical methods, improved bioassay
methods, and combinations of improved analytical and bioassay methods. Methods of the
invention can also be used to detect deletions or duplications that are only present in a small
percentage of the cells or nucleic acid molecules that are tested. This allows deletions or
duplications to be detected prior to the occurrence of disease (such as at a precancerous stage) or
in the early stages of disease, such as before a large number of diseased cells (such as cancer cells)
with the deletion or duplication accumulate. The more accurate detection of deletions or
duplications associated with a disease or disorder enable improved methods for diagnosing,
prognosticating, preventing, delaying, stabilizing, or treating the disease or disorder. Several
deletions or duplications are known to be associated with cancer or with severe mental or physical
handicaps.

[0238] In another aspect, the present invention generally relates, at least in part, to improved
methods of detecting single nucleotide variations (SNVs). These improved methods include
improved analytical methods, improved bioassay methods, and improved methods that use a
combination of improved analytical and bioassay methods. The methods in certain illustrative
embodiments are used to detect, diagnose, monitor, or stage cancer, for example in samples where
the SNV is present at very low concentrations, for example less than 10%, 5%, 4%, 3%, 2.5%, 2%,
1%, 0.5%, 0.25%, or 0.1% relative to the total number of normal copies of the SNV locus, such as
circulating free DNA samples. That is, these methods in certain illustrative embodiments are
particularly well suited for samples where there is a relatively low percentage of a mutation or
variant relative to the normal polymorphic alleles present for that genetic loci. Finally, provided
herein are methods that combine the improved methods for detecting copy number variations with
the improved methods for detecting single nucleotide variations.

[0239] Successful treatment of a disease such as cancer often relies on early diagnosis, correct

staging of the disease, selection of an effective therapeutic regimen, and close monitoring to
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prevent or detect relapse. For cancer diagnosis, histological evaluation of tumor material obtained
from tissue biopsy is often considered the most reliable method. However, the invasive nature of
biopsy-based sampling has rendered it impractical for mass screening and regular follow up.
Therefore, the present methods have the advantage of being able to be performed non-invasively
if desired for relatively low cost with fast turnaround time. The targeted sequencing that may be
used by the methods of the invention requires less reads than shotgun sequencing, such as a few
million reads instead of 40 million reads, thereby decreasing cost. The multiplex PCR and next
generation sequencing that may be used increase throughput and reduces costs.

[0240] In some embodiments, the methods are used to detect a deletion, duplication, or single
nucleotide variant in an individual. A sample from the individual that contains cells or nucleic
acids suspected of having a deletion, duplication, or single nucleotide variant may be analyzed. In
some embodiments, the sample is from a tissue or organ suspected of having a deletion,
duplication, or single nucleotide variant, such as cells or a mass suspected of being cancerous. The
methods of the invention can be used to detect deletion, duplication, or single nucleotide variant
that are only present in one cell or a small number of cells in a mixture containing cells with the
deletion, duplication, or single nucleotide variant and cells without the deletion, duplication, or
single nucleotide variant. In some embodiments, cfDNA or cfRNA from a blood sample from the
individual is analyzed. In some embodiments, cfDNA or cfRNA is secreted by cells, such as
cancer cells. In some embodiments, cfDNA or cfRNA is released by cells undergoing necrosis or
apoptosis, such as cancer cells. The methods of the invention can be used to detect deletion,
duplication, or single nucleotide variant that are only present in a small percentage of the cfDNA
or cfRNA. In some embodiments, one or more cells from an embryo are tested.

[0241] In some embodiments, the methods are used for non-invasive or invasive prenatal testing
of a fetus. These methods can be used to determine the presence or absence of deletions or
duplications of a chromosome segment or an entire chromosome, such as deletions or duplications
known to be associated severe mental or physical handicaps, learning disabilities, or cancer. In
some embodiments for non-invasive prenatal testing (NIPT), cells, cfDNA or cfRNA from a blood
sample from the pregnant mother is tested. The methods allow the detection of a deletion or
duplication in the cells, cfDNA, or cfRNA from the fetus despite the large amount of cells, cfDNA,
or cfRNA from the mother that is also present. In some embodiments for invasive prenatal testing,

DNA or RNA from a sample from the fetus is tested (such as a CVS or amniocentesis sample).
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Even if the sample is contaminated with DNA or RNA from the pregnant mother, the methods can
be used to detect a deletion or duplication in the fetal DNA or RNA.

[0242] In addition to determining the presence or absence of copy number variation, one or more
other factors can be analyzed if desired. These factors can be used to increase the accuracy of the
diagnosis (such as determining the presence or absence of cancer or an increased risk for cancer,
classifying the cancer, or staging the cancer) or prognosis. These factors can also be used to select
a particular therapy or treatment regimen that is likely to be effective in the subject. Exemplary
factors include the presence or absence of polymorphisms or mutation; altered (increased or
decreased) levels of total or particular cfDNA, cfRNA, microRNA (miRNA); altered (increased
or decreased) tumor fraction; altered (increased or decreased) methylation levels, altered
(increased or decreased) DNA integrity, altered (increased or decreased) or alternative mRNA
splicing.

[0243] The following sections describe methods for detecting deletions or duplications using
phased data (such as inferred or measured phased data) or unphased data; samples that can be
tested; methods for sample preparation, amplification, and quantification; methods for phasing
genetic data; polymorphisms, mutations, nucleic acid alterations, mRNA splicing alterations, and
changes in nucleic acid levels that can be detected; databases with results from the methods, other
risk factors and screening methods; cancers that can be diagnosed or treated; cancer treatments;

cancer models for testing treatments; and methods for formulating and administering treatments.

Exemplary Methods for Determining Ploidy Using Phased Data

[0244] Some of the methods of the invention are based in part on the discovery that using phased
data for detecting CN'Vs decreases the false negative and false positive rates compared to using
unphased data (Figures 20A-27). This improvement is greatest for samples with CNVs present in
low levels. Thus, phase data increases the accuracy of CNV detection compared to using unphased
data (such as methods that calculate allele ratios at one or more loci or aggregate allele ratios to
give an aggregated value (such as an average value) over a chromosome or chromosome segment
without considering whether the allele ratios at different loci indicate that the same or different
haplotypes appear to be present in an abnormal amount). Using phased data allows a more accurate
determination to be made of whether differences between measured and expected allele ratios are

due to noise or due to the presence of a CNV. For example, if the differences between measured
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and expected allele ratios at most or all of the loci in a region indicate that the same haplotype is
overrepresented, then a CNV is more likely to be present. Using linkage between alleles in a
haplotype allows one to determine whether the measured genetic data is consistent with the same
haplotype being overrepresented (rather than random noise). In contrast, if the differences between
measured and expected allele ratios are only due to noise (such as experimental error), then in
some embodiments, about half the time the first haplotype appears to be overrepresented and about
the other half of the time, the second haplotype appears to be overrepresented.

[0245] Accuracy can be increased by taking into account the linkage between SNPs, and the
likelihood of crossovers having occurred during the meiosis that gave rise to the gametes that
formed the embryo that grew into the fetus. Using linkage when creating the expected distribution
of allele measurements for one or more hypotheses allows the creation of expected allele
measurements distributions that correspond to reality considerably better than when linkage is not
used. For example, imagine that there are two SNPs, 1 and 2 located nearby one another, and the
mother is A at SNP 1 and A at SNP 2 on one homolog, and B at SNP 1 and B at SNP 2 on homolog
two. If the father is A for both SNPs on both homologs, and a B is measured for the fetus SNP 1,
this indicates that homolog two has been inherited by the fetus, and therefore that there is a much
higher likelihood of a B being present in the fetus at SNP 2. A model that takes into account
linkage can predict this, while a model that does not take linkage into account cannot. Alternately,
if a mother is AB at SNP 1 and AB at nearby SNP 2, then two hypotheses corresponding to
maternal trisomy at that location can be used — one involving a matching copy error
(nondisjunction in meiosis II or mitosis in early fetal development), and one involving an
unmatching copy error (nondisjunction in meiosis I). In the case of a matching copy error trisomy,
if the fetus inherited an AA from the mother at SNP 1, then the fetus is much more likely to inherit
either an AA or BB from the mother at SNP 2, but not AB. In the case of an unmatching copy
error, the fetus inherits an AB from the mother at both SNPs. The allele distribution hypotheses
made by a CNV calling method that takes into account linkage can make these predictions, and
therefore correspond to the actual allele measurements to a considerably greater extent than a CNV
calling method that does not take into account linkage.

[0246] In some embodiments, phased genetic data is used to determine if there is an
overrepresentation of the number of copies of a first homologous chromosome segment as

compared to a second homologous chromosome segment in the genome of an individual (such
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as in the genome of one or more cells or in cfDNA or cfRNA). Exemplary overrepresentations
include the duplication of the first homologous chromosome segment or the deletion of the second
homologous chromosome segment. In some embodiments, there is not an overrepresentation since
the first and homologous chromosome segments are present in equal proportions (such as one copy
of each segment in a diploid sample). In some embodiments, calculated allele ratios in a nucleic
acid sample are compared to expected allele ratios to determine if there is an overrepresentation
as described further below. In this specification the phrase "a first homologous chromosome
segment as compared to a second homologous chromosome segment" means a first homolog of a
chromosome segment and a second homolog of the chromosome segment.

[0247] In some embodiments, the method includes obtaining phased genetic data for the first
homologous chromosome segment comprising the identity of the allele present at that locus on the
first homologous chromosome segment for each locus in a set of polymorphic loci on the first
homologous chromosome segment, obtaining phased genetic data for the second homologous
chromosome segment comprising the identity of the allele present at that locus on the second
homologous chromosome segment for each locus in the set of polymorphic loci on the second
homologous chromosome segment, and obtaining measured genetic allelic data comprising, for
each of the alleles at each of the loci in the set of polymorphic loci, the amount of each allele
present in a sample of DNA or RNA from one or more target cells and one or more non-target
cells from the individual. In some embodiments, the method includes enumerating a set of one or
more hypotheses specifying the degree of overrepresentation of the first homologous chromosome
segment; calculating, for each of the hypotheses, expected genetic data for the plurality of loci in
the sample from the obtained phased genetic data for one or more possible ratios of DNA or RNA
from the one or more target cells to the total DNA or RNA in the sample; calculating (such as
calculating on a computer) for each possible ratio of DNA or RNA and for each hypothesis, the
data fit between the obtained genetic data of the sample and the expected genetic data for the
sample for that possible ratio of DNA or RNA and for that hypothesis; ranking one or more of the
hypotheses according to the data fit; and selecting the hypothesis that is ranked the highest,
thereby determining the degree of overrepresentation of the number of copies of the first
homologous chromosome segment in the genome of one or more cells from the individual.
[0248] In one aspect, the invention features a method for determining a number of copies of a

chromosome or chromosome segment of interest in the genome of a fetus.
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In some embodiments, the method includes obtaining phased genetic data for at least one
biological parent of the fetus, wherein the phased genetic data comprises the identity of the allele
present for each locus in a set of polymorphic loci on a first homologous chromosome segment
and a second homologous chromosome segment in the parent. In some embodiments, the method
includes obtaining genetic data at the set of polymorphic loci on the chromosome or
chromosome segment in amixed sample of DNA or RNA comprising fetal DNA or RNA
and maternal DNA or RNA from the mother of the fetus by measuring the quantity of each allele
at each locus. In some embodiments, the method includes enumerating a set of one or more
hypotheses specifying the number of copies of the chromosome or chromosome segment of
interest present in the genome of the fetus. In some embodiments, the method includes creating
(such as creating on a computer) for each of the hypotheses, a probability distribution of the
expected quantity of each allele at each of the plurality of loci in mixed sample from the (i) the
obtained phased genetic data from the parent(s) and optionally (ii) the probability of one or more
crossovers that may have occurred during the formation of a gamete that contributed a copy
of the chromosome or chromosome segment of interest to the fetus; calculating (such as calculating
on a computer) a fit, for each of the hypotheses, between (1) the obtained genetic data of the mixed
sample and (2) the probability distribution of the expected quantity of each allele at each of the
plurality of loci in mixed sample for that hypothesis; ranking one or more of the hypotheses
according to the data fit; and selecting the hypothesis that is ranked the highest, thereby
determining the number of copies of the chromosome segment of interest in the genome of the
fetus.

[0249] In some embodiments, the method involves obtaining phased genetic data using any of the
methods described herein or any known method. In some embodiments, the method involves
simultaneously or sequentially in any order (i) obtaining phased genetic data for the first
homologous chromosome segment comprising the identity of the allele present at that locus on the
first homologous chromosome segment for each locus in a set of polymorphic loci on the first
homologous chromosome segment, (ii) obtaining phased genetic data for the second homologous
chromosome segment comprising the identity of the allele present at that locus on the second
homologous chromosome segment for each locus in the set of polymorphic loci on the second

homologous chromosome segment, and (iii) obtaining measured genetic allelic data comprising
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the amount of each allele at each of the loci in the set of polymorphic loci in a sample of DNA
from one or more cells from the individual.

[0250] In some embodiments, the method involves calculating allele ratios for one or more loci in
the set of polymorphic loci that are heterozygous in at least one cell from which the sample was
derived (such as the loci that are heterozygous in the fetus and/or heterozygous in the mother). In
some embodiments, the calculated allele ratio for a particular locus is the measured quantity of
one of the alleles divided by the total measured quantity of all the alleles for the locus. In some
embodiments, the calculated allele ratio for a particular locus is the measured quantity of one of
the alleles (such as the allele on the first homologous chromosome segment) divided by the
measured quantity of one or more other alleles (such as the allele on the second homologous
chromosome segment) for the locus. The calculated allele ratios may be calculated using any of
the methods described herein or any standard method (such as any mathematical transformation
of the calculated allele ratios described herein).

[0251] In some embodiments, the method involves determining if there is an overrepresentation
of the number of copies of the first homologous chromosome segment by comparing one or more
calculated allele ratios for a locus to an allele ratio that is expected for that locus if the first and
second homologous chromosome segments are present in equal proportions. In some
embodiments, the expected allele ratio assumes the possible alleles for a locus have an equal
likelihood of being present. In some embodiments in which the calculated allele ratio for a
particular locus is the measured quantity of one of the alleles divided by the total measured quantity
of all the alleles for the locus, the corresponding expected allele ratio is 0.5 for a biallelic locus, or
1/3 for a triallelic locus. In some embodiments, the expected allele ratio is the same for all the
loci, such as 0.5 for all loci. In some embodiments, the expected allele ratio assumes that the
possible alleles for a locus can have a different likelihood of being present, such as the likelihood
based on the frequency of each of the alleles in a particular population that the subject belongs in,
such as a population based on the ancestry of the subject. Such allele frequencies are publicly
available (see, e.g., HapMap Project; Perlegen Human Haplotype Project; web at
ncbi.nlm.nih.gov/projects/SNP/; Sherry ST, Ward MH, Kholodov M, et al. dbSNP: the NCBI
database of genetic variation. Nucleic Acids Res. 2001 Jan 1;29(1):308-11, which are each
incorporated by reference in its entirety). In some embodiments, the expected allele ratio is the

allele ratio that is expected for the particular individual being tested for a particular hypothesis
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specifying the degree of overrepresentation of the first homologous chromosome segment. For
example, the expected allele ratio for a particular individual may be determined based on phased
or unphased genetic data from the individual (such as from a sample from the individual that is
unlikely to have a deletion or duplication such as a noncancerous sample) or data from one or more
relatives from the individual. In some embodiments for prenatal testing, the expected allele ratio
is the allele ratio that is expected for a mixed sample that includes DNA or RNA from the pregnant
mother and the fetus (such as a maternal plasma or serum sample that includes cfDNA from the
mother and cfDNA from the fetus) for a particular hypothesis specifying the degree of
overrepresentation of the first homologous chromosome segment. For example, the expected
allele ratio for the mixed sample may be determined based on genetic data from the mother and
predicted genetic data for the fetus (such as predictions for alleles that the fetus may have inherited
from the mother and/or father). In some embodiments, phased or unphased genetic data from a
sample of DNA or RNA from only the mother (such as the buffy coat from a maternal blood
sample) is to determine the alleles from the maternal DNA or RNA in the mixed sample as well
as alleles that the fetus may have been inherited from the mother (and thus may be present in the
fetal DNA or RNA in the mixed sample). In some embodiments, phased or unphased genetic data
from a sample of DNA or RNA from only the father is used to determine the alleles that the fetus
may have been inherited from the father (and thus may be present in the fetal DNA or RNA in the
mixed sample). The expected allele ratios may be calculated using any of the methods described
herein or any standard method (such as any mathematical transformation of the expected allele
ratios described herein) (U.S. Publication No 2012/0270212, filed Nov. 18, 2011, which is hereby
incorporated by reference in its entirety).

[0252] In some embodiments, a calculated allele ratio is indicative of an overrepresentation of the
number of copies of the first homologous chromosome segment if either (i) the allele ratio for the
measured quantity of the allele present at that locus on the first homologous chromosome divided
by the total measured quantity of all the alleles for the locus is greater than the expected allele ratio
for that locus, or (ii) the allele ratio for the measured quantity of the allele present at that locus on
the second homologous chromosome divided by the total measured quantity of all the alleles for
the locus is less than the expected allele ratio for that locus. In some embodiments, a calculated
allele ratio is only considered indicative of overrepresentation if it is significantly greater or lower

than the expected ratio for that locus. In some embodiments, a calculated allele ratio is indicative
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of no overrepresentation of the number of copies of the first homologous chromosome segment if
cither (i) the allele ratio for the measured quantity of the allele present at that locus on the first
homologous chromosome divided by the total measured quantity of all the alleles for the locus is
less than or equal to the expected allele ratio for that locus, or (ii) the allele ratio for the measured
quantity of the allele present at that locus on the second homologous chromosome divided by the
total measured quantity of all the alleles for the locus is greater than or equal to the expected allele
ratio for that locus. In some embodiments, calculated ratios equal to the corresponding expected
ratio are ignored (since they are indicative of no overrepresentation).

[0253] In various embodiments, one or more of the following methods is used to compare one or
more of the calculated allele ratios to the corresponding expected allele ratio(s). In some
embodiments, one determines whether the calculated allele ratio is above or below the expected
allele ratio for a particular locus irrespective of the magnitude of the difference. In some
embodiments, one determines the magnitude of the difference between the calculated allele ratio
and the expected allele ratio for a particular locus irrespective of whether the calculated allele ratio
is above or below the expected allele ratio. In some embodiments, one determines whether the
calculated allele ratio is above or below the expected allele ratio and the magnitude of the
difference for a particular locus. In some embodiments, one determines whether the average or
weighted average value of the calculated allele ratios is above or below the average or weighted
average value of the expected allele ratios irrespective of the magnitude of the difference. In some
embodiments, one determines the magnitude of the difference between the average or weighted
average value of the calculated allele ratios and the average or weighted average value of the
expected allele ratios irrespective of whether the average or weighted average of the calculated
allele ratio is above or below the average or weighted average value of the expected allele ratio.
In some embodiments, one determines whether the average or weighted average value of the
calculated allele ratios is above or below the average or weighted average value of the expected
allele ratios and the magnitude of the difference. In some embodiments, one determines an average
or weighted average value of the magnitude of the difference between the calculated allele ratios
and the expected allele ratios.

[0254] In some embodiments, the magnitude of the difference between the calculated allele ratio
and the expected allele ratio for one or more loci is used to determine whether the

overrepresentation of the number of copies of the first homologous chromosome segment is due
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to a duplication of the first homologous chromosome segment or a deletion of the second
homologous chromosome segment in the genome of one or more of the cells.

[0255] In some embodiments, an overrepresentation of the number of copies of the first
homologous chromosome segment is determined to be present if one or more of following
conditions is met. In some embodiments, the number of calculated allele ratios that are indicative
of an overrepresentation of the number of copies of the first homologous chromosome segment is
above a threshold value. In some embodiments, the number of calculated allele ratios that are
indicative of no overrepresentation of the number of copies of the first homologous chromosome
segment is below a threshold value. In some embodiments, the magnitude of the difference
between the calculated allele ratios that are indicative of an overrepresentation of the number of
copies of the first homologous chromosome segment and the corresponding expected allele ratios
is above a threshold value. In some embodiments, for all calculated allele ratios that are indicative
of overrepresentation, the sum of the magnitude of the difference between a calculated allele ratio
and the corresponding expected allele ratio is above a threshold value. In some embodiments, the
magnitude of the difference between the calculated allele ratios that are indicative of no
overrepresentation of the number of copies of the first homologous chromosome segment and the
corresponding expected allele ratios is below a threshold value. In some embodiments, the average
or weighted average value of the calculated allele ratios for the measured quantity of the allele
present on the first homologous chromosome divided by the total measured quantity of all the
alleles for the locus is greater than the average or weighted average value of the expected allele
ratios by at least a threshold value. In some embodiments, the average or weighted average value
of the calculated allele ratios for the measured quantity of the allele present on the second
homologous chromosome divided by the total measured quantity of all the alleles for the locus is
less than the average or weighted average value of the expected allele ratios by at least a threshold
value. In some embodiments, the data fit between the calculated allele ratios and allele ratios that
are predicted for an overrepresentation of the number of copies of the first homologous
chromosome segment is below a threshold value (indicative of a good data fit). In some
embodiments, the data fit between the calculated allele ratios and allele ratios that are predicted
for no overrepresentation of the number of copies of the first homologous chromosome segment

is above a threshold value (indicative of a poor data fit).
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[0256] In some embodiments, an overrepresentation of the number of copies of the first
homologous chromosome segment is determined to be absent if one or more of following
conditions is met. In some embodiments, the number of calculated allele ratios that are indicative
of an overrepresentation of the number of copies of the first homologous chromosome segment is
below a threshold value. In some embodiments, the number of calculated allele ratios that are
indicative of no overrepresentation of the number of copies of the first homologous chromosome
segment is above a threshold value. In some embodiments, the magnitude of the difference
between the calculated allele ratios that are indicative of an overrepresentation of the number of
copies of the first homologous chromosome segment and the corresponding expected allele ratios
is below a threshold value. In some embodiments, the magnitude of the difference between the
calculated allele ratios that are indicative of no overrepresentation of the number of copies of the
first homologous chromosome segment and the corresponding expected allele ratios is above a
threshold value. In some embodiments, the average or weighted average value of the calculated
allele ratios for the measured quantity of the allele present on the first homologous chromosome
divided by the total measured quantity of all the alleles for the locus minus the average or weighted
average value of the expected allele ratios is less than a threshold value. In some embodiments,
the average or weighted average value of the expected allele ratios minus the average or weighted
average value of the calculated allele ratios for the measured quantity of the allele present on the
second homologous chromosome divided by the total measured quantity of all the alleles for the
locus is less than a threshold value. In some embodiments, the data fit between the calculated
allele ratios and allele ratios that are predicted for an overrepresentation of the number of copies
of the first homologous chromosome segment is above a threshold value. In some embodiments,
the data fit between the calculated allele ratios and allele ratios that are predicted for no
overrepresentation of the number of copies of the first homologous chromosome segment is below
a threshold value. In some embodiments, the threshold is determined from empirical testing of
samples known to have a CNV of interest and/or samples known to lack the CNV.

[0257] In some embodiments, determining if there is an overrepresentation of the number of
copies of the first homologous chromosome segment includes enumerating a set of one or more
hypotheses specifying the degree of overrepresentation of the first homologous chromosome
segment. On exemplary hypothesis is the absence of an overrepresentation since the first and

homologous chromosome segments are present in equal proportions (such as one copy of each
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segment in a diploid sample). Other exemplary hypotheses include the first homologous
chromosome segment being duplicated one or more times (such as 1, 2, 3, 4, 5, or more extra
copies of the first homologous chromosome compared to the number of copies of the second
homologous chromosome segment). Another exemplary hypothesis includes the deletion of the
second homologous chromosome segment. Yet another exemplary hypothesis is the deletion of
both the first and the second homologous chromosome segments. In some embodiments, predicted
allele ratios for the loci that are heterozygous in at least one cell (such as the loci that are
heterozygous in the fetus and/or heterozygous in the mother) are estimated for each hypothesis
given the degree of overrepresentation specified by that hypothesis. In some embodiments, the
likelihood that the hypothesis is correct is calculated by comparing the calculated allele ratios to
the predicted allele ratios, and the hypothesis with the greatest likelihood is selected.

[0258] In some embodiments, an expected distribution of a test statistic is calculated using the
predicted allele ratios for each hypothesis. In some embodiments, the likelihood that the
hypothesis is correct is calculated by comparing a test statistic that is calculated using the
calculated allele ratios to the expected distribution of the test statistic that is calculated using the
predicted allele ratios, and the hypothesis with the greatest likelihood is selected.

[0259] In some embodiments, predicted allele ratios for the loci that are heterozygous in at least
one cell (such as the loci that are heterozygous in the fetus and/or heterozygous in the mother) are
estimated given the phased genetic data for the first homologous chromosome segment, the phased
genetic data for the second homologous chromosome segment, and the degree of
overrepresentation specified by that hypothesis. In some embodiments, the likelihood that the
hypothesis is correct is calculated by comparing the calculated allele ratios to the predicted allele

ratios; and the hypothesis with the greatest likelihood is selected.

Use of Mixed Samples

[0260] It will be understood that for many embodiments, the sample is a mixed sample with DNA
or RNA from one or more target cells and one or more non-target cells. In some embodiments,
the target cells are cells that have a CNV, such as a deletion or duplication of interest, and the non-
target cells are cells that do not have the copy number variation of interest (such as a mixture of
cells with the deletion or duplication of interest and cells without any of the deletions or

duplications being tested). In some embodiments, the target cells are cells that are associated with
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a disease or disorder or an increased risk for disease or disorder (such as cancer cells), and the non-
target cells are cells that are not associated with a disease or disorder or an increased risk for
disease or disorder (such as noncancerous cells). In some embodiments, the target cells all have
the same CNV. In some embodiments, two or more target cells have different CNVs. In some
embodiments, one or more of the target cells has a CNV, polymorphism, or mutation associated
with the disease or disorder or an increased risk for disease or disorder that is not found it at least
one other target cell. In some such embodiments, the fraction of the cells that are associated with
the disease or disorder or an increased risk for disease or disorder out of the total cells from a
sample is assumed to be greater than or equal to the fraction of the most frequent of these CNVs,
polymorphisms, or mutations in the sample. For example if 6% of the cells have a K-ras mutation,
and 8% of the cells have a BRAF mutation, at least 8% of the cells are assumed to be cancerous.
[0261] In some embodiments, the ratio of DNA (or RNA) from the one or more target cells to the
total DNA (or RNA) in the sample is calculated. In some embodiments, a set of one or more
hypotheses specifying the degree of overrepresentation of the first homologous chromosome
segment are enumerated. In some embodiments, predicted allele ratios for the loci that are
heterozygous in at least one cell (such as the loci that are heterozygous in the fetus and/or
heterozygous in the mother) are estimated given the calculated ratio of DNA or RNA and the
degree of overrepresentation specified by that hypothesis are estimated for each hypothesis. In
some embodiments, the likelihood that the hypothesis is correct is calculated by comparing the
calculated allele ratios to the predicted allele ratios, and the hypothesis with the greatest likelihood
is selected.

[0262] In some embodiments, an expected distribution of a test statistic calculated using the
predicted allele ratios and the calculated ratio of DNA or RNA is estimated for each hypothesis.
In some embodiments, the likelihood that the hypothesis is correct is determined by comparing a
test statistic calculated using the calculated allele ratios and the calculated ratio of DNA or RNA
to the expected distribution of the test statistic calculated using the predicted allele ratios and the
calculated ratio of DNA or RNA, and the hypothesis with the greatest likelihood is selected.
[0263] In some embodiments, the method includes enumerating a set of one or more hypotheses
specifying the degree of overrepresentation of the first homologous chromosome segment. In
some embodiments, the method includes estimating, for each hypothesis, either (i) predicted allele

ratios for the loci that are heterozygous in at least one cell (such as the loci that are heterozygous
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in the fetus and/or heterozygous in the mother) given the degree of overrepresentation specified
by that hypothesis or (ii) for one or more possible ratios of DNA or RNA, an expected distribution
of a test statistic calculated using the predicted allele ratios and the possible ratio of DNA or RNA
from the one or more target cells to the total DNA or RNA in the sample. In some embodiments,
a data fit is calculated by comparing either (i) the calculated allele ratios to the predicted allele
ratios, or (ii) a test statistic calculated using the calculated allele ratios and the possible ratio of
DNA or RNA to the expected distribution of the test statistic calculated using the predicted allele
ratios and the possible ratio of DNA or RNA. In some embodiments, one or more of the hypotheses
are ranked according to the data fit, and the hypothesis that is ranked the highest is selected. In
some embodiments, a technique or algorithm, such as a search algorithm, is used for one or more
of the following steps: calculating the data fit, ranking the hypotheses, or selecting the hypothesis
that is ranked the highest. In some embodiments, the data fit is a fit to a beta-binomial distribution
or a fit to a binomial distribution. In some embodiments, the technique or algorithm is selected
from the group consisting of maximum likelihood estimation, maximum a-posteriori estimation,
Bayesian estimation, dynamic estimation (such as dynamic Bayesian estimation), and expectation-
maximization estimation. In some embodiments, the method includes applying the technique or
algorithm to the obtained genetic data and the expected genetic data.

[0264] In some embodiments, the method includes creating a partition of possible ratios that
range from a lower limit to an upper limit for the ratio of DNA or RNA from the one or more
target cells to the total DNA or RNA in the sample. In some embodiments, a set of one or more
hypotheses specifying the degree of overrepresentation of the first homologous chromosome
segment are enumerated. In some embodiments, the method includes estimating, for each of
the possible ratios of DNA or RNA in the partition and for each hypothesis, either (i) predicted
allele ratios for the loci that are heterozygous in at least one cell (such as the loci that are
heterozygous in the fetus and/or heterozygous in the mother) given the possible ratio of DNA
or RNA and the degree of overrepresentation specified by that hypothesis or (ii) an expected
distribution of a test statistic calculated using the predicted allele ratios and the possible ratio
of DNA or RNA. In some embodiments, the method includes calculating, for each of the
possible ratios of DNA or RNA in the partition and for each hypothesis, the likelihood that the
hypothesis is correct by comparing either (i) the calculated allele ratios to the predicted allele

ratios, or (ii) a test statistic calculated using the calculated allele ratios and the possible ratio of
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DNA or RNA to the expected distribution of the test statistic calculated using the predicted
allele ratios and the possible ratio of DNA or RNA. In some embodiments, the combined
probability for each hypothesis is determined by combining the probabilities of that hypothesis
for each of the possible ratios in the partition; and the hypothesis with the greatest combined
probability is selected. In some embodiments, the combined probability for each hypothesis is
determining by weighting the probability of a hypothesis for a particular possible ratio based
on the likelihood that the possible ratio is the correct ratio.

[0265] In some embodiments, a technique selected from the group consisting of maximum
likelihood estimation, maximum a-posteriori estimation, Bayesian estimation, dynamic estimation
(such as dynamic Bayesian estimation), and expectation-maximization estimation is used to
estimate the ratio of DNA or RNA from the one or more target cells to the total DNA or RNA in
the sample. In some embodiments, the ratio of DNA or RNA from the one or more target cells to
the total DNA or RNA in the sample is assumed to be the same for two or more (or all) of the
CNVs of interest. In some embodiments, the ratio of DNA or RNA from the one or more target

cells to the total DNA or RNA in the sample is calculated for each CNV of interest.

Exemplary Methods for Using Imperfectly Phased Data

[0266] It will be understood that for many embodiments, imperfectly phased data is used. For
example, it may not be known with 100% certainty which allele is present for one or more of the
loci on the first and/or second homologous chromosome segment. In some embodiments, the
priors for possible haplotypes of the individual (such as haplotypes based on population based
haplotype frequencies) are used in calculating the probability of each hypothesis. In some
embodiments, the priors for possible haplotypes are adjusted by either using another method to
phase the genetic data or by using phased data from other subjects (such as prior subjects) to refine
population data used for informatics based phasing of the individual.

[0267] In some embodiments, the phased genetic data comprises probabilistic data for two or
more possible sets of phased genetic data, wherein each possible set of phased data comprises a
possible identity of the allele present at each locus in the set of polymorphic loci on the first
homologous chromosome segment and a possible identity of the allele present at each locus in the
set of polymorphic loci on the second homologous chromosome segment. In some embodiments,

the probability for at least one of the hypotheses is determined for each of the possible sets of
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phased genetic data. In some embodiments, the combined probability for the hypothesis is
determined by combining the probabilities of the hypothesis for each of the possible sets of phased
genetic data; and the hypothesis with the greatest combined probability is selected.

[0268] Any of the methods disclosed herein or any known method may be used to generate
imperfectly phased data (such as using population based haplotype frequencies to infer the most
likely phase) for use in the claimed methods. In some embodiments, phased data is obtained by
probabilistically combining haplotypes of smaller segments. For example, possible haplotypes
can be determined based on possible combinations of one haplotype from a first region with
another haplotype from another region from the same chromosome. The probability that particular
haplotypes from different regions are part of the same, larger haplotype block on the same
chromosome can be determined using, e.g., population based haplotype frequencies and/or known
recombination rates between the different regions.

[0269] In some embodiments, a single hypothesis rejection test is used for the null hypothesis of
disomy. In some embodiments, the probability of the disomy hypothesis is calculated, and the
hypothesis of disomy is rejected if the probability is below a given threshold value (such as less
than 1 in 1,000). If the null hypothesis is rejected, this could be due to errors in the imperfectly
phased data or due to the presence of a CNV. In some embodiments, more accurate phased data
is obtained (such as phased data from any of the molecular phasing methods disclosed herein to
obtain actual phased data rather than bioinformatics-based inferred phased data). In some
embodiments, the probability of the disomy hypothesis is recalculated using the more accurate
phased data to determine if the disomy hypothesis should still be rejected. Rejection of this
hypothesis indicates that a duplication or deletion of the chromosome segment is present. If

desired, the false positive rate can be altered by adjusting the threshold value.

Further Exemplary Embodiments for Determining Ploidy Using Phased Data
[0270] In illustrative embodiments, provided herein is a method for determining ploidy of a
chromosomal segment in a sample of an individual. The method includes the following steps:
a. receiving allele frequency data comprising the amount of each allele present in the
sample at each loci in a set of polymorphic loci on the chromosomal segment;
b. generating phased allelic information for the set of polymorphic loci by estimating

the phase of the allele frequency data;
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c. generating individual probabilities of allele frequencies for the polymorphic loci
for different ploidy states using the allele frequency data;
d. generating joint probabilities for the set of polymorphic loci using the individual
probabilities and the phased allelic information; and
e. selecting, based on the joint probabilities, a best fit model indicative of
chromosomal ploidy, thereby determining ploidy of the chromosomal segment.
[0271] As disclosed herein, the allele frequency data (also referred to herein as measured genetic
allelic data) can be generated by methods known in the art. For example, the data can be generated
using qPCR or microarrays. In one illustrative embodiment, the data is generated using nucleic
acid sequence data, especially high throughput nucleic acid sequence data.
[0272] In certain illustrative examples, the allele frequency data is corrected for errors before it is
used to generate individual probabilities. In specific illustrative embodiments, the errors that are
corrected include allele amplification efficiency bias. In other embodiments, the errors that are
corrected include ambient contamination and genotype contamination. In some embodiments,
errors that are corrected include allele amplification bias, ambient contamination and genotype
contamination.
[0273] In certain embodiments, the individual probabilities are generated using a set of models of
both different ploidy states and allelic imbalance fractions for the set of polymorphic loci. In these
embodiments, and other embodiments, the joint probabilities are generated by considering the
linkage between polymorphic loci on the chromosome segment.
[0274] Accordingly, in one illustrative embodiment that combines some of these embodiments,
provided herein is a method for detecting chromosomal ploidy in a sample of an individual, that
includes the following steps:
a. receiving nucleic acid sequence data for alleles at a set of polymorphic loci on a
chromosome segment in the individual;
b. detecting allele frequencies at the set of loci using the nucleic acid sequence data;
c. correcting for allele amplification efficiency bias in the detected allele frequencies
to generate corrected allele frequencies for the set of polymorphic loci;
d. generating phased allelic information for the set of polymorphic loci by estimating

the phase of the nucleic acid sequence data;
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e. generating individual probabilities of allele frequencies for the polymorphic loci
for different ploidy states by comparing the corrected allele frequencies to a set of
models of different ploidy states and allelic imbalance fractions of the set of
polymorphic loci;

f. generating joint probabilities for the set of polymorphic loci by combining the
individual probabilities considering the linkage between polymorphic loci on the
chromosome segment; and

g. selecting, based on the joint probabilities, the best fit model indicative of

chromosomal aneuploidy.

[0275] As disclosed herein, the individual probabilities can be generated using a set of models or
hypothesis of both different ploidy states and average allelic imbalance fractions for the set of
polymorphic loci. For example, in a particularly illustrative example, individual probabilities are
generated by modeling ploidy states of a first homolog of the chromosome segment and a second
homolog of the chromosome segment. The ploidy states that are modeled include the following:
[0276] (1) all cells have no deletion or amplification of the first homolog or the second
homolog of the chromosome segment;

[0277] (2) at least some cells have a deletion of the first homolog or an amplification of the
second homolog of the chromosome segment; and

[0278] (3) at least some cells have a deletion of the second homolog or an amplification of the
first homolog of the chromosome segment.

[0279] It will be understood that the above models can also be referred to as hypothesis that are
used to constrain a model. Therefore, demonstrated above are 3 hypothesis that can be used.
[0280] The average allelic imbalance fractions modeled can include any range of average allelic
imbalance that includes the actual average allelic imbalance of the chromosomal segment. For
example, in certain illustrative embodiments, the range of average allelic imbalance that is
modeled can be between 0, 0.1, 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.75, 1, 2, 2.5, 3, 4, and 5% on the low
end, and 1, 2, 2.5, 3, 4, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70 80 90, 95, and 99% on the high end.
The intervals for the modeling with the range can be any interval depending on the computing
power used and the time allowed for the analysis. For example, 0.01, 0.05, 0.02, or 0.1 intervals

can be modeled.
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[0281] In certain illustrative embodiments, the sample has an average allelic imbalance for the
chromosomal segment of between 0.4% and 5%. In certain embodiments, the average allelic
imbalance is low. In these embodiments, average allelic imbalance is typically less than 10%. In
certain illustrative embodiments, the allelic imbalance is between 0.25, 0.3, 0.4, 0.5, 0.6, 0.75, 1,
2,2.5,3,4,and 5% on the low end, and 1, 2, 2.5, 3, 4, and 5% on the high end. In other exemplary
embodiments, the average allelic imbalance is between 0.4, 0.45, 0.5, 0.6, 0.7, 0.8, 0.9, or 1.0? on
the low end and 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.5, 2.0, 3.0, 4.0, or 5.0? on the high end. For example,
the average allelic imbalance of the sample in an illustrative example is between (.45 and 2.5%.
In another example, the average allelic imbalance is detected with a sensitivity of 0.45, 0.5, 0.6,
0.8, 0.8, 0.9, or 1.0. In An exemplary sample with low allelic imbalance in methods of the present
invention include plasma samples from individuals with cancer having circulating tumor DNA or
plasma samples from pregnant females having circulating fetal DNA.

[0282] It will be understood that for SN'Vs, the proportion of abnormal DNA is typically measured
using mutant allele frequency (number of mutant alleles at a locus / total number of alleles at that
locus). Since the difference between the amounts of two homologs in tumours is analogous, we
measure the proportion of abnormal DNA for a CNV by the average allelic imbalance (AAI),
defined as I(H1 - H2)I/(H1 + H2), where Hi is the average number of copies of homolog i in the
sample and Hi/(H1 + H2) is the fractional abundance, or homolog ratio, of homolog i. The
maximum homolog ratio is the homolog ratio of the more abundant homolog.

[0283] Assay drop-out rate is the percentage of SNPs with no reads, estimated using all SNPs.
Single allele drop-out (ADO) rate is the percentage of SNPs with only one allele present, estimated
using only heterozygous SNPs. Genotype confidence can be determined by fitting a binomial
distribution to the number of reads at each SNP that were B-allele reads, and using the ploidy
status of the focal region of the SNP to estimate the probability of each genotype.

[0284] For tumor tissue samples, chromosomal aneuploidy (exemplified in this paragraph by
CNVs) can be delineated by transitions between allele frequency distributions. In plasma samples,
CNVs can be identified by a maximum likelihood algorithm that searches for plasma CNVs in
regions where the tumor sample from the same individual also has CNVs, using haplotype
information deduced from the tumor sample. This algorithm can model expected allelic
frequencies across all allelic imbalance ratios at 0.025% intervals for three sets of hypotheses: (1)

all cells are normal (no allelic imbalance), (2) some/all cells have a homolog 1 deletion or homolog
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2 amplification, or (3) some/all cells have a homolog 2 deletion or homolog 1 amplification. The
likelihood of each hypothesis can be determined at each SNP using a Bayesian classifier based on
a beta binomial model of expected and observed allele frequencies at all heterozygous SNPs, and
then the joint likelihood across multiple SNPs can be calculated, in certain illustrative
embodiments taking linkage of the SNP loci into consideration, as exemplified herein. The
maximum likelihood hypothesis can then be selected.

[0285] Consider a chromosomal region with an average of N copies in the tumor, and let ¢ denote
the fraction of DNA in plasma derived from the mixture of normal and tumour cells in a disomic
region. AAI is calculated as:

[0286] Aar=—1V"21
2+c(N-2)

[0287] In certain illustrative examples, the allele frequency data is corrected for errors before it is
used to generate individual probabilities. Different types of error and/or bias correction are
disclosed herein. In specific illustrative embodiments, the errors that are corrected are allele
amplification efficiency bias. In other embodiments, the errors that are corrected include ambient
contamination and genotype contamination. In some embodiments, errors that are corrected
include allele amplification bias, ambient contamination and genotype contamination.

[0288] It will be understood that allele amplification efficiency bias can be determined for an allele
as part of an experiment or laboratory determination that includes an on test sample, or it can be
determined at a different time using a set of samples that include the allele whose efficiency is
being calculated. Ambient contamination and genotype contamination are typically determined on
the same run as the on-test sample analysis.

[0289] In certain embodiments, ambient contamination and genotype contamination are
determined for homozygous alleles in the sample. It will be understood that for any given sample
from an individual some loci in the sample, will be heterozygous and others will be homozygous,
even if a locus is selected for analysis because it has a relatively high heterozygosity in the
population. It is advantageous in some embodiments, although ploidy of a chromosomal segment
may be determined using heterozygous loci for an individual, homozygous loci can be used to

calculate ambient and genotype contamination.
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[0290] In certain illustrative examples, the selecting is performed by analyzing a magnitude of a
difference between the phased allelic information and estimated allelic frequencies generated for
the models.

[0291] In illustrative examples, the individual probabilities of allele frequencies are generated
based on a beta binomial model of expected and observed allele frequencies at the set of
polymorphic loci. In illustrative examples, the individual probabilities are generated using a
Bayesian classifier.

[0292] In certain illustrative embodiments, the nucleic acid sequence data is generated by
performing high throughput DNA sequencing of a plurality of copies of a series of amplicons
generated using a multiplex amplification reaction, wherein each amplicon of the series of
amplicons spans at least one polymorphic loci of the set of polymorphic loci and wherein each of
the polymeric loci of the set is amplified. In certain embodiments, the multiplex amplification
reaction is performed under limiting primer conditions for at least %2 of the reactions. In some
embodiments, limiting primer concentrations are used in 1/10, 1/5, Y4, 1/3, ¥, or all of the reactions
of the multiplex reaction. Provided herein are factors to consider to achieve limiting primer
conditions in an amplification reaction such as PCR.

[0293] In certain embodiments, methods provided herein detect ploidy for multiple chromosomal
segments across multiple chromosomes. Accordingly, the chromosomal ploidy in these
embodiments is determined for a set of chromosome segments in the sample. For these
embodiments, higher multiplex amplification reactions are needed. Accordingly, for these
embodiments the multiplex amplification reaction can include, for example, between 2,500 and
50,000 multiplex reactions. In certain embodiments, the following ranges of multiplex reactions
are performed: between 100, 200, 250, 500, 1000, 2500, 5000, 10,000, 20,000, 25000, 50000 on
the low end of the range and between 200, 250, 500, 1000, 2500, 5000, 10,000, 20,000, 25000,
50000, and 100,000 on the high end of the range.

[0294] In illustrative embodiments, the set of polymorphic loci is a set of loci that are known to
exhibit high heterozygosity. However, it is expected that for any given individual, some of those
loci will be homozygous. In certain illustrative embodiments, methods of the invention utilize
nucleic acid sequence information for both homozygous and heterozygous loci for an individual.

The homozygous loci of an individual are used, for example, for error correction, whereas
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heterozygous loci are used for the determination of allelic imbalance of the sample. In certain
embodiments, at least 10% of the polymorphic loci are heterozygous loci for the individual.
[0295] As disclosed herein, preference is given for analyzing target SNP loci that are known to be
heterozygous in the population. Accordingly, in certain embodiments, polymorphic loci are
chosen wherein at least 10, 20, 25, 50, 75, 80, 90, 95, 99, or 100% of the polymorphic loci are
known to be heterozygous in the population.

[0296] As disclosed herein, in certain embodiments the sample is a plasma sample from a
pregnant female.

[0297] In some examples, the method further comprises performing the method on a control
sample with a known average allelic imbalance ratio. The control can have an average allelic
imbalance ratio for a particular allelic state indicative of aneuploidy of the chromosome segment,
of between 0.4 and 10% to mimic an average allelic imbalance of an allele in a sample that is
present in low concentrations, such as would be expected for a circulating free DNA from a fetus
or from a tumor.

[0298] In some embodiments, PlasmArt controls, as disclosed herein, are used as the controls.
Accordingly, in certain aspects the is a sample generated by a method comprising fragmenting a
nucleic acid sample known to exhibit a chromosomal aneuploidy into fragments that mimic the
size of fragments of DNA circulating in plasma of the individual. In certain aspects a control is
used that has no aneuploidy for the chromosome segment.

[0299] In illustrative embodiments, data from one or more controls can be analyzed in the method
along with a test sample. The controls for example, can include a different sample from the
individual that is not suspected of containing Chromosomal aneuploidy, or a sample that is
suspected of containing CNV or a chromosomal aneuploidy. For example, where a test sample is
a plasma sample suspected of containing circulating free tumor DNA, the method can be also be
performed for a control sample from a tumor from the subject along with the plasma sample. As
disclosed herein, the control sample can be prepared by fragmenting a DNA sample known to
exhibit a chromosomal aneuploidy. Such fragmenting can result in a DNA sample that mimics the
DNA composition of an apoptotic cell, especially when the sample is from an individual afflicted
with cancer. Data from the control sample will increase the confidence of the detection of

Chromosomal aneuploidy.
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[0300] In certain embodiments of the methods of determining ploidy, the sample is a plasma
sample from an individual suspected of having cancer. In these embodiments, the method further
comprises determining based on the selecting whether copy number variation is present in cells of
a tumor of the individual. For these embodiments, the sample can be a plasma sample from an
individual. For these embodiments, the method can further include determining, based on the
selecting, whether cancer is present in the individual.

[0301] These embodiments for determining ploidy of a chromosomal segment, can further include
detecting a single nucleotide variant at a single nucleotide variance location in a set of single
nucleotide variance locations, wherein detecting either a chromosomal aneuploidy or the single
nucleotide variant or both, indicates the presence of circulating tumor nucleic acids in the sample.
[0302] These embodiments can further include receiving haplotype information of the
chromosome segment for a tumor of the individual and using the haplotype information to generate
the set of models of different ploidy states and allelic imbalance fractions of the set of polymorphic
loci.

[0303] As disclosed herein, certain embodiments of the methods of determining ploidy can further
include removing outliers from the initial or corrected allele frequency data before comparing the
initial or the corrected allele frequencies to the set of models. For example, in certain embodiments,
loci allele frequencies that are at least 2 or 3 standard deviations above or below the mean value
for other loci on the chromosome segment, are removed from the data before being used for the
modeling.

[0304] As mentioned herein, it will be understood that for many of the embodiments provided
herein, including those for determining ploidy of a chromosomal segment, imperfectly or perfectly
phased data is preferably used. It will also be understood, that provided herein are a number of
features that provide improvements over prior methods for detecting ploidy, and that many
different combinations of these features could be used.

[0305] In certain embodiments, as illustrated in FIGS. 69-70, provided herein are computer
systems and computer readable media to perform any methods of the present invention. These
include systems and computer readable media for performing methods of determining ploidy.
Accordingly, and as non-limiting examples of system embodiments, to demonstrate that any of the

methods provided herein can be performed using a system and a computer readable medium using
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the disclosure herein, in another aspect, provided herein is a system for detecting chromosomal
ploidy in a sample of an individual, the system comprising:

a. an input processor configured to receive allelic frequency data comprising the
amount of each allele present in the sample at each loci in a set of polymorphic loci
on the chromosomal segment;

b. a modeler configured to:

i. generate phased allelic information for the set of polymorphic loci by
estimating the phase of the allele frequency data; and
ii. generate individual probabilities of allele frequencies for the polymorphic
loci for different ploidy states using the allele frequency data; and
iii. generate joint probabilities for the set of polymorphic loci using the
individual probabilities and the phased allelic information; and

c. a hypothesis manager configured to select, based on the joint probabilities, a best
fit model indicative of chromosomal ploidy, thereby determining ploidy of the
chromosomal segment.

[0306] In certain embodiments of this system embodiment, the allele frequency data is data
generated by a nucleic acid sequencing system. In certain embodiments, the system further
comprises an error correction unit configured to correct for errors in the allele frequency data,
wherein the corrected allele frequency data is used by the modeler for to generate individual
probabilities. In certain embodiments the error correction unit corrects for allele amplification
efficiency bias. In certain embodiments, the modeler generates the individual probabilities using a
set of models of both different ploidy states and allelic imbalance fractions for the set of
polymorphic loci. The modeler, in certain exemplary embodiments generates the joint probabilities
by considering the linkage between polymorphic loci on the chromosome segment.

[0307] In one illustrative embodiment, provided herein is a system for detecting chromosomal
ploidy in a sample of an individual, that includes the following:

a. an input processor configured to receive nucleic acid sequence data for alleles at a
set of polymorphic loci on a chromosome segment in the individual and detect allele

frequencies at the set of loci using the nucleic acid sequence data;
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b. an error correction unit configured to correct for errors in the detected allele
frequencies and generate corrected allele frequencies for the set of polymorphic
loci;

c. amodeler configured to:

i. generate phased allelic information for the set of polymorphic loci by
estimating the phase of the nucleic acid sequence data;

ii. generate individual probabilities of allele frequencies for the polymorphic
loci for different ploidy states by comparing the phased allelic information
to a set of models of different ploidy states and allelic imbalance fractions
of the set of polymorphic loci; and

iii. generate joint probabilities for the set of polymorphic loci by combining the
individual probabilities considering the relative distance between
polymorphic loci on the chromosome segment; and

d. a hypothesis manager configured to select, based on the joint probabilities, a best
fit model indicative of chromosomal aneuploidy.

[0308] In certain exemplary system embodiments provided herein the set of polymorphic loci
comprises between 1000 and 50,000 polymorphic loci. In certain exemplary system embodiments
provided herein the set of polymorphic loci comprises 100 known heterozygosity hot spot loci. In
certain exemplary system embodiments provided herein the set of polymorphic loci comprise 100
loci that are at or within 0.5kb of a recombination hot spot.

[0309] In certain exemplary system embodiments provided herein the best fit model analyzes the
following ploidy states of a first homolog of the chromosome segment and a second homolog of
the chromosome segment:

[0310] (1) all cells have no deletion or amplification of the first homolog or the second
homolog of the chromosome segment;

[0311] (2) some or all cells have a deletion of the first homolog or an amplification of the
second homolog of the chromosome segment; and

[0312] (3) some or all cells have a deletion of the second homolog or an amplification of the
first homolog of the chromosome segment.

[0313] In certain exemplary system embodiments provided herein the errors that are corrected

comprise allelic amplification efficiency bias, contamination, and/or sequencing errors. In certain
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exemplary system embodiments provided herein the contamination comprises ambient
contamination and genotype contamination. In certain exemplary system embodiments provided
herein the ambient contamination and genotype contamination is determined for homozygous
alleles.

[0314] In certain exemplary system embodiments provided herein the hypothesis manager is
configured to analyze a magnitude of a difference between the phased allelic information and
estimated allelic frequencies generated for the models. In certain exemplary system embodiments
provided herein the modeler generates individual probabilities of allele frequencies based on a beta
binomial model of expected and observed allele frequencies at the set of polymorphic loci. In
certain exemplary system embodiments provided herein the modeler generates individual
probabilities using a Bayesian classifier.

[0315] In certain exemplary system embodiments provided herein the nucleic acid sequence data
is generated by performing high throughput DNA sequencing of a plurality of copies of a series of
amplicons generated using a multiplex amplification reaction, wherein each amplicon of the series
of amplicons spans at least one polymorphic loci of the set of polymorphic loci and wherein each
of the polymeric loci of the set is amplified. In certain exemplary system embodiments provided
herein, wherein the multiplex amplification reaction is performed under limiting primer conditions
for at least ¥z of the reactions. In certain exemplary system embodiments provided herein, wherein
the sample has an average allelic imbalance of between 0.4% and 5%.

[0316] In certain exemplary system embodiments provided herein, the sample is a plasma sample
from an individual suspected of having cancer, and the hypothesis manager is further configured
to determine, based on the best fit model, whether copy number variation is present in cells of a
tumor of the individual.

[0317] In certain exemplary system embodiments provided herein the sample is a plasma sample
from an individual and the hypothesis manager is further configured to determine, based on the
best fit model, that cancer is present in the individual. In these embodiments, the hypothesis
manager can be further configured to detect a single nucleotide variant at a single nucleotide
variance location in a set of single nucleotide variance locations, wherein detecting either a
chromosomal aneuploidy or the single nucleotide variant or both, indicates the presence of

circulating tumor nucleic acids in the sample.
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[0318] In certain exemplary system embodiments provided herein, the input processor is further
configured to receiving haplotype information of the chromosome segment for a tumor of the
individual, and the modeler is configured to use the haplotype information to generate the set of
models of different ploidy states and allelic imbalance fractions of the set of polymorphic loci.
[0319] In certain exemplary system embodiments provided herein, the modeler generates the
models over allelic imbalance fractions ranging from 0% to 25%.
[0320] It will be understood that any of the methods provided herein can be executed by computer
readable code that is stored on nontransitory computer readable medium. Accordingly, provided
herein in one embodiment, is a nontransitory computer readable medium for detecting
chromosomal ploidy in a sample of an individual, comprising computer readable code that, when
executed by a processing device, causes the processing device to:
a. receive allele frequency data comprising the amount of each allele present in the sample at
each loci in a set of polymorphic loci on the chromosomal segment;
b. generate phased allelic information for the set of polymorphic loci by estimating the phase
of the allele frequency data;
c. generate individual probabilities of allele frequencies for the polymorphic loci for different
ploidy states using the allele frequency data;
d. generate joint probabilities for the set of polymorphic loci using the individual probabilities
and the phased allelic information; and
e. select, based on the joint probabilities, a best fit model indicative of chromosomal ploidy,
thereby determining ploidy of the chromosomal segment.
[0321] In certain computer readable medium embodiments, the allele frequency data is generated
from nucleic acid sequence data. certain computer readable medium embodiments further
comprise correcting for errors in the allele frequency data and using the corrected allele frequency
data for the generating individual probabilities step. In certain computer readable medium
embodiments the errors that are corrected are allele amplification efficiency bias. In certain
computer readable medium embodiments the individual probabilities are generated using a set of
models of both different ploidy states and allelic imbalance fractions for the set of polymorphic
loci. In certain computer readable medium embodiments the joint probabilities are generated by

considering the linkage between polymorphic loci on the chromosome segment.
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[0322] In one particular embodiment, provided herein is a nontransitory computer readable
medium for detecting chromosomal ploidy in a sample of an individual, comprising computer
readable code that, when executed by a processing device, causes the processing device to:
a. receive nucleic acid sequence data for alleles at a set of polymorphic loci on a
chromosome segment in the individual;
b. detect allele frequencies at the set of loci using the nucleic acid sequence data;
c¢. correcting for allele amplification efficiency bias in the detected allele frequencies to
generate corrected allele frequencies for the set of polymorphic loci;
d. generate phased allelic information for the set of polymorphic loci by estimating the
phase of the nucleic acid sequence data;
e. generate individual probabilities of allele frequencies for the polymorphic loci for
different ploidy states by comparing the corrected allele frequencies to a set of models of
different ploidy states and allelic imbalance fractions of the set of polymorphic loci;
f. generate joint probabilities for the set of polymorphic loci by combining the individual
probabilities considering the linkage between polymorphic loci on the chromosome
segment; and
g. select, based on the joint probabilities, the best fit model indicative of chromosomal
aneuploidy.
[0323] In certain illustrative computer readable medium embodiments, the selecting is performed
by analyzing a magnitude of a difference between the phased allelic information and estimated
allelic frequencies generated for the models.
[0324] In certain illustrative computer readable medium embodiments the individual probabilities
of allele frequencies are generated based on a beta binomial model of expected and observed allele
frequencies at the set of polymorphic loci.
[0325] It will be understood that any of the method embodiments provided herein can be
performed by executing code stored on nontransitory computer readable medium.
Exemplary Embodiments for Detecting Cancer
[0326] In certain aspects, the present invention provides a method for detecting cancer. The
sample, it will be understood can be a tumor sample or a liquid sample, such as plasma, from an
individual suspected of having cancer. The methods are especially effective at detecting genetic

mutations such as single nucleotide alterations such as SN'Vs, or copy number alterations, such as
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CNVs in samples with low levels of these genetic alterations as a fraction of the total DNA in a
sample. Thus the sensitivity for detecting DNA or RNA from a cancer in samples is exceptional.
The methods can combine any or all of the improvements provided herein for detecting CNV and
SNV to achieve this exceptional sensitivity.
[0327] Accordingly, in certain embodiments provided herein, is a method for determining whether
circulating tumor nucleic acids are present in a sample in an individual, and a nontransitory
computer readable medium comprising computer readable code that, when executed by a
processing device, causes the processing device to carry out the method. The method includes the
following steps:

¢. analyzing the sample to determine a ploidy at a set of polymorphic loci on a

chromosome segment in the individual; and

d. determining the level of average allelic imbalance present at the polymorphic loci based

on the ploidy determination, wherein an average allelic imbalance equal to or greater than

0.4%, 0.45%, 0.5%, 0.6%, 0.7%, 0.75%, 0.8%, 0.9%, or 1% is indicative of the presence

of circulating tumor nucleic acids, such as ctDNA, in the sample.
[0328] In certain illustrative examples, an average allelic imbalance greater than 0.4, 0.45, or 0.5%
is indicative the presence of ctDNA. In certain embodiments the method for determining whether
circulating tumor nucleic acids are present, further comprises detecting a single nucleotide variant
at a single nucleotide variance site in a set of single nucleotide variance locations, wherein
detecting either an allelic imbalance equal to or greater than 0.5% or detecting the single nucleotide
variant, or both, is indicative of the presence of circulating tumor nucleic acids in the sample. It
will be understood that any of the methods provided for detecting chromosomal ploidy or CNV
can be used to determine the level of allelic imbalance, typically expressed as average allelic
imbalance. It will be understood that any of the methods provided herein for detecting an SNV can
be used to detect the single nucleotide for this aspect of the present invention.
[0329] In certain embodiments the method for determining whether circulating tumor nucleic
acids are present, further comprises performing the method on a control sample with a known
average allelic imbalance ratio. The control, for example, can be a sample from the tumor of the
individual. In some embodiments, the control has an average allelic imbalance expected for the
sample under analysis. For example, an AAI between 0.5% and 5% or an average allelic imbalance

ratio of 0.5%.
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[0330] In certain embodiments analyzing step in the method for determining whether circulating
tumor nucleic acids are present, includes analyzing a set of chromosome segments known to
exhibit aneuploidy in cancer. In certain embodiments analyzing step in the method for
determining whether circulating tumor nucleic acids are present, includes analyzing between 1,000
and 50,000 or between 100 and 1000, polymorphic loci for ploidy. In certain embodiments
analyzing step in the method for determining whether circulating tumor nucleic acids are present,
includes analyzing between 100 and 1000 single nucleotide variant sites. For example, in these
embodiments the analyzing step can include performing a multiplex PCR to amplify amplicons
across the 1000 to 50,000 polymeric loci and the 100 to 1000 single nucleotide variant sites. This
multiplex reaction can be set up as a single reaction or as pools of different subset multiplex
reactions. The multiplex reaction methods provided herein, such as the massive multiplex PCR
disclosed herein provide an exemplary process for carrying out the amplification reaction to help
attain improved multiplexing and therefore, sensitivity levels.
[0331] In certain embodiments, the multiplex PCR reaction is carried out under limiting primer
conditions for at least 10%, 20%, 25%, 50%, 75%, 90%, 95%, 98%, 99%, or 100% of the reactions.
Improved conditions for performing the massive multiplex reaction provided herein can be used.
[0332] In certain aspects, the above method for determining whether circulating tumor nucleic
acids are present in a sample in an individual, and all embodiments thereof, can be carried out with
a system. The disclosure provides teachings regarding specific functional and structural features
to carry out the methods. As a non-limiting example, the system includes the following:

a. An input processor configured to analyze data from the sample to determine a ploidy at

a set of polymorphic loci on a chromosome segment in the individual; and

b. A modeler configured to determine the level of allelic imbalance present at the

polymorphic loci based on the ploidy determination, wherein an allelic imbalance equal to

or greater than 0.5% is indicative of the presence of circulating.

Exemplary Embodiments for Detecting Single Nucleotide Variants

[0333] In certain aspects, provided herein are methods for detecting single nucleotide variants in
a sample. The improved methods provided herein can achieve limits of detection of 0.015, 0.017,
0.02, 0.05, 0.1, 0.2, 0.3, 0.4 or 0.5 percent SNV in a sample. All the embodiments for detecting

SNVs can be carried out with a system. The disclosure provides teachings regarding specific
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functional and structural features to carry out the methods. Furthermore, provided herein are
embodiments comprising a nontransitory computer readable medium comprising computer
readable code that, when executed by a processing device, causes the processing device to carry
out the methods for detecting SNVs provided herein.
[0334] Accordingly, provided herein in one embodiment, is a method for determining whether a
single nucleotide variant is present at a set of genomic positions in a sample from an individual,
the method comprising:
a. for each genomic position, generating an estimate of efficiency and a per cycle error
rate for an amplicon spanning that genomic position, using a training data set;
b. receiving observed nucleotide identity information for each genomic position in the
sample;
¢. determining a set of probabilities of single nucleotide variant percentage resulting from
one or more real mutations at each genomic position, by comparing the observed nucleotide
identity information at each genomic position to a model of different variant percentages
using the estimated amplification efficiency and the per cycle error rate for each genomic
position independently; and
d. determining the most-likely real variant percentage and confidence from the set of
probabilities for each genomic position.
[0335] In illustrative embodiments of the method for determining whether a single nucleotide
variant is present, the estimate of efficiency and the per cycle error rate is generated for a set of
amplicons that span the genomic position. For example, 2, 3, 4, 5, 10, 15, 20, 25, 50, 100 or more
amplicons can be included that span the genomic position.
[0336] In illustrative embodiments of the method for determining whether a single nucleotide
variant is present, the observed nucleotide identity information comprises an observed number of
total reads for each genomic position and an observed number of variant allele reads for each
genomic position.
[0337] In illustrative embodiments of the method for determining whether a single nucleotide
variant is present, the sample is a plasma sample and the single nucleotide variant is present in

circulating tumor DNA of the sample.
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[0338] In another embodiment provided herein is a method for estimating the percent of single
nucleotide variants that are present in a sample from an individual. The method includes the
following steps:
a. at a set of genomic positions, generating an estimate of efficiency and a per cycle error
rate for one or more amplicon spanning those genomic positions, using a training data set;
b. receiving observed nucleotide identity information for each genomic position in the
sample;
¢. generating an estimated mean and variance for the total number of molecules,
background error molecules and real mutation molecules for a search space comprising an
initial percentage of real mutation molecules using the amplification efficiency and the per
cycle error rate of the amplicons; and
d. determining the percentage of single nucleotide variants present in the sample resulting
from real mutations by determining a most-likely real single nucleotide variant percentage
by fitting a distribution using the estimated means and variances to an observed nucleotide
identity information in the sample.
[0339] In illustrative examples of this method for estimating the percent of single nucleotide
variants that are present in a sample, the sample is a plasma sample and the single nucleotide
variant is present in circulating tumor DNA of the sample.
[0340] The training data set for this embodiment of the invention typically includes samples from
one or preferably a group of healthy individuals. In certain illustrative embodiments, the training
data set is analyzed on the same day or even on the same run as one or more on-test samples. For
example, samples from a group of 2, 3, 4, 5, 10, 15, 20, 25, 30, 36, 48, 96, 100, 192, 200, 250, 500,
1000 or more healthy individuals can be used to generate the training data set. Where data is
available for larger number of healthy individuals, e.g. 96 or more, confidence increases for
amplification efficiency estimates even if runs are performed in advance of performing the method
for on-test samples. The PCR error rate can use nucleic acid sequence information generated not
only for the SNV base location, but for the entire amplified region around the SNV, since the error
rate is per amplicon. For example, using samples from 50 individuals and sequencing a 20 base
pair amplicon around the SNV, error frequency data from 1000 base reads can be used to determine

error frequency rate.
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[0341] Typically the amplification efficiency is estimating by estimating a mean and standard
deviation for amplification efficiency for an amplified segment and then fitting that to a
distribution model, such as a binomial distribution or a beta binomial distribution. Error rates are
determined for a PCR reaction with a known number of cycles and then a per cycle error rate is
estimated.

[0342] In certain illustrative embodiments, estimating the starting molecules of the test data set
further includes updating the estimate of the efficiency for the testing data set using the starting
number of molecules estimated in step (b) if the observed number of reads is significantly different
than the estimated number of reads. Then the estimate can be updated for a new efficiency and/or
starting molecules.

[0343] The search space used for estimating the total number of molecules, background error
molecules and real mutation molecules can include a search space from 0.1%, 0.2%, 0.25%, 0.5%,
1%, 2.5%, 5%, 10%, 15%, 20%, or 25% on the low end and 1%, 2%, 2.5%, 5%, 10%, 12.5%,
15%, 20%, 25%, 50%, 75%, 90%, or 95% on the high end copies of a base at an SNV position
being the SNV base. Lower ranges, 0.1%, 0.2%, 0.25%, 0.5%, or 1% on the low end and 1%, 2%,
2.5%, 5%, 10%, 12.5%, or 15% on the high end can be used in illustrative examples for plasma
samples where the method is detecting circulating tumor DNA. Higher ranges are used for tumor
samples.

[0344] A distribution is fit to the number of total error molecules (background error and real
mutation) in the total molecules to calculate the likelihood or probability for each possible real
mutation in the search space. This distribution could be a binomial distribution or a beta binomial
distribution.

[0345] The most likely real mutation is determined by determining the most likely real mutation
percentage and calculating the confidence using the data from fitting the distribution. As an
illustrative example and not intended to limit the clinical interpretation of the methods provided
herein, if the mean mutation rate is high then the percent confidence needed to make a positive
determination of an SNV is lower. For example, if the mean mutation rate for an SNV in a sample
using the most likely hypothesis is 5% and the percent confidence is 99%, then a positive SNV
call would be made. On the other hand for this illustrative example, if the mean mutation rate for
an SNV in a sample using the most likely hypothesis is 1% and the percent confidence is 50%,

then in certain situations a positive SNV call would not be made. It will be understood that clinical
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interpretation of the data would be a function of sensitivity, specificity, prevalence rate, and
alternative product availability.
[0346] In one illustrative embodiment, the sample is a circulating DNA sample, such as a
circulating tumor DNA sample.
[0347] In another embodiment, provided herein is a method for detecting one or more single
nucleotide variants in a test sample from an individual. The method according to this embodiment,
includes the following steps:
d. determining a median variant allele frequency for a plurality of control samples from
each of a plurality of normal individuals, for each single nucleotide variant position in a
set of single nucleotide variance positions based on results generated in a sequencing run,
to identify selected single nucleotide variant positions having variant median allele
frequencies in normal samples below a threshold value and to determine background error
for each of the single nucleotide variant positions after removing outlier samples for each
of the single nucleotide variant positions;
e. determining an observed depth of read weighted mean and variance for the selected
single nucleotide variant positions for the test sample based on data generated in the
sequencing run for the test sample; and
f. identifying using a computer, one or more single nucleotide variant positions with a
statistically significant depth of read weighted mean compared to the background error for
that position, thereby detecting the one or more single nucleotide variants.
[0348] In certain embodiments of this method for detecting one or more SNVs the sample is a
plasma sample, the control samples are plasma samples, and the detected one or more single
nucleotide variants detected is present in circulating tumor DNA of the sample. In certain
embodiments of this method for detecting one or more SNVs the plurality of control samples
comprises at least 25 samples. In certain illustrative embodiments, the plurality of control samples
is at least 5, 10, 15, 20, 25, 50, 75, 100, 200, or 250 samples on the low end and 10, 15, 20, 25, 50,
75, 100, 200, 250, 500, and 1000 samples on the high end.
[0349] In certain embodiments of this method for detecting one or more SNVs, outliers are
removed from the data generated in the high throughput sequencing run to calculate the observed

depth of read weighted mean and observed variance are determined. In certain embodiments of
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this method for detecting one or more SNVs the depth of read for each single nucleotide variant
position for the test sample is at least 100 reads.

[0350] In certain embodiments of this method for detecting one or more SNV the sequencing
run comprises a multiplex amplification reaction performed under limited primer reaction
conditions. Improved methods for performing multiplex amplification reactions provided herein,
are used to perform these embodiments in illustrative examples.

[0351] Not to be limited by theory, methods of the present embodiment utilize a background error
model using normal plasma samples, that are sequenced on the same sequencing run as an on-test
sample, to account for run-specific artifacts. Noisy positions with normal median variant allele
frequencies above a threshold, for example > 0.1%, 0.2%, 0.25%, 0.5% 0.75%, and 1.0%, are
removed.

[0352] Outlier samples are iteratively removed from the model to account for noise and
contamination. For each base substitution of every genomic loci, the depth of read weighted mean
and standard deviation of the error are calculated. In certain illustrative embodiments, samples,
such as tumor or cell-free plasma samples, with single nucleotide variant positions with at least a
threshold number of reads, for example, at least 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25, 50, 100, 250,
500, or 1000 variant reads and al Z-score greater than 2.5, 5, 7.5 or 10 against the background
error model in certain embodiments, are counted as a candidate mutation.

[0353] In certain embodiments, a depth of read of greater than 100, 250, 500, 1,000, 2000, 2500,
5000, 10,000, 20,000, 25,000, 50,000, or 100,000 on the low end of the range and 2000, 2500,
5,000, 7,500, 10,000, 25,000, 50,000, 100,000, 250,000 or 500,000 reads on the high end, is
attained in the sequencing run for each single nucleotide variant position in the set of single
nucleotide variant positions. Typically, the sequencing run is a high throughput sequencing run.
The mean or median values generated for the on-test samples, in illustrative embodiments are
weighted by depth of reads. Therefore, the likelihood that a variant allele determination is real in
a sample with 1 variant allele detected in 1000 reads is weighed higher than a sample with 1 variant
allele detected in 10,000 reads. Since determinations of a variant allele (i.e. mutation) are not made
with 100% confidence, the identified single nucleotide variant can be considered a candidate

variant or a candidate mutations.
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Exemplary Test Statistic for Analysis of Phased Data

[0354] An exemplary test statistic is described below for analysis of phased data from a sample
known or suspected of being a mixed sample containing DNA or RNA that originated from two
or more cells that are not genetically identical. Let fdenote the fraction of DNA or RNA of interest,
for example the fraction of DNA or RNA with a CNV of interest, or the fraction of DNA or RNA
from cells of interest, such as cancer cells. In some embodiments for prenatal testing, f denotes
the fraction of fetal DNA, RNA, or cells in a mixture of fetal and maternal DNA, RNA, or cells.
Note that this refers to the fraction of DNA from cells of interest assuming two copies of DNA are
given by each cell of interest. This differs from the DNA fraction from cells of interest at a segment
that is deleted or duplicated.

[0355] The possible allelic values of each SNP are denoted A and B. AA, AB, BA, and BB are
used to denote all possible ordered allele pairs. In some embodiments, SNPs with ordered alleles
AB or BA are analyzed. Let N; denote the number of sequence reads of the ith SNP, and 4; and
B; denote the number of reads of the ith SNP that indicate allele A and B, respectively. It is
assumed:

Ni = Ai +Bi-

The allele ratio R; is defined:

e~

Let T denote the number of SNPs targeted.

[0356] Without loss of generality, some embodiments focus on a single chromosome segment.
As a matter of further clarity, in this specification the phrase "a first homologous chromosome
segment as compared (o a second homologous chromosome segment” means a first homolog of a
chromosome segment and a second homolog of the chromosome segment. In some such
embodiments, all of the target SNPs are contained in the segment chromosome of interest. In other

embodiments, multiple chromosome segments are analyzed for possible copy number variations.

MAP Estimation

[0357] This method leverages the knowledge of phasing via ordered alleles to detect the deletion

or duplication of the target segment. For each SNP i, define
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; <0.5and SNP i AB
; =205and SNP i AB
; <0.5and SNP i BA
; =2 0.5and SNP i BA

>

(1>
—_ o oRr
vl vl v l> ]

[0358] Then define

2 3 x,
All SNPs

The distributions of the X; and S under various copy number hypotheses (such as hypotheses for
disomy, deletion of the first or second homolog, or duplication of the first or second homolog)

are described below.

Disomy Hypothesis

[0359] Under the hypothesis that the target segment is not deleted or duplicated,

1
0 Wpl—p(z,Ni>
Xi = 1
1 wpp(E,NL-)

where
n
p(b,n) £ Pr {X~Bino(b, n) > —}.
2
If we assume a constant depth of read N, this gives us a Binomial distribution S with parameters
p G, N ) and T.

Deletion Hypotheses
[0360] Under the hypothesis that the first homolog is deleted (i.e., an AB SNP becomes B, and a

BA SNP becomes A), then R; has a Binomial distribution with parameters 1 — # and T for AB

SNPs, and % and T for BA SNPs. Therefore,
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1

0 wpl-— p( fN>

)

If we assume a constant depth of read N, this gives a Binomial distribution S with parameters

Xi:

p (#,N) and T.

[0361] Under the hypothesis that the second homolog is deleted (i.e., an AB SNP becomes A,

and a BA SNP becomes B), then R; has a Binomial distribution with parameters % and T for AB

SNPs, and 1 — % and T for BA SNPs. Therefore,

0 pr( 1f )
1 wpl-— p(zlf )

If we assume a constant depth of read N, this gives a Binomial distribution S with parameters

Xi:

1-p (%N) and T.

Duplication Hypotheses
[0362] Under the hypothesis that the first homolog is duplicated (i.e., an AB SNP becomes AAB,

and a BA SNP becomes BBA), then R; has a Binomial distribution with parameters g and T for

AB SNPs, and 1 — % and T for BA SNPs. Therefore,

o wop (555 M)
Xi= 1+f
enr(3n)

If we assume a constant depth of read N, this gives us a Binomial distribution S with parameters

1-p (gzv) and T.
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[0363] Under the hypothesis that the second homolog is duplicated (i.e., an AB SNP becomes

ABB, and a BA SNP becomes BAA), then R; has a Binomial distribution with parameters 1 — %

and T for AB SNPs, and g and T for BA SNPs. Therefore,

0 1+f
Wpl—p m,Ni
Xi = 1+f
Lo (g55m)

If we assume a constant depth of read N, this gives a Binomial distribution S with parameters
1+f
1% (m, N) and T.

Classification
[0364] As demonstrated in the sections above, X; is a binary random variable with

p G’Ni) given disomy
1

p (E'Ni) homolog 1 deletion

PriX, =1} = 1-p (#,Ni) homolog 2 deletion

1-p (%'Ni) homolog 1 duplication

p (%'Ni) homolog 2 duplication

[0365] This allows one to calculate the probability of the test statistic S under each hypothesis.
The probability of each hypothesis given the measured data can be calculated. In some
embodiments, the hypothesis with the greatest probability is selected. If desired, the distribution
on S can be simplified by either approximating each N; with a constant depth of reach N or by

truncating the depth of reads to a constant N. This simplification gives
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1
Bino (p (5' N) , T) given disomy

1
Bino (p (ﬁ'N> , T) homolog 1 deletion

1
S~ Bino (1 -p (ﬁ'N) , T) homolog 2 deletion
. 1+f o
Bino <1 —p <m,N) , T) homolog 1 duplication

1+
Bino <p <%N> , T) homolog 2 duplication

[0366] The value for f can be estimate by selecting the most likely value of f given the measured
data, such as the value of f that generates the best data fit using an algorithm (e.g., a search
algorithm) such as maximum likelihood estimation, maximum a-posteriori estimation, or Bayesian
estimation. In some embodiments, multiple chromosome segments are analyzed and a value for f
is estimated based on the data for each segment. If all the target cells have these duplications or
deletions, the estimated values for fbased on data for these different segments are similar. In some
embodiments, f is experimentally measured such as by determining the fraction of DNA or RNA
from cancer cells based on methylation differences (hypomethylation or hypermethylation)
between cancer and non-cancerous DNA or RNA.

[0367] In some embodiments for mixed samples of fetal and maternal nucleic acids, the value of
[ s the fetal fraction, that is the fraction of fetal DNA (or RNA) out of the total amount of DNA
(or RNA) in the sample. In some embodiments, the fetal fraction is determined by obtaining
genotypic data from a maternal blood sample (or fraction thereof) for a set of polymorphic loci
on at least one chromosome that is expected to be disomic in both the mother and the fetus; creating
a plurality of hypotheses each corresponding to different possible fetal fractions at the
chromosome; building a model for the expected allele measurements in the blood sample at the set
of polymorphic loci on the chromosome for possible fetal fractions; calculating a relative
probability of each of the fetal fractions hypotheses using the model and the allele measurements
from the blood sample or fraction thereof; and determining the fetal fraction in the blood sample
by selecting the fetal fraction corresponding to the hypothesis with the greatest probability. In
some embodiments, the fetal fraction is determined by identifying those polymorphic loci where
the mother is homozygous for a first allele at the polymorphic locus, and the father is (i)

heterozygous for the first allele and a second allele or (ii) homozygous for a second allele at the
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polymorphic locus; and using the amount of the second allele detected in the blood sample for
cach of the identified polymorphic loci to determine the fetal fraction in the blood sample (see,
e.g., US Publ. No. 2012/0185176, filed March 29, 2012, and US Pub. No. 2014/0065621, filed
March 13, 2013 which are each incorporated herein by reference in their entirety).

[0368] Another method for determining fetal fraction includes using a high throughput DNA
sequencer to count alleles at a large number of polymorphic (such as SNP) genetic loci and
modeling the likely fetal fraction (see, for example, US Publ. No. 2012/0264121, which is
incorporated herein by reference in its entirety). Another method for calculating fetal fraction can
be found in Sparks et al.,” Noninvasive prenatal detection and selective analysis of cell-free DNA
obtained from maternal blood: evaluation for trisomy 21 and trisomy 18,” Am J Obstet Gynecol
2012;206:319.e1-9, which is incorporated herein by reference in its entirety. In some
embodiments, fetal fraction is determined using a methylation assay (see, e.g., US Patent Nos.
7,754,428; 7,901,884; and 8,166,382, which are each incorporated herein by reference in their
entirety) that assumes certain loci are methylated or preferentially methylated in the fetus, and
those same loci are unmethylated or preferentially unmethylated in the mother.

[0369] FIGs. 1A-13D are graphs showing the distribution of the test statistic S divided by T (the
number of SNPs) (“S/T”) for various copy number hypotheses for various depth of reads and tumor
fractions (where f is the fraction of tumor DNA out of total DNA) for an increasing number of

SNPs.

Single Hypothesis Rejection

[0370] The distribution of S for the disomy hypothesis does not depend on f. Thus, the
probability of the measured data can be calculated for the disomy hypothesis without calculating
f. A single hypothesis rejection test can be used for the null hypothesis of disomy. In some
embodiments, the probability of S under the disomy hypothesis is calculated, and the hypothesis
of disomy is rejected if the probability is below a given threshold value (such as less than 1 in
1,000). This indicates that a duplication or deletion of the chromosome segment is present. If

desired, the false positive rate can be altered by adjusting the threshold value.
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Exemplary Methods for Analysis of Phased Data

[0371] Exemplary methods are described below for analysis of data from a sample known or
suspected of being a mixed sample containing DNA or RNA that originated from two or more
cells that are not genetically identical. In some embodiments, phased data is used. In some
embodiments, the method involves determining, for each calculated allele ratio, whether the
calculated allele ratio is above or below the expected allele ratio and the magnitude of the
difference for a particular locus. In some embodiments, a likelihood distribution is determined for
the allele ratio at a locus for a particular hypothesis and the closer the calculated allele ratio is to
the center of the likelihood distribution, the more likely the hypothesis is correct. In some
embodiments, the method involves determining the likelihood that a hypothesis is correct for each
locus. In some embodiments, the method involves determining the likelihood that a hypothesis is
correct for each locus, and combining the probabilities of that hypothesis for each locus, and the
hypothesis with the greatest combined probability is selected. In some embodiments, the method
involves determining the likelihood that a hypothesis is correct for each locus and for each possible
ratio of DNA or RNA from the one or more target cells to the total DNA or RNA in the sample.
In some embodiments, a combined probability for each hypothesis is determined by combining
the probabilities of that hypothesis for each locus and each possible ratio, and the hypothesis with
the greatest combined probability is selected.

[0372] In one embodiment, the following hypotheses are considered: H;; (all cells are normal),
Hio (presence of cells with only homolog 1, hence homolog 2 deletion), Hos (presence of cells with
only homolog 2, hence homolog 1 deletion), H2; (presence of cells with homolog 1 duplication),
H 12 (presence of cells with homolog 2 duplication). For a fraction f of target cells such as cancer
cells or mosaic cells (or the fraction of DNA or RNA from the target cells), the expected allele

ratio for heterozygous (AB or BA) SNPs can be found as follows:
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Equation (1):
FAB. Hy = r{BA Hyy = 0.5
. X H
r(AB, Hio) = r(BA.Hoy) = 5.
4 ‘ P f
HAB Hot) = r(BAHyp) = 5— 7
X = . . } "
MABHa) = r(BAHp) = oL
2+ f
\ o ) . i
HAB Hp ) =r(BAHn) = 5 7

Bias, Contamination. and Sequencing Error Correction:

[0373] The observation D; at the SNP consists of the number of original mapped reads with each
allele present, n4” and ng’. Then, we can find the corrected reads n4 and np using the expected bias
in the amplification of A and B alleles.

[0374] Let ¢, to denote the ambient contamination (such as contamination from DNA in the air or
environment) and r(c,) to denote the allele ratio for the ambient contaminant (which is taken to be
0.5 initially). Moreover, cg denotes the genotyped contamination rate (such as the contamination
from another sample), and r(cg) is the allele ratio for the contaminant. Let s.(A,B) and s.(B,A)
denote the sequencing errors for calling one allele a different allele (such as by erroncously
detecting an A allele when a B allele is present).

[0375] One can find the observed allele ratio g(r, cq, r(ca), Cg, F(Cg), Se(A,B), s¢(B,A) ) for a given
expected allele ratio r by correcting for ambient contamination, genotyped contamination, and
sequencing error.

[0376] Since the contaminant genotypes are unknown, population frequencies can be used to find
P(r(cg)). More specifically, let p be the population frequency for one of the alleles (which may be
referred to as a reference allele). Then, we have P(r(cg) = 0) = (1-p), P(r(cg) = 0) = 2p(1-p), and
P(r(cg) = 0) =p*. The conditional expectation over r(c,) can be used to determine the E/[¢(r, cq,
r(ca) , cg, 1(cg), Se(A,B), se(B,A)) ] . Note that the ambient and genotyped contamination are
determined using the homozygous SNPs, hence they are not affected by the absence or presence
of deletions or duplications. Moreover, it is possible to measure the ambient and genotyped

contamination using a reference chromosome if desired.
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Likelihood at each SNP:

[0377] The equation below gives the probability of observing n4 and np given an allele ratio r:

Equation (2):
. ‘ o . RaFRBY n g
Plng, nplry = ppino{nasng +ag.ry=1{ na }r{1 -8

[0378] Let Ds denote the data for SNP s. For each hypothesis h € { Hyi, Hoi, Hio, H21, Hi2 }, one
can let r=r(AB,h) or r=r(BA,h) in the equation (1) and find the conditional expectation over r(cg)
to determine the observed allele ratio E[q(r, ca, r(ca), cg, 1(cg)) ]. Then, letting r= E[q(r, ca, (ca)

, Cq, H(Cg), Se(A,B), se(B,A) )] in equation (2) one can determine P(Djslh,f).

Search Algorithm:

[0379] In some embodiments, SNPs with allele ratios that seem to be outliers are ignored (such as
by ignoring or eliminating SNPs with allele ratios that are at least 2 or 3 standard deviations above
or below the mean value). Note that an advantage identified for this approach is that in the presence
of higher mosaicism percentage, the variability in the allele ratios may be high, hence this ensures
that SNPs will not be trimmed due to mosaicism.

[0380] Let F = {fi, ...., fv} denote the search space for the mosaicism percentage (such as the tumor
fraction). One can determine P(Dslh,f) at each SNP s and f ¢ F, and combine the likelihood over
all SNPs.

[0381] The algorithm goes over each f for each hypothesis. Using a search method, one concludes
that mosaicism exists if there is a range F* of f where the confidence of the deletion or duplication
hypothesis is higher than the confidence of the no deletion and no duplication hypotheses. In some
embodiments, the maximum likelihood estimate for P(Dslh,f) in F* is determined. If desired, the
conditional expectation over f ¢ F* may be determined. If desired, the confidence for each

hypothesis can be determined.

Additional embodiments:

[0382] In some embodiments, a beta binomial distribution is used instead of binomial distribution.
In some embodiments, a reference chromosome or chromosome segment is used to determine the

sample specific parameters of beta binomial.
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Theoretical Performance using Simulations:

[0383] If desired, one can evaluate the theoretical performance of the algorithm by randomly
assigning number of reference reads to a SNP with given depth of read (DOR). For the normal
case, use p= 0.5 for the binomial probability parameter, and for deletions or duplications, p is
revised accordingly. Exemplary input parameters for each simulation are as follows: (1) number

of SNPs S (2) constant DOR D per SNP, (3) p, and (4) number of experiments.

First Simulation Experiment:

[0384] This experiment focused on S € {500, 1000}, D € {500, 1000} and p € {0%, 1%, 2%, 3%,
4%, 5%). We performed 1,000 simulation experiments in each setting (hence 24,000 experiments
with phase, and 24,000 without phase). We simulated the number of reads from a binomial
distribution (if desired, other distributions can be used). The false positive rate (in the case of
p=0%) and false negative rate (in the case of p>0%) were determined both with or without phase
information. False positive rates are listed in Figure 26. Note that phase information is very
helpful, especially for S=1000, D = 1000. Although for S=500, D=500, the algorithm has the
highest false positive rates with or without phase out of the conditions tested. False negative rates
are listed in Figure 27.

[0385] Phase information is particularly useful for low mosaicism percentages (< 3%). Without
phase information, a high level of false negatives were observed for p=1% because the confidence
on deletion is determined by assigning equal chance to H;o and Hy;, and a small deviation in favor
of one hypothesis is not sufficient to compensate for the low likelihood from the other hypothesis.
This applies to duplications as well. Note also that the algorithm seems to be more sensitive to
depth of read compared to number of SNPs. For the results with phase information, we assume
that perfect phase information is available for a high number of consecutive heterozygous SNPs.
If desired, haplotype information can be obtained by probabilistically combining haplotypes on

smaller segments.

Second Simulation Experiment:

[0386] This experiment focused on S € {100, 200, 300, 400, 500}, D € {1000, 2000, 3000, 4000,
5000} and p € {0%, 1%,1.5%, 2%,2.5%, 3%} and 10000 random experiments at each setting. The

false positive rate (in the case of p=0%) and false negative rate (in the case of p>0%) were
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determined both with or without phase information. The false negative rate is below 10% for D >
3000 and N >200 using haplotype information, whereas the same performance is reached for
D=5000 and N>400 (FIGs. 20A and 20B). The difference between the false negative rate was
particularly stark for small mosaicism percentages (FIGS. 21A-25B). For example, when p=1%,
a less than 20% false negative rate is never reached without haplotype data, whereas it is close to
0% for N > 300 and D > 3000. For p=3%, a 0% false negative rate is observed with haplotype
data, while N > 300 and D > 3000 is needed to reach the same performance without haplotype
data.

Exemplary Methods for Detecting Deletions and Duplications Without Phased Data
[0387] In some embodiments, unphased genetic data is used to determine if there is an

overrepresentation of the number of copies of a first homologous chromosome segment as
compared to a second homologous chromosome segment in the genome of an individual (such
as in the genome of one or more cells or in cfDNA or ¢fRNA). In some embodiments, phased
genetic data is used but the phasing is ignored. In some embodiments, the sample of DNA or RNA
is a mixed sample of cfDNA or cfRNA from the individual that includes cfDNA or cfRNA
from two or more genetically different cells. In some embodiments, the method utilizes the
magnitude of the difference between the calculated allele ratio and the expected allele ratio for
each of the loci.

[0388] Insome embodiments, the method involves obtaining genetic data at a set of polymorphic
loci on the chromosome or chromosome segment in asample of DNA or RNA from one
or more cells from the individual by measuring the quantity of each allele at each locus. In some
embodiments, allele ratios are calculated for the loci that are heterozygous in at least one cell from
which the sample was derived (such as the loci that are heterozygous in the fetus and/or
heterozygous in the mother). In some embodiments, the calculated allele ratio for a particular
locus is the measured quantity of one of the alleles divided by the total measured quantity of all
the alleles for the locus. In some embodiments, the calculated allele ratio for a particular locus is
the measured quantity of one of the alleles (such as the allele on the first homologous chromosome
segment) divided by the measured quantity of one or more other alleles (such as the allele on the
second homologous chromosome segment) for the locus. The calculated allele ratios and expected

allele ratios may be calculated using any of the methods described herein or any standard method
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(such as any mathematical transformation of the calculated allele ratios or expected allele ratios
described herein).

[0389] In some embodiments, a test statistic is calculated based on the magnitude of the
difference between the calculated allele ratio and the expected allele ratio for each of the loci. In

some embodiments, the test statistic A is calculated using the following formula

_ Y Loci(Gi — 1)

} 2
2 All Loci O

wherein §; is the magnitude of the difference between the calculated allele ratio and the

A

expected allele ratio for the ith loci;
wherein y; is the mean value of §;; and
wherein 67 is the standard deviation of §;.

[0390] For example, we can define §; as follows when the expected allele ratio is 0.5:

§; &

1
3Rl

Values for y; and 0; can be computed using the fact that R; is a Binomial random variable. In
some embodiments, the standard deviation is assumed to be the same for all the loci. In some
embodiments, the average or weighted average value of the standard deviation or an estimate of
the standard deviation is used for the value of 67. In some embodiments, the test statistic is
assumed to have a normal distribution. For example, the central limit theorem implies that the
distribution of A converges to a standard normal as the number of loci (such as the number of SNPs
T) grows large.

[0391] In some embodiments, a set of one or more hypotheses specifying the number of copies of
the chromosome or chromosome segment in the genome of one or more of the cells are
enumerated. In some embodiments, the hypothesis that is most likely based on the test statistic is
selected, thereby determining the number of copies of the chromosome or chromosome
segment in the genome of one or more of the cells. In some embodiments, a hypotheses is
selected if the probability that the test statistic belongs to a distribution of the test statistic for that
hypothesis is above an upper threshold; one or more of the hypotheses is rejected if the probability
that the test statistic belongs to the distribution of the test statistic for that hypothesis is below an
lower threshold; or a hypothesis is neither selected nor rejected if the probability that the test statistic

belongs to the distribution of the test statistic for that hypothesis is between the lower threshold and
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the upper threshold, or if the probability is not determined with sufficiently high confidence. In
some embodiments, an upper and/or lower threshold is determined from an empirical distribution,
such as a distribution from training data (such as samples with a known copy number, such as
diploid samples or samples known to have a particular deletion or duplication). Such an empirical
distribution can be used to select a threshold for a single hypothesis rejection test.

[0392] Note that the test statistic A is independent of S and therefore both can be used

independently, if desired.

Exemplary Methods for Detecting Deletions and Duplications Using Allele Distributions or
Patterns

[0393] This section includes methods for determining if there is an overrepresentation of the
number of copies of a first homologous chromosome segment as compared to a second
homologous chromosome segment. In some embodiments, the method involves enumerating
(i) a plurality of hypotheses specifying the number of copies of the chromosome or
chromosome segment that are present in the genome of one or more cells (such as
cancer cells) of the individual or (ii) a plurality of hypotheses specifying the degree of
overrepresentation of the number of copies of a first homologous chromosome segment as
compared to a second homologous chromosome segment in the genome of one or more
cells of the individual. In some embodiments, the method involves obtaining genetic data
from the individual at a plurality of polymorphic loci (such as SNP loci) on the chromosome
or chromosome segment. In some embodiments, a probability distribution of the expected
genotypes of the individual for each of the hypotheses is created. In some embodiments, a data
fit between the obtained genetic data of the individual and the probability distribution of the
expected genotypes of the individual is calculated. In some embodiments, one or more
hypotheses are ranked according to the data fit, and the hypothesis that is ranked the highest
is selected. In some embodiments, a technique or algorithm, such as a search algorithm, is
used for one or more of the following steps: calculating the data fit, ranking the hypotheses, or
selecting the hypothesis that is ranked the highest. In some embodiments, the data fit is a fit
to a beta-binomial distribution or a fit to a binomial distribution. In some embodiments, the
technique or algorithm is selected from the group consisting of maximum likelihood

estimation, maximum a-posteriori estimation, Bayesian estimation, dynamic estimation (such
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as dynamic Bayesian estimation), and expectation-maximization estimation. In some
embodiments, the method includes applying the technique or algorithm to the obtained genetic
data and the expected genetic data.

[0394] In some embodiments, the method involves enumerating (i) a plurality of hypotheses
specifying the number of copies of the chromosome or chromosome segment that are present
in the genome of one or more cells (such as cancer cells) of the individual or (ii) a plurality
of hypotheses specifying the degree of overrepresentation of the number of copies of a first
homologous chromosome segment as compared to a second homologous chromosome segment in
the genome of one or more cells of the individual. In some embodiments, the method involves
obtaining genetic data from the individual at a plurality of polymorphic loci (such as SNP loci)
on the chromosome or chromosome segment. In some embodiments, the genetic data includes
allele counts for the plurality of polymorphic loci. In some embodiments, a joint distribution
model is created for the expected allele counts at the plurality of polymorphic loci on the
chromosome or chromosome segment for each hypothesis. In some embodiments, a relative
probability for one or more of the hypotheses is determined using the joint distribution model and
the allele counts measured on the sample, and the hypothesis with the greatest probability is
selected.

[0395] In some embodiments, the distribution or pattern of alleles (such as the pattern of calculated
allele ratios) is used to determine the presence or absence of a CNV, such as a deletion or
duplication. If desired the parental origin of the CNV can be determined based on this pattern. A
maternally inherited duplication is an extra copy of a chromosome segment from the mother, and
maternally inherited deletion is the absence of the copy of a chromosome segment from the mother
such that the only copy of the chromosome segment that is present is from the father. Exemplary
patterns are illustrated in FIGs. 15A-19D and are described further below.

[0396] To determine the presence or absence of a deletion of a chromosome segment of interest,
the algorithm considers the distribution of sequence counts from each of two possible alleles at
large number of SNPs per chromosome. It is important to note that some embodiments of the
algorithm use an approach that does not lend itself to visualization. Thus, for the purposes of
illustration, the data is displayed in FIGs. 15A-18 in a simplified fashion as ratios of the two most
likely alleles, labeled as A and B, so that the relevant trends can be more readily visualized. This

simplified illustration does not take into account some of the possible features of the algorithm.
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For example, two embodiments for the algorithm that are not possible to illustrate with a method
of visualization that displays allele ratios are: 1) the ability to leverage linkage disequilibrium, i.e.
the influence that a measurement at one SNP has on the likely identity of a neighboring SNP, and
2) the use of non-Gaussian data models that describe the expected distribution of allele
measurements at a SNP given platform characteristics and amplification biases. Also note that a
simplified version of the algorithm only considers the two most common alleles at each SNP,
ignoring other possible alleles.

[0397] Deletions of interest were detected in genomic and maternal blood samples. In some
embodiments, the genomic and maternal plasma samples are analyzed using the multiplex-PCR
and sequencing method of Example 1. The genomic DNA syndrome samples tested lacked
heterozygous SNPs in the targeted regions, confirming the ability of the assays to distinguish
monosomy (affected) from disomy (unaffected). Analysis of ¢fDNA from a maternal blood
sample was able to detect 22q11.2 deletion syndrome, Cri-du-Chat deletion syndrome, and Wolf-
Hirschhorn deletion syndrome, as well as the other deletion syndromes in FIG. 14 in the fetus.
[0398] FIGs. 15A-15C depict data that indicate the presence of two chromosomes when the
sample is entirely maternal (no fetal cfDNA present, Figure 15A), contains a moderate fetal cfDNA
fraction of 12% (Figure 15B), or contains a high fetal cfDNA fraction of 26% (Figure 15C). The
x-axis represents the linear position of the individual polymorphic loci along the chromosome, and
the y-axis represents the number of A allele reads as a fraction of the total (A+B) allele reads.
Maternal and fetal genotypes are indicated to the right of the plots. The plots are color-coded
according to maternal genotype, such that red indicates a maternal genotype of AA, blue indicates
a maternal genotype of BB, and green indicates a maternal genotype of AB. Note that the
measurements are made on total cfDNA isolated from maternal blood, and the ¢cfDNA includes
both maternal and fetal cfDNA; thus, each spot represents the combination of the fetal and maternal
DNA contribution for that SNP. Therefore, increasing the proportion of maternal cfDNA from 0%
to 100% will gradually shift some spots up or down within the plots, depending on the maternal
and fetal genotype.

[0399] In all cases, SNPs that are homozygous for the A allele (AA) in both the mother and the
fetus are found tightly associated with the upper limit of the plots, as the fraction of A allele reads
is high because there should be no B alleles present. Conversely, SNPs that are homozygous for

the B allele in both the mother and the fetus are found tightly associated with the lower limit of
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the plots, as the fraction of A allele reads is low because there should be only B alleles. The spots
that are not tightly associated with the upper and lower limits of the plots represent SNPs for which
the mother, the fetus, or both are heterozygous; these spots are useful for identifying fetal deletions
or duplications, but can also be informative for determining paternal versus maternal inheritance.
These spots segregate based on both maternal and fetal genotypes and fetal fraction, and as such
the precise position of each individual spot along the y-axis depends on both stoichiometry and
fetal fraction. For example, loci where the mother is AA and the fetus is AB are expected to have
a different fraction of A allele reads, and thus different positioning along the y-axis, depending on
the fetal fraction.

[0400] FIG. 15A has data for a non-pregnant woman, and thus represents the pattern when the
genotype is entirely maternal. This pattern includes “clusters” of spots: a red cluster tightly
associated with the top of the plot (SNPs where the maternal genotype is AA), a blue cluster tightly
associated with the bottom of the plot (SNPs where the maternal genotype is BB), and a single,
centered green cluster (SNPs where the maternal genotype is AB). For FIG. 15B, the contribution
of fetal alleles to the fraction of A allele reads shifts the position of some allele spots up or down
along the y-axis. For FIG. 15C, the pattern, including two red and two blue peripheral bands and
atrio of central green bands, is readily apparent. The three central green bands correspond to SNPs
that are heterozygous in the mother, and two “peripheral” bands each at both the top (red) and
bottom (blue) of the plots correspond to SNPs that are homozygous in the mother.

[0401] Analysis of a 22q11.2 deletion carrier (a mother with this deletion) is shown in FIG. 16A.
The deletion carrier does not have heterozygous SNPs in this region since the carrier only has one
copy of this region. Thus, this deletion is indicated by the absence of the green AB SNPs. The
analysis of a paternally inherited 22q11 deletion in a fetus is shown in FIG. 16B. When the fetus
only inherits a single copy of a chromosome segment (in the case of a paternally inherited deletion,
the copy present in the fetus comes from the mother), and thus only inherits a single allele for each
locus in this segment, heterozygosity of the fetus is not possible. As such, the only possible fetal
SNP identities are A or B. Note the absence of internal peripheral bands. For a paternally inherited
deletion, the characteristic pattern includes two central green bands that represent SNPs for which
the mother is heterozygous, and only has single peripheral red and blue bands that represent SNPs
for which the mother is homozygous, and which remain tightly associated with the upper and lower

limits of the plots (1 and 0), respectively.
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[0402] Analysis of a maternally inherited Cri-du-Chat deletion syndrome is shown in FIG. 17.
There are two central green bands instead of three green bands, and there are two red and two blue
peripheral bands. A maternally inherited deletion (such as a maternal carrier of Duchenne's
muscular dystrophy) can also be detected based on the small amount of signal in that region of the
deletion in a mixed sample of maternal and fetal DNA (such as a plasma sample) due to both the
mother and the fetus having the deletion.

[0403] FIG. 18is a plot of a paternally inherited Wolf-Hirschhorn deletion syndrome, as indicated
by the presence of one red and one blue peripheral band.

[0404] If desired, similar plots can be generated for a sample from an individual suspected of
having a deletion or duplication, such as a CNV associated with cancer. In such plots, the
following color coding can be used based on the genotype of cells without the CNV: red indicates
a genotype of AA, blue indicates a genotype of BB, and green indicates a genotype of AB. In
some embodiments for a deletion, the pattern includes two central green bands that represent SNPs
for which the individual is heterozygous (top green band represents AB from cells without the
deletion and A from cells with the deletion, and bottom green band represents AB from cells
without the deletion and B from cells with the deletion), and only has single peripheral red and
blue bands that represent SNPs for which the individual is homozygous, and which remain tightly
associated with the upper and lower limits of the plots (1 and 0), respectively. In some
embodiments, the separation of the two green bands increases as the fraction of cells, DNA, or

RNA with the deletion increases.

Exemplary Methods for Identifying and Analyzing Multiple Pregnancies

[0405] In some embodiments, any of the methods of the present invention are used to detect the
presence of a multiple pregnancy, such as a twin pregnancy, where at least one of the fetuses is
genetically different from at least one other fetus. In some embodiments, fraternal twins are
identified based on the presence of two fetus with different allele, different allele ratios, or different
allele distributions at some (or all) of the tested loci. In some embodiments, fraternal twins are
identified by determining the expected allele ratio at each locus (such as SNP loci) for two fetuses
that may have the same or different fetal fractions in the sample (such as a plasma sample). In
some embodiments, the likelihood of a particular pair of fetal fractions (where f1 is the fetal

fraction for fetus 1, and f2 is the fetal fraction for fetus 2) is calculated by considering some or all
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of the possible genotypes of the two fetuses, conditioned on the mother's genotype and
genotype population frequencies. The mixture of two fetal and one maternal genotype, combined
with the fetal fractions, determine the expected allele ratio at a SNP. For example, if the mother
is AA, fetus 1 is AA, and fetus 2 is AB, the overall fraction of B allele at the SNP is one-half of
f2. The likelihood calculation asks how well all of the SNPs together match the expected allele
ratios based on all of the possible combinations of fetal genotypes. The fetal fraction pair (f1, f2)
that best matches the data is selected. It is not necessary to calculated specific genotypes of the
fetuses; instead, one can, for example, considered all of the possible genotypes in a statistical
combination. In some embodiments, if the method does not distinguish between singleton and
identical twins, an ultrasound can be performed to determine whether there is a singleton or
identical twin pregnancy. If the ultrasound detects a twin pregnancy it can be assumed that the
pregnancy is an identical twin pregnancy because a fraternal twin pregnancy would have been
detected based on the SNP analysis discussed above.

[0406] In some embodiments, a pregnant mother is known to have a multiple pregnancy (such as
a twin pregnancy) based on prior testing, such as an ultrasound. Any of the methods of the present
invention can be used to determine whether the multiple pregnancy includes identical or fraternal
twins. For example, the measured allele ratios can be compared to what would be expected for
identical twins (the same allele ratios as a singleton pregnancy) or for fraternal twins (such as the
calculation of allele ratios as described above). Some identical twins are monochorionic twins,
which have a risk of twin-to-twin transfusion syndrome. Thus, twins determined to be identical
twins using a method of the invention are desirably tested (such as by ultrasound) to determine if
they are monochorionic twins, and if so, these twins can be monitored (such as bi-weekly
ultrasounds from 16 weeks) for signs of win-to-twin transfusion syndrome.

[0407] In some embodiments, any of the methods of the present invention are used to determine
whether any of the fetuses in a multiple pregnancy, such as a twin pregnancy, are aneuploid.
Aneuploidy testing for twins begins with the fetal fraction estimate. In some embodiments, the
fetal fraction pair (f1, f2) that best matches the data is selected as described above. In some
embodiments, a maximum likelihood estimate is performed for the parameter pair (f1, f2) over the
range of possible fetal fractions. In some embodiments, the range of f2 is from 0 to f1 because f2
is defined as the smaller fetal fraction. Given a pair (f1, £2), data likelihood is calculated from the

allele ratios observed at a set of loci such as SNP loci. In some embodiments, the data likelihood
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reflects the genotypes of the mother, the father if available, population frequencies, and the
resulting probabilities of fetal genotypes. In some embodiments, SNPs are assumed independent.
The estimated fetal fraction pair is the one that produces the highest data likelihood. If f2 is O then
the data is best explained by only one set of fetal genotypes, indicating identical twins, where f1
is the combined fetal fraction. Otherwise f1 and f2 are the estimates of the individual twin fetal
fractions. Having established the best estimate of (f1, f2), one can predict the overall fraction of
B allele in the plasma for any combination of maternal and fetal genotypes, if desired. It is not
necessary to assign individual sequence reads to the individual fetuses. Ploidy testing is performed
using another maximum likelihood estimate which compares the data likelihood of two
hypotheses. In some embodiments for identical twins, one consider the hypotheses (i) both twins
are euploid, and (ii) both twins are trisomic. In some embodiments for fraternal twins, one
considers the hypotheses (i) both twins are euploid and (ii) at least one twin is trisomic. The
trisomy hypotheses for fraternal twins are based on the lower fetal fraction, since a trisomy in the
twin with a higher fetal fraction would also be detected. Ploidy likelihoods are calculated using a
method which predicts the expected number of reads at each targeted genome locus conditioned
on either the disomy or trisomy hypothesis. There is no requirement for a disomy reference
chromosome. The variance model for the expected number of reads takes into account the
performance of individual target loci as well as the correlation between loci (see, for example, U.S.
Serial No. 62/008,235, filed June 5, 2014, and U.S. Serial No. 62/032,785, filed August 4, 2014,
which are each hereby incorporated by reference in its entirety). If the smaller twin has fetal
fraction {1, our ability to detect a trisomy in that twin is equivalent to our ability to detect a trisomy
in a singleton pregnancy at the same fetal fraction. This is because the part of the method that
detects the trisomy in some embodiments does not depend on genotypes and does not distinguish
between multiple or singleton pregnancy. It simply looks for an increased number of reads in
accordance with the determined fetal fraction.

[0408] In some embodiments, the method includes detecting the presence of twins based on SNP
loci (such as described above). If twins are detected, SPNs are used to determine the fetal fraction
of each fetus (f1, f2) such as described above. In some embodiments, samples that have high
confidence disomy calls are used to determine the amplification bias on a per-SNP basis. In some
embodiments, these samples with high confidence disomy calls are analyzed in the same run as

one or more samples of interest. In some embodiments, the amplification bias on a per-SNP basis
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is used to model the distribution of reads for one or more chromosomes or chromosome segments
of interest such as chromosome 21 that are expected or the disomy hypothesis and the trisomy
hypothesis given the lower of the two twin fetal fraction. The likelihood or probability of disomy
or trisomy is calculated given the two models and the measured quantity of the chromosome or
chromosome segment of interest.

[0409] In some embodiments, the threshold for a positive aneuploidy call (such as a trisomy call)
is set based on the twin with the lower fetal fraction. This way, if the other twin is positive, or if

both are positive, the total chromosome representation is definitely above the threshold.

Exemplary Counting Methods/Quantitative Methods

[0410] In some embodiments, one or more counting methods (also referred to as quantitative
methods) are used to detect one or more CNS, such as deletions or duplications of chromosome
segments or entire chromosomes. In some embodiments, one or more counting methods are used
to determine whether the overrepresentation of the number of copies of the first homologous
chromosome segment is due to a duplication of the first homologous chromosome segment or a
deletion of the second homologous chromosome segment. In some embodiments, one or more
counting methods are used to determine the number of extra copies of a chromosome segment or
chromosome that is duplicated (such as whether there are 1, 2, 3, 4, or more extra copies). In some
embodiments, one or more counting methods are used to differentiate a sample has many
duplications and a smaller tumor fraction from a sample with fewer duplications and a larger tumor
fraction. For example, one or more counting methods may be used to differentiate a sample with
four extra chromosome copies and a tumor fraction of 10% from a sample with two extra
chromosome copies and a tumor fraction of 20%. Exemplary methods are disclosed, e.g. U.S.
Publication Nos. 2007/0184467; 2013/0172211; and 2012/0003637; U.S. Patent Nos. 8,467,976;
7,888,017; 8,008,018; 8,296,076; and 8,195,415; U.S. Serial No. 62/008,235, filed June 5, 2014,
and U.S. Serial No. 62/032,785, filed August 4, 2014, which are each hereby incorporated by
reference in its entirety.

[0411] In some embodiment, the counting method includes counting the number of DNA
sequence-based reads that map to one or more given chromosomes or chromosome segments.

Some such methods involve creation of a reference value (cut-off value) for the number of DNA
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sequence reads mapping to a specific chromosome or chromosome segment, wherein a number of
reads in excess of the value is indicative of a specific genetic abnormality.

[0412] In some embodiments, the total measured quantity of all the alleles for one or more loci
(such as the total amount of a polymorphic or non-polymorphic locus) is compared to a reference
amount. In some embodiments, the reference amount is (i) a threshold value or (ii) an expected
amount for a particular copy number hypothesis. In some embodiments, the reference amount (for
the absence of a CNV) is the total measured quantity of all the alleles for one or more loci for one
or more chromosomes or chromosomes segments known or expected to not have a deletion or
duplication. In some embodiments, the reference amount (for the presence of a CNV) is the total
measured quantity of all the alleles for one or more loci for one or more chromosomes or
chromosomes segments known or expected to have a deletion or duplication. In some
embodiments, the reference amount is the total measured quantity of all the alleles for one or more
loci for one or more reference chromosomes or chromosome segments. In some embodiments,
the reference amount is the mean or median of the values determined for two or more different
chromosomes, chromosome segments, or different samples. In some embodiments, random (e.g.,
massively parallel shotgun sequencing) or targeted sequencing is used to determine the amount of
one or more polymorphic or non-polymorphic loci.

[0413] In some embodiments utilizing a reference amount, the method includes (a) measuring the
amount of genetic material on a chromosome or chromosome segment of interest; (b) comparing
the amount from step (a) to a reference amount; and (c) identifying the presence or absence of a
deletion or duplication based on the comparison.

[0414] In some embodiments utilizing a reference chromosome or chromosome segment, the
method includes sequencing DNA or RNA from a sample to obtain a plurality of sequence tags
aligning to target loci. In some embodiments, the sequence tags are of sufficient length to be
assigned to a specific target locus (e.g., 15-100 nucleotides in length); the target loci are from a
plurality of different chromosomes or chromosome segments that include at least one first
chromosome or chromosome segment suspected of having an abnormal distribution in the sample
and at least one second chromosome or chromosome segment presumed to be normally distributed
in the sample. In some embodiments, the plurality of sequence tags are assigned to their
corresponding target loci. In some embodiments, the number of sequence tags aligning to the

target loci of the first chromosome or chromosome segment and the number of sequence tags
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aligning to the target loci of the second chromosome or chromosome segment are determined. In
some embodiments, these numbers are compared to determine the presence or absence of an
abnormal distribution (such as a deletion or duplication) of the first chromosome or chromosome
segment.

[0415] In some embodiments, the value of f (such as the fetal fraction or tumor fraction) is used
in the CNV determination, such as to compare the observed difference between the amount of two
chromosomes or chromosome segments to the difference that would be expected for a particular
type of CNV given the value of f (see, e.g., US Publication No 2012/0190020; US Publication No
2012/0190021; US Publication No 2012/0190557; US Publication No 2012/0191358, which are
each hereby incorporated by reference in its entirety). For example, the difference in the amount
of a chromosome segment that is duplicated in a fetus compared to a disomic reference
chromosome segment in a blood sample from a mother carrying the fetus increases as the fetal
fraction increases. Additionally, the difference in the amount of a chromosome segment that is
duplicated in a tumor compared to a disomic reference chromosome segment increases as the
tumor fraction increases. In some embodiments, the method includes comparing the relative
frequency of a chromosome or chromosome segment of interest to a reference chromosomes or
chromosome segment (such as a chromosome or chromosome segment expected or known to be
disomic) to the value of f to determine the likelihood of the CNV. For example, the difference in
amounts between the first chromosomes or chromosome segment to the reference chromosome or
chromosome segment can be compared to what would be expected given the value of f for various
possible CNVs (such as one or two extra copies of a chromosome segment of interest).

[0416] The following prophetic examples illustrate the use of a counting method/quantitative
method to differentiate between a duplication of the first homologous chromosome segment and a
deletion of the second homologous chromosome segment. If one considers the normal disomic
genome of the host to be the baseline, then analysis of a mixture of normal and cancer cells yields
the average difference between the baseline and the cancer DNA in the mixture. For example,
imagine a case where 10% of the DNA in the sample originated from cells with a deletion over a
region of a chromosome that is targeted by the assay. In some embodiments, a quantitative
approach shows that the quantity of reads corresponding to that region is expected to be 95% of
what is expected for a normal sample. This is because one of the two target chromosomal regions

in each of the tumor cells with a deletion of the targeted region is missing, and thus the total amount
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of DNA mapping to that region is 90% (for the normal cells) plus ¥2 x 10% (for the tumor cells) =
95%. Alternately in some embodiments, an allelic approach shows that the ratio of alleles at
heterozygous loci averaged 19:20. Now imagine a case where 10% of the DNA in the sample
originated from cells with a five-fold focal amplification of a region of a chromosome that is
targeted by the assay. In some embodiments, a quantitative approach shows that the quantity of
reads corresponding to that region is expected to be 125% of what is expected for a normal sample.
This is because one of the two target chromosomal regions in each of the tumor cells with a five-
fold focal amplification is copied an extra five times over the targeted region, and thus the total
amount of DNA mapping to that region is 90% (for the normal cells) plus (2 + 5) x 10% / 2 (for
the tumor cells) = 125%. Alternately in some embodiments, an allelic approach shows that the
ratio of alleles at heterozygous loci averaged 25:20. Note that when using an allelic approach
alone, a focal amplification of five-fold over a chromosomal region in a sample with 10% cfDNA
may appear the same as a deletion over the same region in a sample with 40% cfDNA; in these
two cases, the haplotype that is under-represented in the case of the deletion appears to be the
haplotype without a CNV in the case with the focal duplication, and the haplotype without a CNV
in the case of the deletion appears to be the over-represented haplotype in the case with the focal
duplication. Combining the likelihoods produced by this allelic approach with likelihoods

produced by a quantitative approach differentiates between the two possibilities.

Exemplary Counting Methods/Quantitative Methods Using Reference Samples

[0417] An exemplary quantitative method that uses one or more reference samples is described
in U.S. Serial No. 62/008,235, filed June 5, 2014 and U.S. Serial No. 62/032,785, filed August 4,
2014, which is hereby incorporated by reference in its entirety. In some embodiments, one or more
reference samples most likely to not have any CNVs on one or more chromosomes or
chromosomes of interest (e.g., a normal sample) are identified by selecting the samples with the
highest fraction of tumor DNA, selecting the samples with the z-score closest to zero, selecting
the samples where the data fits the hypothesis corresponding to no CNVs with the highest
confidence or likelihood, selecting the samples known to be normal, selecting the samples from
individuals with the lowest likelihood of having cancer (e.g., having a low age, being a male when
screening for breast cancer, having no family history, etc.), selecting the samples with the highest

input amount of DNA, selecting the samples with the highest signal to noise ratio, selecting
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samples based on other criteria believed to be correlated to the likelihood of having cancer, or
selecting samples using some combination of criteria. Once the reference set is chosen, one can
make the assumption that these cases are disomic, and then estimate the per-SNP bias, that is, the
experiment-specific amplification and other processing bias for each locus. Then, one can use this
experiment-specific bias estimate to correct the bias in the measurements of the chromosome of
interest, such as chromosome 21 loci, and for the other chromosome loci as appropriate, for the
samples that are not part of the subset where disomy is assumed for chromosome 21. Once the
biases have been corrected for in these samples of unknown ploidy, the data for these samples can
then be analyzed a second time using the same or a different method to determine whether the
individuals (such as fetuses) are afflicted with trisomy 21. For example, a quantitative method can
be used on the remaining samples of unknown ploidy, and a z-score can be calculated using the
corrected measured genetic data on chromosome 21. Alternately, as part of the preliminary
estimate of the ploidy state of chromosome 21, a fetal fraction (or tumor fraction for samples from
an individual suspected of having cancer) can be calculated. The proportion of corrected reads
that are expected in the case of a disomy (the disomy hypothesis), and the proportion of corrected
reads that are expected in the case of a trisomy (the trisomy hypothesis) can be calculated for a
case with that fetal fraction. Alternately, if the fetal fraction was not measured previously, a set of
disomy and trisomy hypotheses can be generated for different fetal fractions. For each case, an
expected distribution of the proportion of corrected reads can be calculated given expected
statistical variation in the selection and measurement of the various DNA loci. The observed
corrected proportion of reads can be compared to the distribution of the expected proportion of
corrected reads, and a likelihood ratio can be calculated for the disomy and trisomy hypotheses,
for each of the samples of unknown ploidy. The ploidy state associated with the hypothesis with
the highest calculated likelihood can be selected as the correct ploidy state.

[0418] In some embodiments, a subset of the samples with a sufficiently low likelihood of having
cancer may be selected to act as a control set of samples. The subset can be a fixed number, or it
can be a variable number that is based on choosing only those samples that fall below a threshold.
The quantitative data from the subset of samples may be combined, averaged, or combined using
a weighted average where the weighting is based on the likelihood of the sample being normal.
The quantitative data may be used to determine the per-locus bias for the amplification the

sequencing of samples in the instant batch of control samples. The per-locus bias may also include
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data from other batches of samples. The per-locus bias may indicate the relative over- or under-
amplification that is observed for that locus compared to other loci, making the assumption that
the subset of samples do not contain any CNVs, and that any observed over or under-amplification
is due to amplification and/or sequencing or other bias. The per-locus bias may take into account
the GC content of the amplicon. The loci may be grouped into groups of loci for the purpose of
calculating a per-locus bias. Once the per-locus bias has been calculated for each locus in the
plurality of loci, the sequencing data for one or more of the samples that are not in the subset of
the samples, and optionally one or more of the samples that are in the subset of samples, may be
corrected by adjusting the quantitative measurements for each locus to remove the effect of the
bias at that locus. For example, if SNP 1 was observed, in the subset of patients, to have a depth
of read that is twice as great as the average, the adjustment may involve replacing the number of
reads corresponding from SNP 1 with a number that is half as great. If the locus in question is a
SNP, the adjustment may involve cutting the number of reads corresponding to each of the alleles
at that locus in half. Once the sequencing data for each of the loci in one or more samples has
been adjusted, it may be analyzed using a method for the purpose of detecting the presence of a
CNV at one or more chromosomal regions.

[0419] In an example, sample A is a mixture of amplified DNA originating from a mixture of
normal and cancerous cells that is analyzed using a quantitative method. The following illustrates
exemplary possible data. A region of the q arm on chromosome 22 is found to only have 90% as
much DNA mapping to that region as expected; a focal region corresponding to the HER2 gene is
found to have 150% as much DNA mapping to that region as expected; and the p-arm of
chromosome 5 is found to have 105% as much DNA mapping to it as expected. A clinician may
infer that the sample has a deletion of a region on the q arm on chromosome 22, and a duplication
of the HER2 gene. The clinician may infer that since the 22q deletions are common in breast
cancer, and that since cells with a deletion of the 22q region on both chromosomes usually do not
survive, that approximately 20% of the DNA in the sample came from cells with a 22q deletion
on one of the two chromosomes. The clinician may also infer that if the DNA from the mixed
sample that originated from tumor cells originated from a set of genetically tumor cells whose
HER?2 region and 22q regions were homogenous, then the cells contained a five-fold duplication

of the HER2 region.
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[0420] In an example, Sample A is also analyzed using an allelic method. The following illustrates
exemplary possible data. The two haplotypes on same region on the q arm on chromosome 22 are
present in a ratio of 4:5; the two haplotypes in a focal region corresponding to the HER2 gene are
present in ratios of 1:2; and the two haplotypes in the p-arm of chromosome 5 are present in ratios
of 20:21. All other assayed regions of the genome have no statistically significant excess of either
haplotype. A clinician may infer that the sample contains DNA from a tumor with a CNV in the
22q region, the HER2 region, and the 5p arm. Based on the knowledge that 22q deletions are very
common in breast cancer, and/or the quantitative analysis showing an under-representation of the
amount of DNA mapping to the 22q region of the genome, the clinician may infer the existence of
a tumor with a 22q deletion. Based on the knowledge that HER2 amplifications are very common
in breast cancer, and/or the quantitative analysis showing an over-representation of the amount of
DNA mapping to the HER2 region of the genome, the clinician may infer the existence of a tumor

with a HER2 amplification.

Exemplary Reference Chromosomes or Chromosome Segments

[0421] In some embodiments, any of the methods described herein are also performed on one or
more reference chromosomes or chromosomes segments and the results are compared to those for
one or more chromosomes or chromosome segments of interest.

[0422] In some embodiments, the reference chromosome or chromosome segment is used as a
control for what would be expected for the absence of a CNV. In some embodiments, the reference
is the same chromosome or chromosome segment from one or more different samples known or
expected to not have a deletion or duplication in that chromosome or chromosome segment. In
some embodiments, the reference is a different chromosome or chromosome segment from the
sample being tested that is expected to be disomic. In some embodiments, the reference is a
different segment from one of the chromosomes of interest in the same sample that is being tested.
For example, the reference may be one or more segments outside of the region of a potential
deletion or duplication. Having a reference on the same chromosome that is being tested avoids
variability between different chromosomes, such as differences in metabolism, apoptosis, histones,
inactivation, and/or amplification between chromosomes. Analyzing segments withouta CNV on
the same chromosome as the one being tested can also be used to determine differences in

metabolism, apoptosis, histones, inactivation, and/or amplification between homologs, allowing
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the level of variability between homologs in the absence of a CNV to be determined for comparison
to the results from a potential CNV. In some embodiments, the magnitude of the difference
between the calculated and expected allele ratios for a potential CNV is greater than the
corresponding magnitude for the reference, thereby confirming the presence of a CNV.

[0423] In some embodiments, the reference chromosome or chromosome segment is used as a
control for what would be expected for the presence of a CNV, such as a particular deletion or
duplication of interest. In some embodiments, the reference is the same chromosome or
chromosome segment from one or more different samples known or expected to have a deletion
or duplication in that chromosome or chromosome segment. In some embodiments, the reference
is a different chromosome or chromosome segment from the sample being tested that is known or
expected to have a CNV. In some embodiments, the magnitude of the difference between the
calculated and expected allele ratios for a potential CNV is similar to (such as not significantly
different) than the corresponding magnitude for the reference for the CNV, thereby confirming the
presence of a CNV. In some embodiments, the magnitude of the difference between the calculated
and expected allele ratios for a potential CNV is less than (such as significantly less) than the
corresponding magnitude for the reference for the CNV, thereby confirming the absence of a CNV.
In some embodiments, one or more loci for which the genotype of a cancer cell (or DNA or RNA
from a cancer cell such as cfDNA or ¢fRNA) differs from the genotype of a noncancerous cell (or
DNA or RNA from a noncancerous cell such as cfDNA or cfRNA) is used to determine the tumor
fraction. The tumor fraction can be used to determine whether the overrepresentation of the
number of copies of the first homologous chromosome segment is due to a duplication of the first
homologous chromosome segment or a deletion of the second homologous chromosome segment.
The tumor fraction can also be used to determine the number of extra copies of a chromosome
segment or chromosome that is duplicated (such as whether there are 1, 2, 3, 4, or more extra
copies), such as to differentiate a sample with four extra chromosome copies and a tumor fraction
of 10% from a sample with two extra chromosome copies and a tumor fraction of 20%. The tumor
fraction can also be used to determine how well the observed data fits the expected data for possible
CNVs. In some embodiments, the degree of overrepresentation of a CNV is used to select a
particular therapy or therapeutic regimen for the individual. For example, some therapeutic agents

are only effective for at least four, six, or more copies of a chromosome segment.
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[0424] In some embodiments, the one or more loci used to determine the tumor fraction are on a
reference chromosome or chromosomes segment, such as a chromosome or chromosome segment
known or expected to be disomic, a chromosome or chromosome segment that is rarely duplicated
or deleted in cancer cells in general or in a particular type of cancer that an individual is known to
have or is at increased risk of having, or a chromosome or chromosome segment that is unlikely
to be aneuploid (such segment that is expected to lead to cell death if deleted or duplicated). In
some embodiments, any of the methods of the invention are used to confirm that the reference
chromosome or chromosome segment is disomic in both the cancer cells and noncancerous cells.
In some embodiments, one or more chromosomes or chromosomes segments for which the
confidence for a disomy call is high are used.

[0425] Exemplary loci that can be used to determine the tumor fraction include polymorphisms
or mutations (such as SNPs) in a cancer cell (or DNA or RNA such as cfDNA or cfRNA from a
cancer cell) that aren’t present in a noncancerous cell (or DNA or RNA from a noncancerous cell)
in the individual. In some embodiments, the tumor fraction is determined by identifying those
polymorphic loci where a cancer cell (or DNA or RNA from a cancer cell) has an allele that is
absent in noncancerous cells (or DNA or RNA from a noncancerous cell) in a sample (such as a
plasma sample or tumor biopsy) from an individual; and using the amount of the allele unique to
the cancer cell at one or more of the identified polymorphic loci to determine the tumor fraction in
the sample. In some embodiments, a noncancerous cell is homozygous for a first allele at the
polymorphic locus, and a cancer cell is (i) heterozygous for the first allele and a second allele or
(ii)) homozygous for a second allele at the polymorphic locus. In some embodiments, a
noncancerous cell is heterozygous for a first allele and a second allele at the polymorphic locus,
and a cancer cell is (i) has one or two copies of a third allele at the polymorphic locus. In some
embodiments, the cancer cells are assumed or known to only have one copy of the allele that is not
present in the noncancerous cells. For example, if the genotype of the noncancerous cells is AA
and the cancer cells is AB and 5% of the signal at that locus in a sample is from the B allele and
95% is from the A allele, then the tumor fraction of the sample is 10%. In some embodiments, the
cancer cells are assumed or known to have two copies of the allele that is not present in the
noncancerous cells. For example, if the genotype of the noncancerous cells is AA and the cancer
cells is BB and 5% of the signal at that locus in a sample is from the B allele and 95% is from the

A allele, the tumor fraction of the sample is 5%. In some embodiments, multiple loci for which
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the cancer cells have an allele not in the noncancerous cells are analyzed to determine which of
the loci in the cancer cells are heterozygous and which are homozygous. For example for loci in
which the noncancerous cells are AA, if the signal from the B allele is ~5% at some loci and ~10%
at some loci, then the cancer cells are assumed to be heterozygous at loci with ~5% B allele, and
homozygous at loci with ~10% B allele (indicating the tumor fraction is ~10%).

[0426] Exemplary loci that can be used to determine the tumor fraction include loci for which a
cancer cell and noncancerous cell have one allele in common (such as loci in which the cancer cell
is AB and the noncancerous cell is BB, or the cancer cell is BB and the noncancerous cell is AB).
The amount of A signal, the amount of B signal, or the ratio of A to B signal in a mixed sample
(containing DNA or RNA from a cancer cell and a noncancerous cell) is compared to the
corresponding value for (i) a sample containing DNA or RNA from only cancer cells or (ii) a
sample containing DNA or RNA from only noncancerous cells. The difference in values is used
to determine the tumor fraction of the mixed sample.

[0427] In some embodiments, loci that can be used to determine the tumor fraction are selected
based on the genotype of (i) a sample containing DNA or RNA from only cancer cells, and/or (ii)
a sample containing DNA or RNA from only noncancerous cells. In some embodiments, the loci
are selected based on analysis of the mixed sample, such as loci for which the absolute or relative
amounts of each allele differs from what would be expected if both the cancer and noncancerous
cells have the same genotype at a particular locus. For example, if the cancer and noncancerous
cells have the same genotype, the loci would be expected to produce 0% B signal if all the cells
are AA, 50% B signal if all the cells are AB, or 100% B signal if all the cells are BB. Other values
for the B signal indicate that the genotype of the cancer and noncancerous cells are different at that
locus and thus that locus can be used to determine the tumor fraction.

[0428] In some embodiments, the tumor fraction calculated based on the alleles at one or more
loci is compared to the tumor fraction calculated using one or more of the counting methods

disclosed herein.

Exemplary Methods for Detecting a Phenotype or Analyzing Multiple Mutations
[0429] In some embodiments, the method includes analyzing a sample for a set of mutations
associated with a disease or disorder (such as cancer) or an increased risk for a disease or disorder.

There are strong correlations between events within classes (such as M or C cancer classes) which
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can be used to improve the signal to noise ratio of a method and classify tumors into distinct clinical
subsets. For example, borderline results for a few mutations (such as a few CNVs) on one or more
chromosomes or chromosomes segments considered jointly may be a very strong signal. In some
embodiments, determining the presence or absence of multiple polymorphisms or mutations of
interest (such as 2, 3, 4, 5, 8, 10, 12, 15, or more) increases the sensitivity and/or specificity of the
determination of the presence or absence of a disease or disorder such as cancer, or an increased
risk for with a disease or disorder such as cancer. In some embodiments, the correlation between
events across multiple chromosomes is used to more powerfully look at a signal compared to
looking at each of them individually. The design of the method itself can be optimized to best
categorize tumors. This may be incredibly useful for early detection and screening--vis-a-vis
recurrence where sensitivity to one particular mutation/CNV may be paramount. In some
embodiments, the events are not always correlated but have a probability of being correlated. In
some embodiments, a matrix estimation formulation with a noise covariance matrix that has off
diagonal terms is used.

[0430] In some embodiments, the invention features a method for detecting a phenotype (such
as a cancer phenotype) in an individual, wherein the phenotype is defined by the presence of at
least one of a set of mutations. In some embodiments, the method includes obtaining DNA or
RNA measurements for a sample of DNA or RNA from one or more cells from the individual,
wherein one or more of the cells is suspected of having the phenotype; and analyzing the DNA or
RNA measurements to determine, for each of the mutations in the set of mutations, the likelihood
that at least one of the cells has that mutation. In some embodiments, the method includes
determining that the individual has the phenotype if either (i) for at least one of the mutations, the
likelihood that at least one of the cells contains that mutations is greater than a threshold, or (ii)
for at least one of the mutations, the likelihood that at least one of the cells has that mutations is
less than the threshold, and for a plurality of the mutations, the combined likelihood that at least
one of the cells has at least one of the mutations is greater than the threshold. In some
embodiments, one or more cells have a subset or all of the mutations in the set of mutations. In
some embodiments, the subset of mutations is associated with cancer or an increased risk for
cancer. In some embodiments, the set of mutations includes a subset or all of the mutations in the
M class of cancer mutations (Ciriello, Nat Genet. 45(10):1127-1133, 2013, doi: 10.1038/ng.2762,

which is hereby incorporated by reference in its entirety). In some embodiments, the set of
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mutations includes a subset or all of the mutations in the C class of cancer mutations (Ciriello,
supra). In some embodiments, the sample includes cell-free DNA or RNA. In some embodiments,
the DNA or RNA measurements include measurements (such as the quantity of each allele at each
locus) at a set of polymorphic loci on one or more chromosomes or chromosome segments

of interest.

Exemplary Methods for Paternity Testing or Genetic Relatedness Testing

[0431] The methods of the invention can be used to improve the accuracy of paternity testing or
other genetic relatedness testing (see, e.g., U.S. Publication No. 2012/0122701, filed December
22,2011, which is hereby incorporated by reference in its entirety). For example, the multiplex
PCR method can allow thousands of polymorphic loci (such as SNPs) to be analyzed for use in
the PARENTAL SUPPORT algorithm described herein to determine whether an alleged father in
is the biological father of a fetus. In some embodiments, the invention features a method for
establishing whether an alleged father is the biological father of a fetus that is gestating in a
pregnant mother. In some embodiments, the method involves obtaining phased genetic data for
the alleged father (such as by using another of the methods described herein for phasing genetic
data), wherein the phased genetic data comprises the identity of the allele present for each locus in
a set of polymorphic loci on a first homologous chromosome segment and a second homologous
chromosome segment in the alleged father. In some embodiments, the method involves obtaining
genetic data at the set of polymorphic loci on the chromosome or chromosome segment
in a mixed sample of DNA comprising fetal DNA and maternal DNA from the mother of the
fetus by measuring the quantity of each allele at each locus. In some embodiments, the method
involves calculating, on a computer, expected genetic data for the mixed sample of DNA from the
phased genetic data for the alleged father; determining, on a computer, the probability that the
alleged father is the biological father of the fetus by comparing the obtaining genetic data made on
the mixed sample of DNA to the expected genetic data for the mixed sample of DNA; and
establishing whether the alleged father is the biological father of the fetus using the determined
probability that the alleged father is the biological father of the fetus. In some embodiments, the
method involves obtaining phased genetic data for the biological mother of the fetus (such as by
using another of the methods described herein for phasing genetic data), wherein the phased

genetic data comprises the identity of the allele present for each locus in a set of polymorphic loci
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on a first homologous chromosome segment and a second homologous chromosome segment in
the mother. In some embodiments, the method involves obtaining phased genetic data for the fetus
(such as by using another of the methods described herein for phasing genetic data), wherein the
phased genetic data comprises the identity of the allele present for each locus in a set of
polymorphic loci on a first homologous chromosome segment and a second homologous
chromosome segment in the fetus. In some embodiments, the method involves calculating, on a
computer, expected genetic data for the mixed sample of DNA using the phased genetic data for
the alleged father and using the phased genetic data for the mother and/or the phased genetic data
for the fetus.

[0432] In some embodiments, the invention features a method for establishing whether an
alleged father is the biological father of a fetus that is gestating in a pregnant mother. In some
embodiments, the method involves obtaining phased genetic data for the alleged father (such as
by using another of the methods described herein for phasing genetic data), wherein the phased
genetic data comprises the identity of the allele present for each locus in a set of polymorphic loci
on a first homologous chromosome segment and a second homologous chromosome segment in
the alleged father. In some embodiments, the method involves obtaining genetic data at the set of
polymorphic loci on the chromosome or chromosome segment in a mixed sample of
DNA comprising fetal DNA and maternal DNA from the mother of the fetus by measuring the
quantity of each allele at each locus. In some embodiments, the method involves identifying (i)
alleles that are present in the fetal DNA but are absent in the maternal DNA at polymorphic loci,
and/or identifying (i) alleles that are absent in the fetal DNA and the maternal DNA at polymorphic
loci. In some embodiments, the method involves determining, on a computer, the probability that
the alleged father is the biological father of the fetus; wherein the determination comprises: (1)
comparing (i) the alleles that are present in the fetal DNA but are absent in the maternal DNA at
polymorphic loci to (ii) the alleles at the corresponding polymorphic loci in the genetic material
from the alleged father, and/or (2) comparing (i) the alleles that are absent in the fetal DNA and
the maternal DNA at polymorphic loci to (ii) the alleles at the corresponding polymorphic loci in
the genetic material from the alleged father; and establishing whether the alleged father is the
biological father of the fetus using the determined probability that the alleged father is the

biological father of the fetus.
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[0433] In some embodiments, a method described above for determining whether an alleged
father is the biological father of the fetus is used to determine if an alleged relative (such as a
grandparent, sibling, aunt, or uncle) of a fetus is an actual biological relative of the fetus (such as

by using genetic data of the alleged relative instead of genetic data of the alleged father).

Exemplary Combinations of Methods
[0434] To increase the accuracy of the results, two or more methods (such as any of the methods
of the invention or any known method) for detecting the presence or absence of a CNV are
performed. In some embodiments, one or more methods for analyzing a factor (such as any of the
method described herein or any known method) indicative of the presence or absence of a disease
or disorder or an increased risk for a disease or disorder are performed.
[0435] In some embodiments, standard mathematical techniques are used to calculate the
covariance and/or correlation between two or more methods. Standard mathematical techniques
may also be used to determine the combined probability of a particular hypothesis based on two
or more tests. Exemplary techniques include meta-analysis, Fisher's combined probability test for
independent tests, Brown's method for combining dependent p-values with known covariance, and
Kost’s method for combining dependent p-values with unknown covariance. In cases where the
likelihoods are determined by a first method in a way that is orthogonal, or unrelated, to the way
in which a likelihood is determined for a second method, combining the likelihoods is
straightforward and can be done by multiplication and normalization, or by using a formula such
as:

Reomb= R1R2 / [RiR2 + (1-R1)(1-R»)]
Reomb 1s the combined likelihood, and R and R are the individual likelihoods. For example, if the
likelihood of trisomy from method 1 is 90%, and the likelihood of trisomy from method 2 is 95%,
then combining the outputs from the two methods allows the clinician to conclude that the fetus is
trisomic with a likelihood of (0.90)(0.95) / [(0.90)(0.95) + (1 — 0.90)(1 — 0.95)] =99.42%. In
cases where the first and the second methods are not orthogonal, that is, where there is a correlation
between the two methods, the likelihoods can still be combined.
[0436] Exemplary methods of analyzing multiple factors or variables are disclosed in U.S. Patent
No. 8,024,128 issued on September 20, 2011; U.S. Publication No. 2007/0027636, filed July 31,
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2006; and U.S. Publication No. 2007/0178501, filed December 6, 2006, which are each hereby
incorporated by reference in its entirety).

[0437] In various embodiments, the combined probability of a particular hypothesis or diagnosis
is greater than 80, 85, 90, 92, 94, 96, 98, 99, or 99.9%, or is greater than some other threshold

value.

Limit of Detection

[0438] In some embodiments, a limit of detection of a mutation (such as an SNV or CNV) of a
method of the invention is less than or equal to 10, 5,2, 1, 0.5, 0.1, 0.05, 0.01, or 0.005%. In some
embodiments, a limit of detection of a mutation (such as an SNV or CNV) of a method of the
invention is between 15 to 0.005%, such as between 10 to 0.005%, 10 to 0.01%, 10 to 0.1%, 5 to
0.005%, 5 to 0.01%, 5 t0 0.1%, 1 to 0.005%, 1 to 0.01%, 1 to 0.1%, 0.5 to 0.005%, 0.5 to 0.01%,
0.5 10 0.1%, or 0.1 to 0.01, inclusive. In some embodiments, a limit of detection is such that a
mutation (such as an SNV or CNV) that is present in less than or equal to 10, 5, 2, 1, 0.5, 0.1, 0.05,
0.01, or 0.005% of the DNA or RNA molecules with that locus in a sample (such as a sample of
cfDNA or cfRNA) is detected (or is capable of being detected). For example, the mutation can be
detected even if less than or equal to 10, 5, 2, 1, 0.5, 0.1, 0.05, 0.01, or 0.005% of the DNA or
RNA molecules that have that locus have that mutation in the locus (instead of, for example, a
wild-type or non-mutated version of the locus or a different mutation at that locus). In some
embodiments, a limit of detection is such that a mutation (such as an SNV or CNV) that is present
in less than or equal to 10, 5, 2, 1, 0.5, 0.1, 0.05, 0.01, or 0.005% of the DNA or RNA molecules
in a sample (such as a sample of cfDNA or cfRNA) is detected (or is capable of being detected).
In some embodiments in which the CNV is a deletion, the deletion can be detected even if it is
only present in less than or equal to 10, 5, 2, 1, 0.5, 0.1, 0.05, 0.01, or 0.005% of the DNA or RNA
molecules that have a region of interest that may or may not contain the deletion in a sample. In
some embodiments in which the CNV is a deletion, the deletion can be detected even if it is only
present in less than or equal to 10, 5, 2, 1, 0.5, 0.1, 0.05, 0.01, or 0.005% of the DNA or RNA
molecules in a sample. In some embodiments in which the CNV is a duplication, the duplication
can be detected even if the extra duplicated DNA or RNA that is present is less than or equal to
10, 5, 2, 1, 0.5, 0.1, 0.05, 0.01, or 0.005% of the DNA or RNA molecules that have a region of

interest that may or may not be duplicated in a sample in a sample. In some embodiments in which
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the CNV is a duplication, the duplication can be detected even if the extra duplicated DNA or
RNA that is present is less than or equal to 10, 5, 2, 1, 0.5, 0.1, 0.05, 0.01, or 0.005% of the DNA
or RNA molecules in a sample. Example 6 provides exemplary methods for calculating the limit

of detection. In some embodiments, the “LOD-zs5.0-mr5” method of Example 6 is used.

Exemplary Samples

[0439] In some embodiments of any of the aspects of the invention, the sample includes cellular
and/or extracellular genetic material from cells suspected of having a deletion or duplication, such
as cells suspected of being cancerous. In some embodiments, the sample comprises any tissue or
bodily fluid suspected of containing cells, DNA, or RNA having a deletion or duplication, such
as cancer cells, DNA, or RNA. The genetic measurements used as part of these methods can be
made on any sample comprising DNA or RNA, for example but not limited to, tissue, blood,
serum, plasma, urine, hair, tears, saliva, skin, fingernails, feces, bile, lymph, cervical mucus,
semen, or other cells or materials comprising nucleic acids. Samples may include any cell type
or DNA or RNA from any cell type may be used (such as cells from any organ or tissue suspected
of being cancerous, or neurons). In some embodiments, the sample includes nuclear and/or
mitochondrial DNA. In some embodiments, the sample is from any of the target individuals
disclosed herein. In some embodiments, the target individual is a born individual, a gestating
fetus, a non-gestating fetus such as a products of conception sample, an embryo, or any other
individual.

[0440] Exemplary samples include those containing cfDNA or cfRNA. In some embodiments,
cfDNA is available for analysis without requiring the step of lysing cells. Cell-free DNA may be
obtained from a variety of tissues, such as tissues that are in liquid form, e.g., blood, plasma,
lymph, ascites fluid, or cerebral spinal fluid. In some cases, cfDNA is comprised of DNA derived
from fetal cells. In some cases, cfDNA is comprised of DNA derived from both fetal and maternal
cells. In some cases, the cfDNA is isolated from plasma that has been isolated from whole blood
that has been centrifuged to remove cellular material. The cfDNA may be a mixture of DNA
derived from target cells (such as cancer cells) and non-target cells (such as non-cancer cells).
[0441] In some embodiments, the sample contains or is suspected to contain a mixture of DNA

(or RNA), such as mixture of cancer DNA (or RNA) and noncancerous DNA (or RNA). Insome
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embodiments, at least 0.5, 1, 3, 5, 7, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 92, 94, 95, 96, 98, 99,
or 100% of the cells in the sample are cancer cells. In some embodiments, at least 0.5, 1, 3, 5, 7,
10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 92, 94, 95, 96, 98, 99, or 100% of the DNA (such as cfDNA)
or RNA (such as cfRNA) in the sample is from cancer cell(s). In various embodiments, the
percent of cells in the sample that are cancerous cells is between 0.5 to 99%, such as between 1
to 95%, 5 to 95%, 10 to 90%, 5 to 70%, 10 to 70%, 20 to 90%, or 20 to 70%, inclusive. In some
embodiments, the sample is enriched for cancer cells or for DNA or RNA from cancer cells. In
some embodiments in which the sample is enriched for cancer cells, at least 0.5, 1, 2, 3, 4, 5, 6,
7,10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 92, 94, 95, 96, 98, 99, or 100% of the cells in the enriched
sample are cancer cells. In some embodiments in which the sample is enriched for DNA or RNA
from cancer cells, at least 0.5, 1, 2, 3, 4, 5, 6, 7, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 92, 94, 95,
96, 98, 99, or 100% of the DNA or RNA in the enriched sample is from cancer cell(s). In some
embodiments, cell sorting (such as Fluorescent Activated Cell Sorting (FACS)) is used to enrich
for cancer cells (Barteneva et. al., Biochim Biophys Acta., 1836(1):105-22, Aug 2013. doi:
10.1016/5.bbcan.2013.02.004. Epub 2013 Feb 24, and Ibrahim er al., Adv Biochem Eng
Biotechnol. 106:19-39, 2007, which are each hereby incorporated by reference in its entirety).
[0442] In some embodiments of any of the aspects of the invention, the sample comprises any
tissue suspected of being at least partially of fetal origin. In some embodiments, the sample
includes cellular and/or extracellular genetic material from the fetus, contaminating cellular
and/or extracellular genetic material (such as genetic material from the mother of the fetus), or
combinations thereof. In some embodiments, the sample comprises cellular genetic material
from the fetus, contaminating cellular genetic material, or combinations thereof.

[0443] In some embodiments, the sample is from a gestating fetus. In some embodiments, the
sample is from a non-gestating fetus, such as a products of conception sample or a sample from
any fetal tissue after fetal demise. In some embodiments, the sample is a maternal whole blood
sample, cells isolated from a maternal blood sample, maternal plasma sample, maternal serum
sample, amniocentesis sample, placental tissue sample (e.g., chorionic villus, decidua, or
placental membrane), cervical mucus sample, or other sample from a fetus. In some
embodiments, at least 3, 5, 7, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, 92, 94, 95, 96, 98, 99, or 100%

of the cells in the sample are maternal cells. In various embodiments, the percent of cells in the
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sample that are maternal cells is between 5 to 99%, such as between 10 to 95%, 20 to 95%, 30 to
90%, 30 to 70%, 40 to 90%, 40 to 70%, 50 to 90%, or 50 to 80%, inclusive.

[0444] In some embodiments, the sample is enriched for fetal cells. In some embodiments in
which the sample is enriched for fetal cells, at least 0.5, 1, 2, 3,4, 5, 6, 7% or more of the cells in
the enriched sample are fetal cells. In some embodiments, the percent of cells in the sample that
are fetal cells is between 0.5 to 100%, such as between 1 to 99%, 5 to 95%, 10 to 95%, 10 to 95%,
20 to 90%, or 30 to 70%, inclusive. In some embodiments, the sample is enriched for fetal DNA.
In some embodiments in which the sample is enriched for fetal DNA, at least 0.5, 1, 2, 3, 4, 5, 6,
7% or more of the DNA in the enriched sample is fetal DNA. In some embodiments, the percent
of DNA in the sample that is fetal DNA is between 0.5 to 100%, such as between 1 to 99%, 5 to
95%, 10 to 95%, 10 to 95%, 20 to 90%, or 30 to 70%, inclusive.

[0445] In some embodiments, the sample includes a single cell or includes DNA and/or RNA
from a single cell. In some embodiments, multiple individual cells (e.g., at least 5, 10, 20, 30, 40,
or 50 cells from the same subject or from different subjects) are analyzed in parallel. In some
embodiments, cells from multiple samples from the same individual are combined, which reduces
the amount of work compared to analyzing the samples separately. Combining multiple samples
can also allow multiple tissues to be tested for cancer simultaneously (which can be used to
provide or more thorough screening for cancer or to determine whether cancer may have
metastasized to other tissues).

[0446] In some embodiments, the sample contains a single cell or a small number of cells, such
as 2,3,5,6,7, 8,9, or 10 cells. In some embodiments, the sample has between 1 to 100, 100 to
500, or 500 to 1,000 cells, inclusive. In some embodiments, the sample contains 1 to 10
picograms, 10 to 100 picograms, 100 picograms to 1 nanogram, 1 to 10 nanograms, 10 to 100
nanograms, or 100 nanograms to 1 microgram of RNA and/or DNA, inclusive.

[0447] In some embodiments, the sample is embedded in parafilm. In some embodiments, the
sample is preserved with a preservative such as formaldehyde and optionally encased in paraffin,
which may cause cross-linking of the DNA such that less of it is available for PCR. In some
embodiments, the sample is a formaldehyde fixed-paraffin embedded (FFPE) sample. In some

embodiments, the sample is a fresh sample (such as a sample obtained with 1 or 2 days of
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analysis). In some embodiments, the sample is frozen prior to analysis. In some embodiments,
the sample is a historical sample.

[0448] These samples can be used in any of the methods of the invention.

Exemplary Sample Preparation Methods

[0449] In some embodiments, the method includes isolating or purifying the DNA and/or RNA.
There are a number of standard procedures known in the art to accomplish such an end. In some
embodiments, the sample may be centrifuged to separate various layers. In some embodiments,
the DNA or RNA may be isolated using filtration. In some embodiments, the preparation of the
DNA or RNA may involve amplification, separation, purification by chromatography, liquid
liquid separation, isolation, preferential enrichment, preferential amplification, targeted
amplification, or any of a number of other techniques either known in the art or described herein.
In some embodiments for the isolation of DNA, RNase is used to degrade RNA. In some
embodiments for the isolation of RNA, DNase (such as DNase I from Invitrogen, Carlsbad, CA,
USA) is used to degrade DNA. In some embodiments, an RNeasy mini kit (Qiagen), is used to
isolate RNA according to the manufacturer’s protocol. In some embodiments, small RNA
molecules are isolated using the mirVana PARIS kit (Ambion, Austin, TX, USA) according to
the manufacturer’s protocol (Gu et al., J. Neurochem. 122:641-649, 2012, , which is hereby
incorporated by reference in its entirety). The concentration and purity of RNA may optionally
be determined using Nanovue (GE Healthcare, Piscataway, NJ, USA), and RNA integrity may
optionally be measured by use of the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA) (Gu et al., J. Neurochem. 122:641-649, 2012, , which is hereby incorporated by reference
in its entirety). In some embodiments, TRIZOL or RNAlater (Ambion) is used to stabilize RNA
during storage.

[0450] In some embodiments, universal tagged adaptors are added to make a library. Prior to
ligation, sample DNA may be blunt ended, and then a single adenosine base is added to the 3-
prime end. Prior to ligation the DNA may be cleaved using a restriction enzyme or some other
cleavage method. During ligation the 3-prime adenosine of the sample fragments and the
complementary 3-prime tyrosine overhang of adaptor can enhance ligation efficiency. In some

embodiments, adaptor ligation is performed using the ligation kit found in the AGILENT

132

NeoGenomics
Exhibit 1003 Page 1490



Atty. Docket No.: N.012.US.10

SURESELECT kit. In some embodiments, the library is amplified using universal primers. In
an embodiment, the amplified library is fractionated by size separation or by using products such
as AGENCOURT AMPURE beads or other similar methods. In some embodiments, PCR
amplification is used to amplify target loci. In some embodiments, the amplified DNA is
sequenced (such as sequencing using an ILLUMINA IIGAX or HiSeq sequencer). In some
embodiments, the amplified DNA is sequenced from each end of the amplified DNA to reduce
sequencing errors. If there is a sequence error in a particular base when sequencing from one end
of the amplified DNA, there is less likely to be a sequence error in the complementary base when
sequencing from the other side of the amplified DNA (compared to sequencing multiple times
from the same end of the amplified DNA).

[0451] In some embodiments, whole genome application (WGA) is used to amplify a nucleic
acid sample. There are a number of methods available for WGA: ligation-mediated PCR (LM-
PCR), degenerate oligonucleotide primer PCR (DOP-PCR), and multiple displacement
amplification (MDA). In LM-PCR, short DNA sequences called adapters are ligated to blunt ends
of DNA. These adapters contain universal amplification sequences, which are used to amplify
the DNA by PCR. In DOP-PCR, random primers that also contain universal amplification
sequences are used in a first round of annealing and PCR. Then, a second round of PCR is used
to amplify the sequences further with the universal primer sequences. MDA uses the phi-29
polymerase, which is a highly processive and non-specific enzyme that replicates DNA and has
been used for single-cell analysis. In some embodiments, WGA is not performed.

[0452] In some embodiments, selective amplification or enrichment are used to amplify or enrich
target loci. In some embodiments, the amplification and/or selective enrichment technique may
involve PCR such as ligation mediated PCR, fragment capture by hybridization, Molecular
Inversion Probes, or other circularizing probes. In some embodiments, real-time quantitative
PCR (RT-qPCR), digital PCR, or emulsion PCR, single allele base extension reaction followed
by mass spectrometry are used (Hung et al., J Clin Pathol 62:308-313, 2009, which is hereby
incorporated by reference in its entirety). In some embodiments, capture by hybridization with
hybrid capture probes is used to preferentially enrich the DNA. In some embodiments, methods
for amplification or selective enrichment may involve using probes where, upon correct

hybridization to the target sequence, the 3-prime end or 5-prime end of a nucleotide probe is
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separated from the polymorphic site of a polymorphic allele by a small number of nucleotides.
This separation reduces preferential amplification of one allele, termed allele bias. This is an
improvement over methods that involve using probes where the 3-prime end or 5-prime end of a
correctly hybridized probe are directly adjacent to or very near to the polymorphic site of an allele.
In an embodiment, probes in which the hybridizing region may or certainly contains a
polymorphic site are excluded. Polymorphic sites at the site of hybridization can cause unequal
hybridization or inhibit hybridization altogether in some alleles, resulting in preferential
amplification of certain alleles. These embodiments are improvements over other methods that
involve targeted amplification and/or selective enrichment in that they better preserve the original
allele frequencies of the sample at each polymorphic locus, whether the sample is pure genomic
sample from a single individual or mixture of individuals

[0453] In some embodiments, PCR (referred to as mini-PCR) is used to generate very short
amplicons (US Application No. 13/683,604, filed Nov. 21, 2012, U.S. Publication No.
2013/0123120, U.S. Application No. 13/300,235, filed Nov. 18, 2011, U.S. Publication No
2012/0270212, filed Nov. 18, 2011, and U.S. Serial No. 61/994,791, filed May 16, 2014, which
are each hereby incorporated by reference in its entirety). cfDNA (such as fetal cfDNA in maternal
serum or necroptically- or apoptotically-released cancer cfDNA) is highly fragmented. For fetal
cfDNA, the fragment sizes are distributed in approximately a Gaussian fashion with a mean of 160
bp, a standard deviation of 15 bp, a minimum size of about 100 bp, and a maximum size of about
220 bp. The polymorphic site of one particular target locus may occupy any position from the
start to the end among the various fragments originating from that locus. Because cfDNA
fragments are short, the likelihood of both primer sites being present the likelihood of a fragment
of length L comprising both the forward and reverse primers sites is the ratio of the length of the
amplicon to the length of the fragment. Under ideal conditions, assays in which the amplicon is
45, 50, 55, 60, 65, or 70 bp will successfully amplify from 72%, 69%, 66%, 63%, 59%, or 56%,
respectively, of available template fragment molecules. In certain embodiments that relate most
preferably to cfDNA from samples of individuals suspected of having cancer, the cfDNA is
amplified using primers that yield a maximum amplicon length of 85, 80, 75 or 70 bp, and in
certain preferred embodiments 75 bp, and that have a melting temperature between 50 and 65°C,
and in certain preferred embodiments, between 54-60.5°C. The amplicon length is the distance

between the 5-prime ends of the forward and reverse priming sites. Amplicon length that is shorter
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than typically used by those known in the art may result in more efficient measurements of the
desired polymorphic loci by only requiring short sequence reads. In an embodiment, a substantial
fraction of the amplicons are less than 100 bp, less than 90 bp, less than 80 bp, less than 70 bp,
less than 65 bp, less than 60 bp, less than 55 bp, less than 50 bp, or less than 45 bp.

[0454] In some embodiments, amplification is performed using direct multiplexed PCR,
sequential PCR, nested PCR, doubly nested PCR, one-and-a-half sided nested PCR, fully nested
PCR, one sided fully nested PCR, one-sided nested PCR, hemi-nested PCR, hemi-nested PCR,
triply hemi-nested PCR, semi-nested PCR, one sided semi-nested PCR, reverse semi-nested PCR
method, or one-sided PCR, which are described in US Application No. 13/683,604, filed Nov. 21,
2012, U.S. Publication No. 2013/0123120, U.S. Application No. 13/300,235, filed Nov. 18, 2011,
U.S. Publication No 2012/0270212, and U.S. Serial No. 61/994,791, filed May 16, 2014, which
are hereby incorporated by reference in their entirety. If desired, any of these methods can be used
for mini-PCR.

[0455] If desired, the extension step of the PCR amplification may be limited from a time
standpoint to reduce amplification from fragments longer than 200 nucleotides, 300 nucleotides,
400 nucleotides, 500 nucleotides or 1,000 nucleotides. This may result in the enrichment of
fragmented or shorter DNA (such as fetal DNA or DNA from cancer cells that have undergone
apoptosis or necrosis) and improvement of test performance.

[0456] In some embodiments, multiplex PCR is used. In some embodiments, the method of
amplifying target loci in a nucleic acid sample involves (i) contacting the nucleic acid sample with
a library of primers that simultaneously hybridize to least 100; 200; 500; 750; 1,000; 2,000; 5,000;
7,500; 10,000; 20,000; 25,000; 30,000; 40,000; 50,000; 75,000; or 100,000 different target loci to
produce a reaction mixture; and (ii) subjecting the reaction mixture to primer extension reaction
conditions (such as PCR conditions) to produce amplified products that include target amplicons.
In some embodiments, at least 50, 60, 70, 80, 90, 95, 96, 97, 98, 99, or 99.5% of the targeted loci
are amplified. In various embodiments, less than 60, 50, 40, 30, 20, 10, 5, 4,3,2, 1,0.5,0.25, 0.1,
or 0.05% of the amplified products are primer dimers. In some embodiments, the primers are in
solution (such as being dissolved in the liquid phase rather than in a solid phase). In some
embodiments, the primers are in solution and are not immobilized on a solid support. In some
embodiments, the primers are not part of a microarray. In some embodiments, the primers do not

include molecular inversion probes (MIPs).
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[0457] In some embodiments, two or more (such as 3 or 4) target amplicons (such as amplicons
from the miniPCR method disclosed herein) are ligated together and then the ligated products are
sequenced. Combining multiple amplicons into a single ligation product increases the efficiency
of the subsequent sequencing step. In some embodiments, the target amplicons are less than 150,
100, 90, 75, or 50 base pairs in length before they are ligated. The selective enrichment and/or
amplification may involve tagging each individual molecule with different tags, molecular
barcodes, tags for amplification, and/or tags for sequencing. In some embodiments, the amplified
products are analyzed by sequencing (such as by high throughput sequencing) or by hybridization
to an array, such as a SNP array, the ILLUMINA INFINIUM array, or the AFFYMETRIX gene
chip. In some embodiments, nanopore sequencing is used, such as the nanopore sequencing
technology developed by Genia (see, for example, the world wide web at
geniachip.com/technology, which is hereby incorporated by reference in its entirety). In some
embodiments, duplex sequencing is used (Schmitt et al., “Detection of ultra-rare mutations by
next-generation sequencing,” Proc Natl Acad Sci U S A. 109(36): 14508-14513, 2012, which is
hereby incorporated by reference in its entirety). This approach greatly reduces errors by
independently tagging and sequencing each of the two strands of a DNA duplex. As the two
strands are complementary, true mutations are found at the same position in both strands. In
contrast, PCR or sequencing errors result in mutations in only one strand and can thus be
discounted as technical error. In some embodiments, the method entails tagging both strands of
duplex DNA with a random, yet complementary double-stranded nucleotide sequence, referred to
as a Duplex Tag. Double-stranded tag sequences are incorporated into standard sequencing
adapters by first introducing a single-stranded randomized nucleotide sequence into one adapter
strand and then extending the opposite strand with a DNA polymerase to yield a complementary,
double-stranded tag. Following ligation of tagged adapters to sheared DNA, the individually
labeled strands are PCR amplified from asymmetric primer sites on the adapter tails and subjected
to paired-end sequencing. In some embodiments, a sample (such as a DNA or RNA sample) is
divided into multiple fractions, such as different wells (e.g., wells of a WaferGen SmartChip).
Dividing the sample into different fractions (such as at least 5, 10, 20, 50, 75, 100, 150, 200, or
300 fractions) can increase the sensitivity of the analysis since the percent of molecules with a
mutation are higher in some of the wells than in the overall sample. In some embodiments, each

fraction has less than 500, 400, 200, 100, 50, 20, 10, 5, 2, or 1 DNA or RNA molecules. In some
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embodiments, the molecules in each fraction are sequenced separately. In some embodiments, the
same barcode (such as a random or non-human sequence) is added to all the molecules in the same
fraction (such as by amplification with a primer containing the barcode or by ligation of a barcode),
and different barcodes are added to molecules in different fractions. The barcoded molecules can
be pooled and sequenced together. In some embodiments, the molecules are amplified before they
are pooled and sequenced, such as by using nested PCR. In some embodiments, one forward and
two reverse primers, or two forward and one reverse primers are used.

[0458] In some embodiments, a mutation (such as an SNV or CNV) that is present in less than
10, 5,2, 1, 0.5, 0.1, 0.05, 0.01, or 0.005% of the DNA or RNA molecules in a sample (such as a
sample of cfDNA or cfRNA) is detected (or is capable of being detected). In some embodiments,
a mutation (such as an SNV or CNV) that is present in less than 1,000, 500, 100, 50, 20, 10, 5, 4,
3, or 2 original DNA or RNA molecules (before amplification) in a sample (such as a sample of
cfDNA or cfRNA from, e.g., a blood sample) is detected (or is capable of being detected). In some
embodiments, a mutation (such as an SNV or CNV) that is present in only 1 original DNA or RNA
molecule (before amplification) in a sample (such as a sample of cfDNA or cfRNA from, e.g., a
blood sample) is detected (or is capable of being detected).

[0459] For example, if the limit of detection of a mutation (such as a single nucleotide variant
(SNV)) is 0.1%, a mutation present at 0.01% can be detected by dividing the fraction into multiple,
fractions such as 100 wells. Most of the wells have no copies of the mutation. For the few wells
with the mutation, the mutation is at a much higher percentage of the reads. In one example, there
are 20,000 initial copies of DNA from the target locus, and two of those copies include a SNV of
interest. If the sample is divided into 100 wells, 98 wells have the SNV, and 2 wells have the SNV
at 0.5%. The DNA in each well can be barcoded, amplified, pooled with DNA from the other
wells, and sequenced. Wells without the SNV can be used to measure the background
amplification/sequencing error rate to determine if the signal from the outlier wells is above the
background level of noise.

[0460] In some embodiments, the amplified products are detected using an array, such as an array
especially a microarray with probes to one or more chromosomes of interest (e.g., chromosome
13, 18, 21, X, Y, or any combination thereof). It will be understood for example, that a
commercially available SNP detection microarray could be used such as, for example, the Illumina

(San Diego, CA) GoldenGate, DASL, Infinium, or CytoSNP-12 genotyping assay, or a SNP
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detection microarray product from Affymetrix, such as the OncoScan microarray. In some
embodiments, phased genetic data for one or both biological parents of the embryo or fetus is used
to increase the accuracy of analysis of array data from a single cell.

[0461] Insomeembodiments involving sequencing, the depth of read is the number of sequencing
reads that map to a given locus. The depth of read may be normalized over the total number of
reads. In some embodiments for depth of read of a sample, the depth of read is the average depth
of read over the targeted loci. In some embodiments for the depth of read of a locus, the depth of
read is the number of reads measured by the sequencer mapping to that locus. In general, the
greater the depth of read of a locus, the closer the ratio of alleles at the locus tend to be to the ratio
of alleles in the original sample of DNA. Depth of read can be expressed in variety of different
ways, including but not limited to the percentage or proportion. Thus, for example in a highly
parallel DNA sequencer such as an Illumina HISEQ, which, e.g., produces a sequence of 1 million
clones, the sequencing of one locus 3,000 times results in a depth of read of 3,000 reads at that
locus. The proportion of reads at that locus is 3,000 divided by 1 million total reads, or 0.3% of
the total reads.

[0462] In some embodiments, allelic data is obtained, wherein the allelic data includes
quantitative measurement(s) indicative of the number of copies of a specific allele of a
polymorphic locus. In some embodiments, the allelic data includes quantitative measurement(s)
indicative of the number of copies of each of the alleles observed at a polymorphic locus.
Typically, quantitative measurements are obtained for all possible alleles of the polymorphic locus
of interest. For example, any of the methods discussed in the preceding paragraphs for determining
the allele for a SNP or SNV locus, such as for example, microarrays, qPCR, DNA sequencing,
such as high throughput DNA sequencing, can be used to generate quantitative measurements of
the number of copies of a specific allele of a polymorphic locus. This quantitative measurement is
referred to herein as allelic frequency data or measured genetic allelic data. Methods using allelic
data are sometimes referred to as quantitative allelic methods; this is in contrast to quantitative
methods which exclusively use quantitative data from non-polymorphic loci, or from polymorphic
loci but without regard to allelic identity. When the allelic data is measured using high-throughput
sequencing, the allelic data typically include the number of reads of each allele mapping to the

locus of interest.
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[0463] In some embodiments, non-allelic data is obtained, wherein the non-allelic data includes
quantitative measurement(s) indicative of the number of copies of a specific locus. The locus may
be polymorphic or non-polymorphic. In some embodiments when the locus is non-polymorphic,
the non-allelic data does not contain information about the relative or absolute quantity of the
individual alleles that may be present at that locus. Methods using non-allelic data only (that is,
quantitative data from non-polymorphic alleles, or quantitative data from polymorphic loci but
without regard to the allelic identity of each fragment) are referred to as quantitative methods.
Typically, quantitative measurements are obtained for all possible alleles of the polymorphic locus
of interest, with one value associated with the measured quantity for all of the alleles at that locus,
in total. Non-allelic data for a polymorphic locus may be obtained by summing the quantitative
allelic for each allele at that locus. When the allelic data is measured using high-throughput
sequencing, the non-allelic data typically includes the number of reads of mapping to the locus of
interest. The sequencing measurements could indicate the relative and/or absolute number of each
of the alleles present at the locus, and the non-allelic data includes the sum of the reads, regardless
of the allelic identity, mapping to the locus. In some embodiments the same set of sequencing
measurements can be used to yield both allelic data and non-allelic data. In some embodiments,
the allelic data is used as part of a method to determine copy number at a chromosome of interest,
and the produced non-allelic data can be used as part of a different method to determine copy
number at a chromosome of interest. In some embodiments, the two methods are statistically
orthogonal, and are combined to give a more accurate determination of the copy number at the
chromosome of interest.

[0464] In some embodiments obtaining genetic data includes (i) acquiring DNA sequence
information by laboratory techniques, e.g., by the use of an automated high throughput DNA
sequencer, or (ii) acquiring information that had been previously obtained by laboratory
techniques, wherein the information is electronically transmitted, e.g., by a computer over the
internet or by electronic transfer from the sequencing device.

[0465] Additional exemplary sample preparation, amplification, and quantification methods are
described in US Application No. 13/683,604, filed Nov. 21, 2012 (U.S. Publication No.
2013/0123120 and U.S. Serial No. 61/994,791, filed May 16, 2014, which is hereby incorporated
by reference in its entirety). These methods can be used for analysis of any of the samples

disclosed herein.
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Exemplary Quantification Methods for Cell-free DNA

[0466] If desired, that amount or concentration of cfDNA or cfRNA can be measured using
standard methods. In some embodiments, the amount or concentration of cell-free mitochondrial
DNA (cf mDNA) is determined. In some embodiments, the amount or concentration of cell-free
DNA that originated from nuclear DNA (cf nDNA) is determined. In some embodiments, the
amount or concentration of cf mDNA and cf nDNA are determined simultaneously.

[0467] In some embodiments, qPCR is used to measure cf nDNA and/or cfm DNA (Kohler et al.
“Levels of plasma circulating cell free nuclear and mitochondrial DNA as potential biomarkers
for breast tumors.” Mol Cancer 8:105, 2009, 8:doi:10.1186/1476-4598-8-105, which is hereby
incorporated by reference in its entirety). For example, one or more loci from cf nDNA (such as
Glyceraldehyd-3-phosphat-dehydrogenase, GAPDH) and one or more loci from cf mDNA
(ATPase 8, MTATP 8) can be measured using multiplex qPCR. In some embodiments,
fluorescence-labelled PCR is used to measure cf nDNA and/or cf mDNA (Schwarzenbach er al.,
“Evaluation of cell-free tumour DNA and RNA in patients with breast cancer and benign breast
disease.” Mol Biosys 7:2848-2854, 2011, which is hereby incorporated by reference in its entirety).
If desired, the normality distribution of the data can be determined using standard methods, such
as the Shapiro-Wilk-Test. If desired, cf nDNA and mDNA levels can be compared using standard
methods, such as the Mann-Whitney-U-Test. In some embodiments, cf nDNA and/or mDNA
levels are compared with other established prognostic factors using standard methods, such as the

Mann-Whitney-U-Test or the Kruskal-Wallis-Test.

Exemplary RNA Amplification, Quantification, and Analysis Methods

[0468] Any of the following exemplary methods may be used to amplify and optionally quantify
RNA, such as such as cfRNA, cellular RNA, cytoplasmic RNA, coding cytoplasmic RNA, non-
coding cytoplasmic RNA, mRNA, miRNA, mitochondrial RNA, rRNA, or tRNA. In some
embodiments, the miRNA is any of the miRNA molecules listed in the miRBase database available
at the world wide web at mirbase.org, which is hereby incorporated by reference in its entirety.
Exemplary miRNA molecules include miR-509; miR-21, and miR-146a.

[0469] In some embodiments, reverse-transcriptase multiplex ligation-dependent probe

amplification (RT-MLPA) is used to amplify RNA. In some embodiments, each set of hybridizing
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probes consists of two short synthetic oligonucleotides spanning the SNP and one long
oligonucleotide (Li et al., Arch Gynecol Obstet. “Development of noninvasive prenatal diagnosis
of trisomy 21 by RT-MLPA with a new set of SNP markers,” July 5, 2013, DOI 10.1007/s00404-
013-2926-5;. Schouten et al. “Relative quantification of 40 nucleic acid sequences by multiplex
ligation-dependent probe amplification.” Nucleic Acids Res 30:e57, 2002; Deng et al. (2011)
“Non-invasive prenatal diagnosis of trisomy 21 by reverse transcriptase multiplex ligation-
dependent probe amplification,” Clin, Chem. Lab Med. 49:641-646, 2011, which are each hereby
incorporated by reference in its entirety).

[0470] In some embodiments, RNA is amplified with reverse-transcriptase PCR. In some
embodiments, RNA is amplified with real-time reverse-transcriptase PCR, such as one-step real-
time reverse-transcriptase PCR with SYBR GREEN 1 as previously described (Li et al., Arch
Gynecol Obstet. “Development of noninvasive prenatal diagnosis of trisomy 21 by RT-MLPA
with a new set of SNP markers,” July 5, 2013, DOI 10.1007/s00404-013-2926-5; Lo et al.,
“Plasma placental RNA allelic ratio permits noninvasive prenatal chromosomal aneuploidy
detection,” Nat Med 13:218-223, 2007; Tsui et al., Systematic micro-array based identification
of placental mRNA in maternal plasma: towards non-invasive prenatal gene expression profiling.
J Med Genet 41:461-467, 2004; Gu et al., J. Neurochem. 122:641-649, 2012, which are each
hereby incorporated by reference in its entirety).

[0471] In some embodiments, a microarray is used to detect RNA. For example, a human miRNA
microarray from Agilent Technologies can be used according to the manufacturer’s protocol.
Briefly, isolated RNA is dephosphorylated and ligated with pCp-Cy3. Labeled RNA is purified
and hybridized to miRNA arrays containing probes for human mature miRNAs on the basis of
Sanger miRBase release 14.0. The arrays is washed and scanned with use of a microarray scanner
(G2565BA, Agilent Technologies). The intensity of each hybridization signal is evaluated by
Agilent extraction software v9.5.3. The labeling, hybridization, and scanning may be performed
according to the protocols in the Agilent miRNA microarray system (Gu et al., J. Neurochem.
122:641-649, 2012, which is hereby incorporated by reference in its entirety).

[0472] In some embodiments, a TagMan assay is used to detect RNA. An exemplary assay is the
TagMan Array Human MicroRNA Panel v1.0 (Early Access) (Applied Biosystems), which
contains 157 TagMan MicroRNA Assays, including the respective reverse-transcription primers,

PCR primers, and TagMan probe (Chim et al., “Detection and characterization of placental
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microRNAs in maternal plasma,” Clin Chem. 54(3):482-90, 2008, which is hereby incorporated
by reference in its entirety).

[0473] If desired, the mRNA splicing pattern of one or more mRNAs can be determined using
standard methods (Fackenthall and Godley, Disease Models & Mechanisms 1: 37-42, 2008,
doi:10.1242/dmm.000331, which is hereby incorporated by reference in its entirety). For example,
high-density microarrays and/or high-throughput DNA sequencing can be used to detect mRNA
splice variants.

[0474] In some embodiments, whole transcriptome shotgun sequencing or an array is used to

measure the transcriptome.

Exemplary Amplification Methods

[0475] Improved PCR amplification methods have also been developed that minimize or prevent
interference due to the amplification of nearby or adjacent target loci in the same reaction volume
(such as part of the sample multiplex PCR reaction that simultaneously amplifies all the target
loci). These methods can be used to simultaneously amplify nearby or adjacent target loci, which
is faster and cheaper than having to separate nearby target loci into different reaction volumes so
that they can be amplified separately to avoid interference.

[0476] In some embodiments, the amplification of target loci is performed using a polymerase
(e.g., a DNA polymerase, RNA polymerase, or reverse transcriptase) with low 5°— 3 exonuclease
and/or low strand displacement activity. In some embodiments, the low level of 5°— 3~
exonuclease reduces or prevents the degradation of a nearby primer (e.g., an unextended primer or
a primer that has had one or more nucleotides added to during primer extension). In some
embodiments, the low level of strand displacement activity reduces or prevents the displacement
of a nearby primer (e.g., an unextended primer or a primer that has had one or more nucleotides
added to it during primer extension). In some embodiments, target loci that are adjacent to each
other (e.g., no bases between the target loci) or nearby (e.g., loci are within 50, 40, 30, 20, 15, 10,
9,8,7,6,5,4, 3,2, or 1 base) are amplified. In some embodiments, the 3’ end of one locus is
within 50, 40, 30, 20, 15, 10,9, 8,7, 6, 5, 4, 3, 2, or 1 base of the 5’ end of next downstream locus.
[0477] In some embodiments, at least 100, 200, 500, 750, 1,000; 2,000; 5,000; 7,500; 10,000;
20,000; 25,000; 30,000; 40,000; 50,000; 75,000; or 100,000 different target loci are amplified,

such as by the simultaneous amplification in one reaction volume. In some embodiments, at least
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50, 60, 70, 80, 90, 95, 96, 97, 98, 99, or 99.5% of the amplified products are target amplicons. In
various embodiments, the amount of amplified products that are target amplicons is between 50 to
99.5%, such as between 60 to 99%, 70 to 98%, 80 to 98%, 90 to 99.5%, or 95 to 99.5%, inclusive.
In some embodiments, at least 50, 60, 70, 80, 90, 95, 96, 97, 98, 99, or 99.5% of the targeted loci
are amplified (e.g., amplified at least 5, 10, 20, 30, 50, or 100-fold compared to the amount prior
to amplification), such as by the simultaneous amplification in one reaction volume. In various
embodiments, the amount target loci that are amplified (e.g., amplified at least 5, 10, 20, 30, 50,
or 100-fold compared to the amount prior to amplification) is between 50 to 99.5%, such as
between 60 to 99%, 70 to 98%, 80 to 99%, 90 to 99.5%, 95 to 99.9%, or 98 to 99.99% inclusive.
In some embodiments, fewer non-target amplicons are produced, such as fewer amplicons formed
from a forward primer from a first primer pair and a reverse primer from a second primer pair.
Such undesired non-target amplicons can be produced using prior amplification methods if, e.g.,
the reverse primer from the first primer pair and/or the forward primer from the second primer pair
are degraded and/or displaced.

[0478] In some embodiments, these methods allows longer extension times to be used since the
polymerase bound to a primer being extended is less likely to degrade and/or displace a nearby
primer (such as the next downstream primer) given the low 5°— 3" exonuclease and/or low strand
displacement activity of the polymerase. In various embodiments, reaction conditions (such as the
extension time and temperature) are used such that the extension rate of the polymerase allows the
number of nucleotides that are added to a primer being extended to be equal to or greater than 80,
90, 95, 100, 110, 120, 130, 140, 150, 175, or 200% of the number of nucleotides between the 3’
end of the primer binding site and the 5’end of the next downstream primer binding site on the
same strand.

[0479] In some embodiments, a DNA polymerase is used produce DNA amplicons using DNA
as a template. In some embodiments, a RNA polymerase is used produce RNA amplicons using
DNA as a template. In some embodiments, a reverse transcriptase is used produce cDNA
amplicons using RNA as a template.

[0480] In some embodiments, the low level of 5°— 3~ exonuclease of the polymerase is less than
80,70, 60, 50, 40, 30, 20, 10, 5, 1, or 0.1% of the activity of the same amount of Thermus aquaticus
polymerase (“Taq” polymerase, which is a commonly used DNA polymerase from a thermophilic

bacterium, PDB 1BGX, EC 2.7.7.7, Murali ef al., “Crystal structure of Taq DNA polymerase in
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complex with an inhibitory Fab: the Fab is directed against an intermediate in the helix-coil
dynamics of the enzyme,” Proc. Natl. Acad. Sci. USA 95:12562-12567, 1998, which is hereby
incorporated by reference in its entirety) under the same conditions. In some embodiments, the
low level of strand displacement activity of the polymerase is less than 80, 70, 60, 50, 40, 30, 20,
10, 5, 1, or 0.1% of the activity of the same amount of Taq polymerase under the same conditions.
[0481] In some embodiments, the polymerase is a PUSHION DNA polymerase, such as
PHUSION High Fidelity DNA polymerase (M0530S, New England BioLabs, Inc.) or PHUSION
Hot Start Flex DNA polymerase (M0535S, New England BioLabs, Inc.; Frey and Suppman
BioChemica. 2:34-35, 1995; Chester and Marshak Analytical Biochemistry. 209:284-290, 1993,
which are each hereby incorporated by reference in its entirety). The PHUSION DNA polymerase
is a Pyrococcus-like enzyme fused with a processivity-enhancing domain. PHUSION DNA
polymerase possesses 5°— 3” polymerase activity and 3"— 5” exonuclease activity, and generates
blunt-ended products. PHUSION DNA polymerase lacks 5"— 3” exonuclease activity and strand
displacement activity.

[0482] In some embodiments, the polymerase is a Q5® DNA Polymerase, such as Q5® High-
Fidelity DNA Polymerase (M0491S, New England BioLabs, Inc.) or Q5® Hot Start High-Fidelity
DNA Polymerase (M0493S, New England BioLabs, Inc.). Q5® High-Fidelity DNA polymerase
is a high-fidelity, thermostable, DNA polymerase with 3°— 5” exonuclease activity, fused to a
processivity-enhancing Sso7d domain. Q5® High-Fidelity DNA polymerase lacks 5°— 3°
exonuclease activity and strand displacement activity.

[0483] In some embodiments, the polymerase is a T4 DNA polymerase (M0203S, New England
BioLabs, Inc.; Tabor and Struh. (1989). “DNA-Dependent DNA Polymerases,” In Ausebel et al.
(Ed.), Current Protocols in Molecular Biology. 3.5.10-3.5.12. New York: John Wiley & Sons,
Inc., 1989; Sambrook et al. Molecular Cloning: A Laboratory Manual. (2nd ed.), 5.44-5.47. Cold
Spring Harbor: Cold Spring Harbor Laboratory Press, 1989, which are each hereby incorporated
by reference in its entirety). T4 DNA Polymerase catalyzes the synthesis of DNA in the 5"— 3~
direction and requires the presence of template and primer. This enzyme has a 3"— 5” exonuclease
activity which is much more active than that found in DNA Polymerase I. T4 DNA polymerase
lacks 5"— 3” exonuclease activity and strand displacement activity.

[0484] In some embodiments, the polymerase is a Sulfolobus DNA Polymerase IV (M0327S,
New England BioLabs, Inc.; (Boudsocq, et al. (2001). Nucleic Acids Res., 29:4607-4616, 2001;

144

NeoGenomics
Exhibit 1003 Page 1502



Atty. Docket No.: N.012.US.10

McDonald, et al. (2006). Nucleic Acids Res., 34:1102-1111, 2006, which are each hereby
incorporated by reference in its entirety). Sulfolobus DNA Polymerase IV is a thermostable Y-
family lesion-bypass DNA Polymerase that efficiently synthesizes DNA across a variety of DNA
template lesions McDonald, J.P. et al. (2006). Nucleic Acids Res., 34, 1102-1111, which is hereby
incorporated by reference in its entirety). Sulfolobus DNA Polymerase IV lacks 5°— 3°
exonuclease activity and strand displacement activity.

[0485] In some embodiments, if a primer binds a region with a SNP, the primer may bind and
amplify the different alleles with different efficiencies or may only bind and amplify one allele.
For subjects who are heterozygous, one of the alleles may not be amplified by the primer. In some
embodiments, a primer is designed for each allele. For example, if there are two alleles (e.g., a
biallelic SNP), then two primers can be used to bind the same location of a target locus (e.g., a
forward primer to bind the “A” allele and a forward primer to bind the “B” allele). Standard
methods, such as the dbSNP database, can be used to determine the location of known SNPs, such
as SNP hot spots that have a high heterozygosity rate.

[0486] In some embodiments, the amplicons are similar in size. In some embodiments, the range
of the length of the target amplicons is less than 100, 75, 50, 25, 15, 10, or 5 nucleotides. In some
embodiments (such as the amplification of target loci in fragmented DNA or RNA), the length of
the target amplicons is between 50 and 100 nucleotides, such as between 60 and 80 nucleotides,
or 60 and 75 nucleotides, inclusive. In some embodiments (such as the amplification of multiple
target loci throughout an exon or gene), the length of the target amplicons is between 100 and 500
nucleotides, such as between 150 and 450 nucleotides, 200 and 400 nucleotides, 200 and 300
nucleotides, or 300 and 400 nucleotides, inclusive.

[0487] In some embodiments, multiple target loci are simultaneously amplified using a primer
pair that includes a forward and reverse primer for each target locus to be amplified in that reaction
volume. In some embodiments, one round of PCR is performed with a single primer per target
locus, and then a second round of PCR is performed with a primer pair per target locus. For
example, the first round of PCR may be performed with a single primer per target locus such that
all the primers bind the same strand (such as using a forward primer for each target locus). This
allows the PCR to amplify in a linear manner and reduces or eliminates amplification bias between
amplicons due to sequence or length differences. In some embodiments, the amplicons are then

amplified using a forward and reverse primer for each target locus.
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Exemplary Primer Design Methods

[0488] If desired, multiplex PCR may be performed using primers with a decreased likelihood of
forming primer dimers. In particular, highly multiplexed PCR can often result in the production
of a very high proportion of product DNA that results from unproductive side reactions such as
primer dimer formation. In an embodiment, the particular primers that are most likely to cause
unproductive side reactions may be removed from the primer library to give a primer library that
will result in a greater proportion of amplified DNA that maps to the genome. The step of
removing problematic primers, that is, those primers that are particularly likely to firm dimers has
unexpectedly enabled extremely high PCR multiplexing levels for subsequent analysis by
sequencing.

[0489] There are a number of ways to choose primers for a library where the amount of non-
mapping primer dimer or other primer mischief products are minimized. Empirical data indicate
that a small number of ‘bad’ primers are responsible for a large amount of non-mapping primer
dimer side reactions. Removing these ‘bad’ primers can increase the percent of sequence reads
that map to targeted loci. One way to identify the ‘bad’ primers is to look at the sequencing data
of DNA that was amplified by targeted amplification; those primer dimers that are seen with
greatest frequency can be removed to give a primer library that is significantly less likely to result
in side product DNA that does not map to the genome. There are also publicly available programs
that can calculate the binding energy of various primer combinations, and removing those with the
highest binding energy will also give a primer library that is significantly less likely to result in
side product DNA that does not map to the genome.

[0490] In some embodiments for selecting primers, an initial library of candidate primers is
created by designing one or more primers or primer pairs to candidate target loci. A set of
candidate target loci (such as SNPs) can selected based on publicly available information about
desired parameters for the target loci, such as frequency of the SNPs within a target population or
the heterozygosity rate of the SNPs. In one embodiment, the PCR primers may be designed using
the Primer3 program (the worldwide web at primer3.sourceforge.net; libprimer3 release 2.2.3,
which is hereby incorporated by reference in its entirety). If desired, the primers can be designed
to anneal within a particular annealing temperature range, have a particular range of GC contents,

have a particular size range, produce target amplicons in a particular size range, and/or have other
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parameter characteristics. Starting with multiple primers or primer pairs per candidate target locus
increases the likelihood that a primer or prime pair will remain in the library for most or all of the
target loci. In one embodiment, the selection criteria may require that at least one primer pair per
target locus remains in the library. That way, most or all of the target loci will be amplified when
using the final primer library. This is desirable for applications such as screening for deletions or
duplications at a large number of locations in the genome or screening for a large number of
sequences (such as polymorphisms or other mutations) associated with a disease or an increased
risk for a disease. If a primer pair from the library would produces a target amplicon that overlaps
with a target amplicon produced by another primer pair, one of the primer pairs may be removed
from the library to prevent interference.

[0491] In some embodiments, an “undesirability score” (higher score representing least
desirability) is calculated (such as calculation on a computer) for most or all of the possible
combinations of two primers from a library of candidate primers. In various embodiments, an
undesirability score is calculated for at least 80, 90, 95, 98, 99, or 99.5% of the possible
combinations of candidate primers in the library. Each undesirability score is based at least in part
on the likelihood of dimer formation between the two candidate primers. If desired, the
undesirability score may also be based on one or more other parameters selected from the group
consisting of heterozygosity rate of the target locus, disease prevalence associated with a sequence
(e.g., a polymorphism) at the target locus, disease penetrance associated with a sequence (e.g., a
polymorphism) at the target locus, specificity of the candidate primer for the target locus, size of
the candidate primer, melting temperature of the target amplicon, GC content of the target
amplicon, amplification efficiency of the target amplicon, size of the target amplicon, and distance
from the center of a recombination hotspot. In some embodiments, the specificity of the candidate
primer for the target locus includes the likelihood that the candidate primer will mis-prime by
binding and amplifying a locus other than the target locus it was designed to amplify. In some
embodiments, one or more or all the candidate primers that mis-prime are removed from the
library. In some embodiments to increase the number of candidate primers to choose from,
candidate primers that may mis-prime are not removed from the library. If multiple factors are
considered, the undesirability score may be calculated based on a weighted average of the various
parameters. The parameters may be assigned different weights based on their importance for the

particular application that the primers will be used for. In some embodiments, the primer with the
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highest undesirability score is removed from the library. If the removed primer is a member of a
primer pair that hybridizes to one target locus, then the other member of the primer pair may be
removed from the library. The process of removing primers may be repeated as desired. In some
embodiments, the selection method is performed until the undesirability scores for the candidate
primer combinations remaining in the library are all equal to or below a minimum threshold. In
some embodiments, the selection method is performed until the number of candidate primers
remaining in the library is reduced to a desired number.

[0492] In various embodiments, after the undesirability scores are calculated, the candidate
primer that is part of the greatest number of combinations of two candidate primers with an
undesirability score above a first minimum threshold is removed from the library. This step
ignores interactions equal to or below the first minimum threshold since these interactions are less
significant. If the removed primer is a member of a primer pair that hybridizes to one target locus,
then the other member of the primer pair may be removed from the library. The process of
removing primers may be repeated as desired. In some embodiments, the selection method is
performed until the undesirability scores for the candidate primer combinations remaining in the
library are all equal to or below the first minimum threshold. If the number of candidate primers
remaining in the library is higher than desired, the number of primers may be reduced by
decreasing the first minimum threshold to a lower second minimum threshold and repeating the
process of removing primers. If the number of candidate primers remaining in the library is lower
than desired, the method can be continued by increasing the first minimum threshold to a higher
second minimum threshold and repeating the process of removing primers using the original
candidate primer library, thereby allowing more of the candidate primers to remain in the library.
In some embodiments, the selection method is performed until the undesirability scores for the
candidate primer combinations remaining in the library are all equal to or below the second
minimum threshold, or until the number of candidate primers remaining in the library is reduced
to a desired number. ,

[0493] If desired, primer pairs that produce a target amplicon that overlaps with a target amplicon
produced by another primer pair can be divided into separate amplification reactions. Multiple
PCR amplification reactions may be desirable for applications in which it is desirable to analyze
all of the candidate target loci (instead of omitting candidate target loci from the analysis due to

overlapping target amplicons).
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[0494] These selection methods minimize the number of candidate primers that have to be
removed from the library to achieve the desired reduction in primer dimers. By removing a smaller
number of candidate primers from the library, more (or all) of the target loci can be amplified using
the resulting primer library.

[0495] Multiplexing large numbers of primers imposes considerable constraint on the assays that
can be included. Assays that unintentionally interact result in spurious amplification products. The
size constraints of miniPCR may result in further constraints. In an embodiment, it is possible to
begin with a very large number of potential SNP targets (between about 500 to greater than 1
million) and attempt to design primers to amplify each SNP. Where primers can be designed it is
possible to attempt to identify primer pairs likely to form spurious products by evaluating the
likelihood of spurious primer duplex formation between all possible pairs of primers using
published thermodynamic parameters for DNA duplex formation. Primer interactions may be
ranked by a scoring function related to the interaction and primers with the worst interaction scores
are eliminated until the number of primers desired is met. In cases where SNPs likely to be
heterozygous are most useful, it is possible to also rank the list of assays and select the most
heterozygous compatible assays. Experiments have validated that primers with high interaction
scores are most likely to form primer dimers. At high multiplexing it is not possible to eliminate
all spurious interactions, but it is essential to remove the primers or pairs of primers with the
highest interaction scores in silico as they can dominate an entire reaction, greatly limiting
amplification from intended targets. We have performed this procedure to create multiplex primer
sets of up to and in some cases more than 10,000 primers. The improvement due to this procedure
is substantial, enabling amplification of more than 80%, more than 90%, more than 95%, more
than 98%, and even more than 99% on target products as determined by sequencing of all PCR
products, as compared to 10% from a reaction in which the worst primers were not removed. When
combined with a partial semi-nested approach as previously described, more than 90%, and even
more than 95% of amplicons may map to the targeted sequences.

[0496] Note that there are other methods for determining which PCR probes are likely to form
dimers. In an embodiment, analysis of a pool of DNA that has been amplified using a non-
optimized set of primers may be sufficient to determine problematic primers. For example, analysis

may be done using sequencing, and those dimers which are present in the greatest number are
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determined to be those most likely to form dimers, and may be removed. In an embodiment, the
method of primer design may be used in combination with the mini-PCR method described herein.
[0497] The use of tags on the primers may reduce amplification and sequencing of primer dimer
products. In some embodiments, the primer contains an internal region that forms a loop structure
with a tag. In particular embodiments, the primers include a 5 region that is specific for a target
locus, an internal region that is not specific for the target locus and forms a loop structure, and a
3’ region that is specific for the target locus. In some embodiments, the loop region may lie
between two binding regions where the two binding regions are designed to bind to contiguous or
neighboring regions of template DNA. In various embodiments, the length of the 3’ region is at
least 7 nucleotides. In some embodiments, the length of the 3’ region is between 7 and 20
nucleotides, such as between 7 to 15 nucleotides, or 7 to 10 nucleotides, inclusive. In various
embodiments, the primers include a 5° region that is not specific for a target locus (such as a tag
or a universal primer binding site) followed by a region that is specific for a target locus, an internal
region that is not specific for the target locus and forms a loop structure, and a 3’ region that is
specific for the target locus. Tag-primers can be used to shorten necessary target-specific
sequences to below 20, below 15, below 12, and even below 10 base pairs. This can be
serendipitous with standard primer design when the target sequence is fragmented within the
primer binding site or, or it can be designed into the primer design. Advantages of this method
include: it increases the number of assays that can be designed for a certain maximal amplicon
length, and it shortens the “non-informative” sequencing of primer sequence. It may also be used

in combination with internal tagging.

[0498] In an embodiment, the relative amount of nonproductive products in the multiplexed
targeted PCR amplification can be reduced by raising the annealing temperature. In cases where
one is amplifying libraries with the same tag as the target specific primers, the annealing
temperature can be increased in comparison to the genomic DNA as the tags will contribute to the
primer binding. In some embodiments reduced primer concentrations are used, optionally along
with longer annealing times. In some embodiments the annealing times may be longer than 3
minutes, longer than 5 minutes, longer than 8 minutes, longer than 10 minutes, longer than 15
minutes, longer than 20 minutes, longer than 30 minutes, longer than 60 minutes, longer than 120
minutes, longer than 240 minutes, longer than 480 minutes, and even longer than 960 minutes. In

certain illustrative embodiments, longer annealing times are used along with reduced primer
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concentrations. In various embodiments, longer than normal extension times are used, such as
greater than 3, 5, 8, 10, or 15 minutes. In some embodiments, the primer concentrations are as low
as 50 nM, 20 nM, 10 nM, 5 nM, 1 nM, and lower than 1 nM. This surprisingly results in robust
performance for highly multiplexed reactions, for example 1,000-plex reactions, 2,000-plex
reactions, 5,000-plex reactions, 10,000-plex reactions, 20,000-plex reactions, 50,000-plex
reactions, and even 100,000-plex reactions. In an embodiment, the amplification uses one, two,
three, four or five cycles run with long annealing times, followed by PCR cycles with more usual

annealing times with tagged primers.
[0499] To select target locations, one may start with a pool of candidate primer pair designs and

create a thermodynamic model of potentially adverse interactions between primer pairs, and then
use the model to eliminate designs that are incompatible with other the designs in the pool.

[0500] In an embodiment, the invention features a method of decreasing the number of target loci
(such as loci that may contain a polymorphism or mutation associated with a disease or disorder
or an increased risk for a disease or disorder such as cancer) and/or increasing the disease load that
is detected (e.g., increasing the number of polymorphisms or mutations that are detected). In
some embodiments, the method includes ranking (such as ranking from highest to lowest) loci by
frequency or reoccurrence of a polymorphism or mutation (such as a single nucleotide variation,
insertion, or deletion, or any of the other variations described herein) in each locus among subjects
with the disease or disorder such as cancer. In some embodiments, PCR primers are designed to
some or all of the loci. During selection of PCR primers for a library of primers, primers to loci
that have a higher frequency or reoccurrence (higher ranking loci) are favored over those with a
lower frequency or reoccurrence (lower ranking loci). In some embodiments, this parameter is
included as one of the parameters in the calculation of the undesirability scores described herein.
If desired, primers (such as primers to high ranking loci) that are incompatible with other designs
in the library can be included in a different PCR library/pool. In some embodiments, multiple
libraries/pools (such as 2, 3, 4, 5 or more) are used in separate PCR reactions to enable
amplification of all (or a majority) of the loci represented by all the libraries/pools. In some
embodiment, this method is continued until sufficient primers are included in one or more
libraries/pools such that the primers, in aggregate, enable the desired disease load to be captured
for the disease or disorder (e.g., such as by detection of at least 80, 85, 90, 95, or 99% of the

disease load).
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Exemplary Primer Libraries

[0501] In one aspect, the invention features libraries of primers, such as primers selected from a
library of candidate primers using any of the methods of the invention. In some embodiments, the
library includes primers that simultaneously hybridize (or are capable of simultaneously
hybridizing) to or that simultaneously amplify (or are capable of simultaneously amplifying) at
least 100; 200; 500; 750; 1,000; 2,000; 5,000; 7,500; 10,000; 20,000; 25,000; 30,000; 40,000;
50,000; 75,000; or 100,000 different target loci in one reaction volume. In various embodiments,
the library includes primers that simultaneously amplify (or are capable of simultaneously
amplifying) between 100 to 500; 500 to 1,000; 1,000 to 2,000; 2,000 to 5,000; 5,000 to 7.,500;
7,500 to 10,000; 10,000 to 20,000; 20,000 to 25,000; 25,000 to 30,000; 30,000 to 40,000; 40,000
to 50,000; 50,000 to 75,000; or 75,000 to 100,000 different target loci in one reaction volume,
inclusive. In various embodiments, the library includes primers that simultaneously amplify (or
are capable of simultaneously amplifying) between 1,000 to 100,000 different target loci in one
reaction volume, such as between 1,000 to 50,000; 1,000 to 30,000; 1,000 to 20,000; 1,000 to
10,000; 2,000 to 30,000; 2,000 to 20,000; 2,000 to 10,000; 5,000 to 30,000; 5,000 to 20,000; or
5,000 to 10,000 different target loci, inclusive. In some embodiments, the library includes primers
that simultaneously amplify (or are capable of simultaneously amplifying) the target loci in one
reaction volume such that less than 60, 40, 30, 20, 10, 5, 4, 3, 2, 1, 0.5, 0.25, 0.1, or 0.5% of the
amplified products are primer dimers. The various embodiments, the amount of amplified
products that are primer dimers is between 0.5 to 60%, such as between 0.1 to 40%, 0.1 to 20%,
0.25 to 20%, 0.25 to 10%, 0.5 to 20%, 0.5 to 10%, 1 to 20%, or 1 to 10%, inclusive. In some
embodiments, the primers simultaneously amplify (or are capable of simultaneously amplifying)
the target loci in one reaction volume such that at least 50, 60, 70, 80, 90, 95, 96, 97, 98, 99, or
99.5% of the amplified products are target amplicons. In various embodiments, the amount of
amplified products that are target amplicons is between 50 to 99.5%, such as between 60 to 99%,
70 to 98%, 80 to 98%, 90 to 99.5%, or 95 to 99.5%, inclusive. In some embodiments, the primers
simultaneously amplify (or are capable of simultaneously amplifying) the target loci in one
reaction volume such that at least 50, 60, 70, 80, 90, 95, 96, 97, 98, 99, or 99.5% of the targeted
loci are amplified (e.g., amplified at least 5, 10, 20, 30, 50, or 100-fold compared to the amount

prior to amplification). In various embodiments, the amount target loci that are amplified (e.g.,
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amplified at least 5, 10, 20, 30, 50, or 100-fold compared to the amount prior to amplification) is
between 50 to 99.5%, such as between 60 to 99%, 70 to 98%, 80 to 99%, 90 to 99.5%, 95 t0 99.9%,
or 98 t0 99.99% inclusive. In some embodiments, the library of primers includes at least 100; 200;
500; 7505 1,000; 2,000; 5,000; 7,500; 10,000; 20,000; 25,000; 30,000; 40,000; 50,000; 75,000; or
100,000 primer pairs, wherein each pair of primers includes a forward test primer and a reverse
test primer where each pair of test primers hybridize to a target locus. In some embodiments, the
library of primers includes at least 100; 200; 500; 750; 1,000; 2,000; 5,000; 7,500; 10,000; 20,000;
25,000; 30,000; 40,000; 50,000; 75,000; or 100,000 individual primers that each hybridize to a
different target locus, wherein the individual primers are not part of primer pairs.

[0502] In various embodiments, the concentration of each primer is less than 100, 75, 50, 25, 20,
10, 5, 2, or 1 nM, or less than 500, 100, 10, or 1 uM. In various embodiments, the concentration
of each primer is between 1 uM to 100 nM, such as between 1 uM to 1 nM, 1 to 75 nM, 2 to 50
nM or 5 to 50 nM, inclusive. In various embodiments, the GC content of the primers is between
30 to 80%, such as between 40 to 70%, or 50 to 60%, inclusive. In some embodiments, the range
of GC content of the primers is less than 30, 20, 10, or 5%. In some embodiments, the range of
GC content of the primers is between 5 to 30%, such as 5 to 20% or 5 to 10%, inclusive. In some
embodiments, the melting temperature (Tm) of the test primers is between 40 to 80 °C, such as 50
to 70 °C, 55 to 65 °C, or 57 to 60.5 °C, inclusive. In some embodiments, the Tr, is calculated using
the Primer3 program (libprimer3 release 2.2.3) using the built-in Santalucia parameters (the world
wide web at primer3.sourceforge.net). In some embodiments, the range of melting temperature of
the primers is less than 15, 10, 5, 3, or 1 °C. In some embodiments, the range of melting
temperature of the primers is between 1 to 15 °C, such as between 1 to 10 °C, 1 to 5 °C, or 1 to 3
°C, inclusive. In some embodiments, the length of the primers is between 15 to 100 nucleotides,
such as between 15 to 75 nucleotides, 15 to 40 nucleotides, 17 to 35 nucleotides, 18 to 30
nucleotides, or 20 to 65 nucleotides, inclusive. In some embodiments, the range of the length of
the primers is less than 50, 40, 30, 20, 10, or 5 nucleotides. In some embodiments, the range of
the length of the primers is between 5 to 50 nucleotides, such as 5 to 40 nucleotides, 5 to 20
nucleotides, or 5 to 10 nucleotides, inclusive. In some embodiments, the length of the target
amplicons is between 50 and 100 nucleotides, such as between 60 and 80 nucleotides, or 60 to 75
nucleotides, inclusive. In some embodiments, the range of the length of the target amplicons is

less than 50, 25, 15, 10, or 5 nucleotides. In some embodiments, the range of the length of the
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target amplicons is between 5 to 50 nucleotides, such as 5 to 25 nucleotides, 5 to 15 nucleotides,
or 5 to 10 nucleotides, inclusive. In some embodiments, the library does not comprise a
microarray. In some embodiments, the library comprises a microarray.

[0503] In some embodiments, some (such as at least 80, 90, or 95%) or all of the adaptors or
primers include one or more linkages between adjacent nucleotides other than a naturally-
occurring phosphodiester linkage. Examples of such linkages include phosphoramide,
phosphorothioate, and phosphorodithioate linkages. In some embodiments, some (such as at least
80, 90, or 95%) or all of the adaptors or primers include a thiophosphate (such as a
monothiophosphate) between the last 3" nucleotide and the second to last 3’ nucleotide. In some
embodiments, some (such as at least 80, 90, or 95%) or all of the adaptors or primers include a
thiophosphate (such as a monothiophosphate) between the last 2, 3, 4, or 5 nucleotides at the 3’
end. In some embodiments, some (such as at least 80, 90, or 95%) or all of the adaptors or primers
include a thiophosphate (such as a monothiophosphate) between at least 1, 2, 3, 4, or 5 nucleotides
out of the last 10 nucleotides at the 3’ end. In some embodiments, such primers are less likely to
be cleaved or degraded. In some embodiments, the primers do not contain an enzyme cleavage
site (such as a protease cleavage site).

[0504] Additional exemplary multiplex PCR methods and libraries are described in US
Application No. 13/683,604, filed Nov. 21, 2012 (U.S. Publication No. 2013/0123120) and U.S.
Serial No. 61/994,791, filed May 16, 2014, which are each hereby incorporated by reference in its
entirety). These methods and libraries can be used for analysis of any of the samples disclosed

herein and for use in any of the methods of the invention.

Exemplary Primer Libraries for Detection of Recombination

[0505] In some embodiments, primers in the primer library are designed to determine whether or
not recombination occurred at one or more known recombination hotspots (such as crossovers
between homologous human chromosomes). Knowing what crossovers occurred between
chromosomes allows more accurate phased genetic data to be determined for an individual.
Recombination hotspots are local regions of chromosomes in which recombination events tend to
be concentrated. Often they are flanked by “coldspots,” regions of lower than average frequency
of recombination. Recombination hotspots tend to share a similar morphology and are

approximately 1 to 2 kb in length. The hotspot distribution is positively correlated with GC content
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and repetitive element distribution. A partially degenerated 13-mer motif CCNCCNTNNCCNC
plays a role in some hotspot activity. It has been shown that the zinc finger protein called PRDM9
binds to this motif and initiates recombination at its location. The average distance between the
centers of recombination hot spots is reported to be ~80 kb. In some embodiments, the distance
between the centers of recombination hot spots ranges between ~3 kb to ~100 kb. Public databases
include a large number of known human recombination hotspots, such as the HUMHOT and
International HapMap Project databases (see, for example, Nishant ez al., “HUMHOT: a database
of human meiotic recombination hot spots,” Nucleic Acids Research, 34: D25-D28, 2006,
Database issue; Mackiewicz et al., “Distribution of Recombination Hotspots in the Human
Genome — A Comparison of Computer Simulations with Real Data” PLoS ONE 8(6): 65272,
doi:10.1371/journal.pone.0065272; and the world wide web at
hapmap.ncbi.nlm.nih.gov/downloads/index.html.en, which are each hereby incorporated by
reference in its entirety).

[0506] In some embodiments, primers in the primer library are clustered at or near recombination
hotspots (such as known human recombination hotspots). In some embodiments, the
corresponding amplicons are used to determine the sequence within or near a recombination
hotspot to determine whether or not recombination occurred at that particular hotspot (such as
whether the sequence of the amplicon is the sequence expected if a recombination had occurred or
the sequence expected if a recombination had not occurred). In some embodiments, primers are
designed to amplify part or all of a recombination hotspot (and optionally sequence flanking a
recombination hotspot). In some embodiments, long read sequencing (such as sequencing using
the Moleculo Technology developed by Illumina to sequence up to ~10 kb) or paired end
sequencing is used to sequence part or all of a recombination hotspot. Knowledge of whether or
not a recombination event occurred can be used to determine which haplotype blocks flank the
hotspot. If desired, the presence of particular haplotype blocks can be confirmed using primers
specific to regions within the haplotype blocks. In some embodiments, it is assumed there are no
crossovers between known recombination hotspots. In some embodiments, primers in the primer
library are clustered at or near the ends of chromosomes. For example, such primers can be used
to determine whether or not a particular arm or section at the end of a chromosome is present. In
some embodiments, primers in the primer library are clustered at or near recombination hotspots

and at or near the ends of chromosomes.
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[0507] In some embodiments, the primer library includes one or more primers (such as at least 5;
10; 50; 100; 200; 500; 750; 1,000; 2,000; 5,000; 7,500; 10,000; 20,000; 25,000; 30,000; 40,000;
or 50,000 different primers or different primer pairs) that are specific for a recombination hotspot
(such as a known human recombination hotspot) and/or are specific for a region near a
recombination hotspot (such as within 10, 8, 5, 3, 2, 1, or 0.5 kb of the 5° or 3’ end of a
recombination hotspot). In some embodiments, at least 1, 5, 10, 20, 40, 60, 80, 100, or 150
different primer (or primer pairs) are specific for the same recombination hotspot, or are specific
for the same recombination hotspot or a region near the recombination hotspot. In some
embodiments, at least 1, 5, 10, 20, 40, 60, 80, 100, or 150 different primer (or primer pairs) are
specific for a region between recombination hotspots (such as a region unlikely to have undergone
recombination); these primers can be used to confirm the presence of haplotype blocks (such as
those that would be expected depending on whether or not recombination has occurred). In some
embodiments, at least 10, 20, 30, 40, 50, 60, 70, 80, or 90% of the primers in the primer library
are specific for a recombination hotspot and/or are specific for a region near a recombination
hotspot (such as within 10, 8, 5, 3, 2, 1, or 0.5 kb of the 5’ or 3’ end of the recombination hotspot).
In some embodiments, the primer library is used to determine whether or not recombination has
occurred at greater than or equal to 5; 10; 50; 100; 200; 500; 750; 1,000; 2,000; 5,000; 7,500;
10,000; 20,000; 25,000; 30,000; 40,000; or 50,000 different recombination hotspots (such as
known human recombination hotspots). In some embodiments, the regions targeted by primers to
a recombination hotspot or nearby region are approximately evenly spread out along that portion
of the genome. In some embodiments, at least 1, 5, 10, 20, 40, 60, 80, 100, or 150 different primer
(or primer pairs) are specific for the a region at or near the end of a chromosome (such as a region
within 20, 10, 5, 1, 0.5, 0.1, 0.01, or 0.001 mb from the end of a chromosome). In some
embodiments, at least 10, 20, 30, 40, 50, 60, 70, 80, or 90% of the primers in the primer library
are specific for the a region at or near the end of a chromosome (such as a region within 20, 10, 5,
1,0.5,0.1,0.01, or 0.001 mb from the end of a chromosome). In some embodiments, at least 1, 5,
10, 20, 40, 60, 80, 100, or 150 different primer (or primer pairs) are specific for a region within a
potential microdeletion in a chromosome. In some embodiments, at least 10, 20, 30, 40, 50, 60,
70, 80, or 90% of the primers in the primer library are specific for a region within a potential
microdeletion in a chromosome. In some embodiments, at least 10, 20, 30, 40, 50, 60, 70, 80, or

90% of the primers in the primer library are specific for a recombination hotspot, a region near a
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recombination hotspot, a region at or near the end of a chromosome, or a region within a potential

microdeletion in a chromosome.

Exemplary Kits

[0508] In one aspect, the invention features a kit, such as a kit for amplifying target loci in a
nucleic acid sample for detecting deletions and/or duplications of chromosome segments or entire
chromosomes using any of the methods described herein). In some embodiments, the kit can
include any of the primer libraries of the invention. In an embodiment, the kit comprises a plurality
of inner forward primers and optionally a plurality of inner reverse primers, and optionally outer
forward primers and outer reverse primers, where each of the primers is designed to hybridize to
the region of DNA immediately upstream and/or downstream from one of the target sites (e.g.,
polymorphic sites) on the target chromosome(s) or chromosome segment(s), and optionally
additional chromosomes or chromosome segments. In some embodiments, the kit includes
instructions for using the primer library to amplify the target loci, such as for detecting one or more
deletions and/or duplications of one or more chromosome segments or entire chromosomes using
any of the methods described herein.

[0509] In certain embodiments, kits of the invention provide primer pairs for detecting
chromosomal aneuploidy and CNV determination, such as primer pairs for massively multiplex
reactions for detecting chromosomal aneuploidy such as CNV (CoNVERGe) (Copy Number
Variant Events Revealed Genotypically) and/or SNVs. In these embodiments, the kits can include
between at least 100, 200, 250, 300, 500, 1000, 2000, 2500, 3000, 5000, 10,000, 20,000, 25,000,
28,000, 50,000, or 75,000 and at most 200, 250, 300, 500, 1000, 2000, 2500, 3000, 5000, 10,000,
20,000, 25,000, 28,000, 50,000, 75,000, or 100,000 primer pairs that are shipped together. The
primer pairs can be contained in a single vessel, such as a single tube or box, or multiple tubes or
boxes. In certain embodiments, the primer pairs are pre-qualified by a commercial provider and
sold together, and in other embodiments, a customer selects custom gene targets and/or primers
and a commercial provider makes and ships the primer pool to the customer neither in one tube or
a plurality of tubes. In certain exemplary embodiments, the kits include primers for detecting both
CNVs and SNVs, especially CNVs and SNVs known to be correlated to at least one type of cancer.
[0510] Kits for circulating DNA detection according to some embodiments of the present

invention, include standards and/or controls for circulating DNA detection. For example, in certain
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embodiments, the standards and/or controls are sold and optionally shipped and packaged together
with primers used to perform the amplification reactions provided herein, such as primers for
performing CoNVERGe. In certain embodiments, the controls include polynucleotides such as
DNA, including isolated genomic DNA that exhibits one or more chromosomal aneuploidies such
as CNV and/or includes one or more SN'Vs. In certain embodiments, the standards and/or controls
are called PlasmArt standards and include polynucleotides having sequence identity to regions of
the genome known to exhibit CNV, especially in certain inherited diseases, and in certain disease
states such as cancer, as well as a size distribution that reflects that of cfDNA fragments naturally
found in plasma. Exemplary methods for making PlasmArt standards are provided in the examples
herein. In general, genomic DNA from a source known to include a chromosomal aneuoploidy is
isolated, fragmented, purified and size selected.

[0511] Accordingly, artificial cfDNA polynucleotide standards and/or controls can be made by
spiking isolated polynucleotide samples prepared as summarized above, into DNA samples known
not to exhibit a chromosomal aneuploidy and/or SN'Vs, at concentrations similar to those observed
for cfDNA in vivo, such as between, for example, 0.01% and 20%, 0.1 and 15%, or .4 and 10% of
DNA in that fluid. These standards/controls can be used as controls for assay design,
characterization, development, and/or validation, and as quality control standards during testing,
such as cancer testing performed in a CLIA lab and/or as standards included in research use only

or diagnostic test kits.

Exemplary Normalization/Correction Methods

[0512] In some embodiments, measurements for different loci, chromosome segments, or
chromosomes are adjusted for bias, such as bias due to differences in GC content or bias due to
other differences in amplification efficiency or adjusted for sequencing errors. In some
embodiments, measurements for different alleles for the same locus are adjusted for differences in
metabolism, apoptosis, histones, inactivation, and/or amplification between the alleles. In some
embodiments, measurements for different alleles for the same locus in RNA are adjusted for

differences in transcription rates or stability between different RNA alleles.

Exemplary Methods for Phasing Genetic Data
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[0513] In some embodiments, genetic data is phased using the methods described herein or any
known method for phasing genetic data (see, e.g., PCT Publ. No. W0O2009/105531, filed February
9, 2009, and PCT Publ. No. W02010/017214, filed August 4, 2009; U.S. Publ. No. 2013/0123120,
Nov. 21, 2012; U.S. Publ. No. 2011/ 0033862, filed Oct. 7, 2010; U.S. Publ. No. 2011/0033862,
filed August 19, 2010; U.S. Publ. No. 2011/0178719, filed Feb. 3, 2011; U.S. Pat. No. 8,515,679,
filed March 17, 2008; U.S. Publ. No. 2007/0184467, filed Nov. 22, 2006; U.S. Publ. No.
2008/0243398, filed March 17, 2008, and U.S. Serial No. 61/994,791, filed May 16, 2014, which
are each hereby incorporated by reference in its entirety). In some embodiments, the phase is
determined for one or more regions that are known or suspected to contain a CNV of interest. In
some embodiments, the phase is also determined for one or more regions flanking the CNV
region(s) and/or for one or more reference regions. In one embodiment, genetic data of an
individual (e.g., an individual being tested using the methods of the invention or a relative of a
gestating fetus or embryo, such as a parent of the fetus or embryo) is phased by inference by
measuring tissue from the individual that is haploid, for example by measuring one or more sperm
or eggs. In one embodiment, an individual’s genetic data is phased by inference using the
measured genotypic data of one or more first degree relatives, such as the individual’s parents
(e.g., sperm from the individual’s father) or siblings.

[0514] In one embodiment, an individual’s genetic data is phased by dilution where the DNA or
RNA is diluted in one or a plurality of wells, such as by using digital PCR. In some embodiments,
the DNA or RNA is diluted to the point where there is expected to be no more than approximately
one copy of each haplotype in each well, and then the DNA or RNA in the one or more wells is
measured. In some embodiments, cells are arrested at phase of mitosis when chromosomes are
tight bundles, and microfluidics is used to put separate chromosomes in separate wells. Because
the DNA or RNA is diluted, it is unlikely that more than one haplotype is in the same fraction (or
tube). Thus, there may be effectively a single molecule of DNA in the tube, which allows the
haplotype on a single DNA or RNA molecule to be determined. In some embodiments, the method
includes dividing a DNA or RNA sample into a plurality of fractions such that at least one of the
fractions includes one chromosome or one chromosome segment from a pair of chromosomes, and
genotyping (e.g., determining the presence of two or more polymorphic loci) the DNA or RNA
sample in at least one of the fractions, thereby determining a haplotype. In some embodiments,

the genotyping involves sequencing (such as shotgun sequencing or single molecule sequencing),
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a SNP array to detect polymorphic loci, or multiplex PCR. In some embodiments, the genotyping
involves use of a SNP array to detect polymorphic loci, such as at least 100; 200; 500; 750; 1,000;
2,000; 5,000; 7,500; 10,000; 20,000; 25,0005 30,000; 40,000; 50,000; 75,000; or 100,000 different
polymorphic loci. In some embodiments, the genotyping involves the use of multiplex PCR. In
some embodiments, the method involves contacting the sample in a fraction with a library of
primers that simultaneously hybridize to at least 100; 200; 500; 750; 1,000; 2,000; 5,000; 7,500;
10,000; 20,000; 25,000; 30,000; 40,000; 50,000; 75,000; or 100,000 different polymorphic loci
(such as SNPs) to produce a reaction mixture; and subjecting the reaction mixture to primer
extension reaction conditions to produce amplified products that are measured with a high
throughput sequencer to produce sequencing data. In some embodiments, RNA (such as mRNA)
is sequenced. Since mRNA contains only exons, sequencing mRNA allows alleles to be
determined for polymorphic loci (such as SNPs) over a large distance in the genome, such as a few
megabases. In some embodiments, a haplotype of an individual is determined by chromosome
sorting. An exemplary chromosome sorting method includes arresting cells at phase of mitosis
when chromosomes are tight bundles and using microfluidics to put separate chromosomes in
separate wells. Another method involves collecting single chromosomes using FACS-mediated
single chromosome sorting. Standard methods (such as sequencing or an array) can be used to
identify the alleles on a single chromosome to determine a haplotype of the individual.

[0515] In some embodiments, a haplotype of an individual is determined by long read
sequencing, such as by using the Moleculo Technology developed by Illumina. In some
embodiments, the library prep step involves shearing DNA into fragments, such as fragments of
~10 kb size, diluting the fragments and placing them into wells (such that about 3,000 fragments
are in a single well), amplifying fragments in each well by long-range PCR and cutting into short
fragments and barcoding the fragments, and pooling the barcoded fragments from each well
together to sequence them all. After sequencing, the computational steps involve separating the
reads from each well based on the attached barcodes and grouping them into fragments, assembling
the fragments at their overlapping heterozygous SNVs into haplotype blocks, and phasing the
blocks statistically based on a phased reference panel and producing long haplotype contigs.
[0516] In some embodiments, a haplotype of the individual is determined using data from a
relative of the individual. In some embodiments, a SNP array is used to determine the presence of

at least 100; 200; 500; 750; 1,000; 2,000; 5,000; 7,500; 10,000; 20,000; 25,000; 30,000; 40,000;
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50,000; 75,000; or 100,000 different polymorphic loci in a DNA or RNA sample from the
individual and a relative of the individual. In some embodiments, the method involves contacting
a DNA sample from the individual and/or a relative of the individual with a library of primers that
simultaneously hybridize to at least 100; 200; 500; 750; 1,000; 2,000; 5,000; 7,500; 10,000;
20,000; 25,000; 30,000; 40,000; 50,000; 75,000; or 100,000 different polymorphic loci (such as
SNPs) to produce a reaction mixture; and subjecting the reaction mixture to primer extension
reaction conditions to produce amplified products that are measured with a high throughput
sequencer to produce sequencing data.

[0517] In one embodiment, an individual’s genetic data is phased using a computer program that
uses population based haplotype frequencies to infer the most likely phase, such as HapMap-based
phasing. For example, haploid data sets can be deduced directly from diploid data using statistical
methods that utilize known haplotype blocks in the general population (such as those created for
the public HapMap Project and for the Perlegen Human Haplotype Project). A haplotype block is
essentially a series of correlated alleles that occur repeatedly in a variety of populations. Since
these haplotype blocks are often ancient and common, they may be used to predict haplotypes from
diploid genotypes. Publicly available algorithms that accomplish this task include an imperfect
phylogeny approach, Bayesian approaches based on conjugate priors, and priors from population
genetics. Some of these algorithms use a hidden Markov model.

[0518] In one embodiment, an individual’s genetic data is phased using an algorithm that
estimates haplotypes from genotype data, such as an algorithm that uses localized haplotype
clustering (see, e.g., Browning and Browning, “Rapid and Accurate Haplotype Phasing and
Missing-Data Inference for Whole-Genome Association Studies By Use of Localized Haplotype
Clustering” Am J Hum Genet. Nov 2007; 81(5): 1084-1097, which is hereby incorporated by
reference in its entirety). An exemplary program is Beagle version: 3.3.2 or version 4 (available
at the world wide web at hfaculty.washington.edu/browning/beagle/beagle.html, which is hereby
incorporated by reference in its entirety).

[0519] In one embodiment, an individual’s genetic data is phased using an algorithm that
estimates haplotypes from genotype data, such as an algorithm that uses the decay of linkage
disequilibrium with distance, the order and spacing of genotyped markers, missing-data
imputation, recombination rate estimates, or a combination thereof (see, e.g., Stephens and Scheet,

“Accounting for Decay of Linkage Disequilibrium in Haplotype Inference and Missing-Data
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Imputation” Am. J. Hum. Genet. 76:449-462, 2005, which is hereby incorporated by reference in
its entirety). An exemplary program is PHASE v.2.1 or v2.1.1. (available at the world wide web
at stephenslab.uchicago.edu/software.html, which is hereby incorporated by reference in its
entirety).

[0520] In one embodiment, an individual’s genetic data is phased using an algorithm that
estimates haplotypes from population genotype data, such as an algorithm that allows cluster
memberships to change continuously along the chromosome according to a hidden Markov model.
This approach is flexible, allowing for both “block-like” patterns of linkage disequilibrium and
gradual decline in linkage disequilibrium with distance (see, e.g., Scheet and Stephens, “A fast and
flexible statistical model for large-scale population genotype data: applications to inferring missing
genotypes and haplotypic phase.” Am J Hum Genet, 78:629-644, 2006, which is hereby
incorporated by reference in its entirety). An exemplary program is fastPHASE (available at the
world wide web at stephenslab.uchicago.edu/software.html, which is hereby incorporated by
reference in its entirety).

[0521] In one embodiment, an individual’s genetic data is phased using a genotype imputation
method, such as a method that uses one or more of the following reference datasets: HapMap
dataset, datasets of controls genotyped on multiple SNP chips, and densely typed samples from
the 1,000 Genomes Project. An exemplary approach is a flexible modelling framework that
increases accuracy and combines information across multiple reference panels (see, e.g., Howie,
Donnelly, and Marchini (2009) “A flexible and accurate genotype imputation method for the next
generation of genome-wide association studies.” PLoS Genetics 5(6): €1000529, 2009, which is
hereby incorporated by reference in its entirety). Exemplary programs are IMPUTE or IMPUTE
version 2 (also known as IMPUTE2) (available at the world wide web at
mathgen.stats.ox.ac.uk/impute/impute_v2.html, which is hereby incorporated by reference in its
entirety).

[0522] In one embodiment, an individual’s genetic data is phased using an algorithm that infers
haplotypes, such as an algorithm that infers haplotypes under the genetic model of coalescence
with recombination, such as that developed by Stephens in PHASE v2.1. The major algorithmic
improvements rely on the use of binary trees to represent the sets of candidate haplotypes for
each individual. These binary tree representations: (1) speed up the computations of posterior

probabilities of the haplotypes by avoiding the redundant operations made in PHASE v2.1, and
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(2) overcome the exponential aspect of the haplotypes inference problem by the smart
exploration of the most plausible pathways (i.e., haplotypes) in the binary trees (see, e.g.,
Delaneau, Coulonges and Zagury, “Shape-IT: new rapid and accurate algorithm for haplotype
inference,” BMC Bioinformatics 9:540, 2008 doi:10.1186/1471-2105-9-540, which is hereby
incorporated by reference in its entirety). An exemplary program is SHAPEIT (available at the
world wide web at mathgen.stats.ox.ac.uk/genetics_software/shapeit/shapeit.html, which is
hereby incorporated by reference in its entirety).

[0523] In one embodiment, an individual’s genetic data is phased using an algorithm that
estimates haplotypes from population genotype data, such as an algorithm that uses haplotype-
fragment frequencies to obtain empirically based probabilities for longer haplotypes. In some
embodiments, the algorithm reconstructs haplotypes so that they have maximal local coherence
(see, e.g., Eronen, Geerts, and Toivonen, “HaploRec: Efficient and accurate large-scale
reconstruction of haplotypes,” BMC Bioinformatics 7:542, 2006, which is hereby incorporated by
reference in its entirety). An exemplary program is HaploRec, such as HaploRec version 2.3.
(available at the world wide web at cs.helsinki.fi/group/genetics/haplotyping.html, which is hereby
incorporated by reference in its entirety).

[0524] In one embodiment, an individual’s genetic data is phased using an algorithm that
estimates haplotypes from population genotype data, such as an algorithm that uses a partition-
ligation strategy and an expectation-maximization-based algorithm (see, e.g., Qin, Niu, and Liu,
“Partition-Ligation-Expectation-Maximization Algorithm for Haplotype Inference with Single-
Nucleotide Polymorphisms,” Am J Hum Genet. 71(5): 1242-1247, 2002, which is hereby
incorporated by reference in its entirety). An exemplary program is PL-EM (available at the world
wide web at people.fas.harvard.edu/~junliu/plem/click.html, which is hereby incorporated by
reference in its entirety).

[0525] In one embodiment, an individual’s genetic data is phased using an algorithm that
estimates haplotypes from population genotype data, such as an algorithm for simultaneously
phasing genotypes into haplotypes and block partitioning. In some embodiments, an expectation-
maximization algorithm is used (see, e.g., Kimmel and Shamir, “GERBIL: Genotype Resolution
and Block Identification Using Likelihood,” Proceedings of the National Academy of Sciences of
the United States of America (PNAS) 102: 158-162, 2005, which is hereby incorporated by

reference in its entirety). An exemplary program is GERBIL, which is available as part of the
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GEVALT version 2 program (available at the world wide web at acgt.cs.tau.ac.il/gevalt/, which is
hereby incorporated by reference in its entirety).

[0526] In one embodiment, an individual’s genetic data is phased using an algorithm that
estimates haplotypes from population genotype data, such as an algorithm that uses an EM
algorithm to calculate ML estimates of haplotype frequencies given genotype measurements which
do not specify phase. The algorithm also allows for some genotype measurements to be missing
(due, for example, to PCR failure). It also allows multiple imputation of individual haplotypes
(see, e.g., Clayton, D. (2002), "SNPHAP: A Program for Estimating Frequencies of Large
Haplotypes of SNPs", which is hereby incorporated by reference in its entirety). An exemplary
program is SNPHAP (available at the world wide web at
gene.cimr.cam.ac.uk/clayton/software/snphap.txt, which is hereby incorporated by reference in its
entirety).

[0527] In one embodiment, an individual’s genetic data is phased using an algorithm that
estimates haplotypes from population genotype data, such as an algorithm for haplotype inference
based on genotype statistics collected for pairs of SNPs. This software can be used for
comparatively accurate phasing of large number of long genome sequences, e.g. obtained from
DNA arrays. An exemplary program takes genotype matrix as an input, and outputs the
corresponding haplotype matrix (see, e.g., Brinza and Zelikovsky, “2SNP: scalable phasing based
on 2-SNP haplotypes,” Bioinformatics.22(3):371-3, 2006, which is hereby incorporated by
reference in its entirety). An exemplary program is 2SNP (available at the world wide web at
alla.cs.gsu.edu/~software/2SNP, which is hereby incorporated by reference in its entirety).

[0528] In various embodiments, an individual’s genetic data is phased using data about the
probability of chromosomes crossing over at different locations in a chromosome or chromosome
segment (such as using recombination data such as may be found in the HapMap database to create
a recombination risk score for any interval) to model dependence between polymorphic alleles on
the chromosome or chromosome segment. In some embodiments, allele counts at the polymorphic
loci are calculated on a computer based on sequencing data or SNP array data. In some
embodiments, a plurality of hypotheses each pertaining to a different possible state of the
chromosome or chromosome segment (such as an overrepresentation of the number of copies of a
first homologous chromosome segment as compared to a second homologous chromosome

segment in the genome of one or more cells from an individual, a duplication of the first
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homologous chromosome segment, a deletion of the second homologous chromosome segment,
or an equal representation of the first and second homologous chromosome segments) are created
(such as creation on a computer); a model (such as a joint distribution model) for the expected
allele counts at the polymorphic loci on the chromosome is built (such as building on a computer)
for each hypothesis; a relative probability of each of the hypotheses is determined (such as
determination on a computer) using the joint distribution model and the allele counts; and the
hypothesis with the greatest probability is selected. In some embodiments, building a joint
distribution model for allele counts and the step of determining the relative probability of each
hypothesis are done using a method that does not require the use of a reference chromosome.
[0529] In one embodiment, genetic data of an individual is phased using genetic data of one or
more relatives of the individual (such as one or more parents, siblings, children, fetuses, embryos,
grandparents, uncles, aunts, or cousins). In one embodiment, genetic data of an individual is
phased using genetic data of one or more genetic offspring of the individual (e.g., 1, 2, 3, or more
offspring), such as embryos, fetuses, born children, or a sample of a miscarriage. In one
embodiment, genetic data of a parent (such as a parent of a gestating fetus or embryo) is phased
using phased haplotypic data for the other parent along with unphased genetic data of one or more
genetic offspring of the parents.

[0530] In some embodiments, a sample (e.g., a biopsy such as a tumor biopsy, blood sample,
plasma sample, serum sample, or another sample likely to contain mostly or only cells, DNA, or
RNA with a CNV of interest) from the individual (such as an individual suspected of having cancer,
a fetus, or an embryo) is analyzed to determine the phase for one or more regions that are known
or suspected to contain a CNV of interest (such as a deletion or duplication). In some
embodiments, the sample has a high tumor fraction (such as 30, 40, 50, 60, 70, 80, 90, 95, 98, 99,
or 100%). In some embodiments, a sample (e.g., a maternal whole blood sample, cells isolated
from a maternal blood sample, maternal plasma sample, maternal serum sample, amniocentesis
sample, placental tissue sample (e.g., chorionic villus, decidua, or placental membrane), cervical
mucus sample, fetal tissue after fetal demise, other sample from a fetus, or another sample likely
to contain mostly or only cells, DNA, or RNA with a CNV of interest) from a fetus or the pregnant
mother of a fetus is analyzed to determine the phase for one or more regions that are known or
suspected to contain a CNV of interest (such as a deletion or duplication). In some embodiments,

the sample has a high fetal fraction (such as 25, 30, 40, 50, 60, 70, 80, 90, 95, 98, 99, or 100%).
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[0531] In some embodiments, the sample has a haplotypic imbalance or any aneuploidy. In some
embodiments, the sample includes any mixture of two types of DNA where the two types have
different ratios of the two haplotypes, and share at least one haplotype. For example, in the fetal-
maternal case, the mother is 1:1 and the fetus is 1:0 (plus a paternal haplotype). For example, in
the tumor case, the normal tissue is 1:1, and the tumor tissue is 1:0 or 1:2, 1:3, 1:4, etc. In some
embodiments, at least 10; 100; 500; 1,000; 2,000; 3,000; 5,000; 8,000; or 10,000 polymorphic loci
are analyzed to determine the phase of alleles at some or all of the loci. In some embodiments, a
sample is from a cell or tissue that was treated to become aneuploidy, such as aneuploidy induced
by prolonged cell culture.

[0532] In some embodiments, a large percent or all of the DNA or RNA in the sample has the
CNV of interest. In some embodiments, the ratio of DNA or RNA from the one or more target
cells that contain the CNV of interest to the total DNA or RNA in the sample is at least 80, 85, 90,
95, or 100%. For samples with a deletion, only one haplotype is present for the cells (or DNA or
RNA) with the deletion. This first haplotype can be determined using standard methods to
determine the identity of alleles present in the region of the deletion. In samples that only contain
cells (or DNA or RNA) with the deletion, there will only be signal from the first haplotype that is
present in those cells. In samples that also contain a small amount of cells (or DNA or RNA)
without the deletion (such as a small amount of noncancerous cells), the weak signal from the
second haplotype in these cells (or DNA or RNA) can be ignored. The second haplotype that is
present in other cells, DNA, or RNA from the individual that lack the deletion can be determined
by inference. For example, if the genotype of cells from the individual without the deletion is
(AB,AB) and the phased data for the individual indicates that the first haplotype is (A,A); then,
the other haplotype can be inferred to be (B,B).

[0533] For samples in which both cells (or DNA or RNA) with a deletion and cells (or DNA or
RNA) without a deletion are present, the phase can still be determined. For example, plots can be
generated similar to FIG. 18 or 29 in which the x-axis represents the linear position of the
individual loci along the chromosome, and the y-axis represents the number of A allele reads as a
fraction of the total (A+B) allele reads. In some embodiments for a deletion, the pattern includes
two central bands that represent SNPs for which the individual is heterozygous (top band
represents AB from cells without the deletion and A from cells with the deletion, and bottom band

represents AB from cells without the deletion and B from cells with the deletion). In some
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embodiments, the separation of these two bands increases as the fraction of cells, DNA, or RNA
with the deletion increases. Thus, the identity of the A alleles can be used to determine the first
haplotype, and the identity of the B alleles can be used to determine the second haplotype.

[0534] For samples with a duplication, an extra copy of the haplotype is present for the cells (or
DNA or RNA) with duplication. This haplotype of the duplicated region can be determined using
standard methods to determine the identity of alleles present at an increased amount in the region
of the duplication, or the haplotype of the region that is not duplicated can be determined using
standard methods to determine the identity of alleles present at an decreased amount. Once one
haplotype is determined, the other haplotype can be determined by inference.

[0535] For samples in which both cells (or DNA or RNA) with a duplication and cells (or DNA
or RNA) without a duplication are present, the phase can still be determined using a method similar
to that described above for deletions. For example, plots can be generated similar to FIG. 18 or
29 in which the x-axis represents the linear position of the individual loci along the chromosome,
and the y-axis represents the number of A allele reads as a fraction of the total (A+B) allele reads.
In some embodiments for a deletion, the pattern includes two central bands that represent SNPs
for which the individual is heterozygous (top band represents AB from cells without the
duplication and AAB from cells with the duplication, and bottom band represents AB from cells
without the duplication and ABB from cells with the duplication). In some embodiments, the
separation of these two bands increases as the fraction of cells, DNA, or RNA with the duplication
increases. Thus, the identity of the A alleles can be used to determine the first haplotype, and the
identity of the B alleles can be used to determine the second haplotype. In some embodiments,
the phase of one or more CNV region(s) (such as the phase of at least 50, 60, 70, 80, 90, 95, or
100% of the polymorphic loci in the region that were measured) is determined for a sample (such
as a tumor biopsy or plasma sample) from an individual known to have cancer and is used for
analysis of subsequent samples from the same individual to monitor the progression of the cancer
(such as monitoring for remission or reoccurrence of the cancer). In some embodiments, a sample
with a high tumor fraction (such as a tumor biopsy or a plasma sample from an individual with a
high tumor load) is used to obtain phased data that is used for analysis of subsequent samples with
a lower tumor fraction (such as a plasma sample from an individual undergoing treatment for

cancer or in remission).
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[0536] In another embodiment for prenatal diagnostics, phased parental haplotypic data is to
detect the presence of more than one homolog from the father, implying that the genetic material
from more than one fetus is present in a maternal blood sample. By focusing on chromosomes
that are expected to be euploid in a fetus, one could rule out the possibility that the fetus was
afflicted with a trisomy. Also, it is possible to determine if the fetal DNA is not from the current
father.

[0537] In some embodiments, two or more of the methods described herein are used to phase
genetic data of an individual. In some embodiments, both a bioinformatics method (such as using
population based haplotype frequencies to infer the most likely phase) and a molecular biology
method (such as any of the molecular phasing methods disclosed herein to obtain actual phased
data rather than bioinformatics-based inferred phased data) are used. In some embodiments,
phased data from other subjects (such as prior subjects) is used to refine the population data. For
example, phased data from other subjects can be added to population data to calculate priors for
possible haplotypes for another subject. In some embodiments, phased data from other subjects
(such as prior subjects) is used to calculate priors for possible haplotypes for another subject.
[0538] In some embodiments, probabilistic data may be used. For example, due to the
probabilistic nature of the representation of DNA molecules in a sample, as well as various
amplification and measurement biases, the relative number of molecules of DNA measured from
two different loci, or from different alleles at a given locus, is not always representative of the
relative number of molecules in the mixture, or in the individual. If one were trying to determine
the genotype of a normal diploid individual at a given locus on an autosomal chromosome by
sequencing DNA from the plasma of the individual, one would expect to either observe only one
allele (homozygous) or about equal numbers of two alleles (heterozygous). If, at that allele, ten
molecules of the A allele were observed, and two molecules of the B allele were observed, it would
not be clear if the individual was homozygous at the locus, and the two molecules of the B allele
were due to noise or contamination, or if the individual was heterozygous, and the lower number
of molecules of the B allele were due to random, statistical variation in the number of molecules
of DNA in the plasma, amplification bias, contamination or any number of other causes. In this
case, a probability that the individual was homozygous, and a corresponding probability that the
individual was heterozygous could be calculated, and these probabilistic genotypes could be used

in further calculations.
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[0539] Note that for a given allele ratio, the likelihood that the ratio closely represents the ratio
of the DNA molecules in the individual is greater the greater the number of molecules that are
observed. For example, if one were to measure 100 molecules of A and 100 molecules of B, the
likelihood that the actual ratio was 50% is considerably greater than if one were to measure 10
molecules of A and 10 molecules of B. In one embodiment, one uses Bayesian theory combined
with a detailed model of the data to determine the likelihood that a particular hypothesis is correct
given an observation. For example, if one were considering two hypotheses — one that corresponds
to a trisomic individual and one that corresponds to a disomic individual — then the probability of
the disomic hypothesis being correct would be considerably higher for the case where 100
molecules of each of the two alleles were observed, as compared to the case where 10 molecules
of each of the two alleles were observed. As the data becomes noisier due to bias, contamination
or some other source of noise, or as the number of observations at a given locus goes down, the
probability of the maximum likelihood hypothesis being true given the observed data drops. In
practice, it is possible to aggregate probabilities over many loci to increase the confidence with
which the maximum likelihood hypothesis may be determined to be the correct hypothesis. In
some embodiments, the probabilities are simply aggregated without regard for recombination. In
some embodiments, the calculations take into account cross-overs.

[0540] In an embodiment, probabilistically phased data is used in the determination of copy
number variation. In some embodiments, the probabilistically phased data is population based
haplotype block frequency data from a data source such as the HapMap data base. In some
embodiments, the probabilistically phased data is haplotypic data obtained by a molecular method,
for example phasing by dilution where individual segments of chromosomes are diluted to a single
molecule per reaction, but where, due to stochastic noise the identities of the haplotypes may not
be absolutely known. In some embodiments, the probabilistically phased data is haplotypic data
obtained by a molecular method, where the identities of the haplotypes may be known with a high
degree of certainty.

[0541] Imagine a hypothetical case where a doctor wanted to determine whether or not an
individual had some cells in their body which had a deletion at a particular chromosomal segment
by measuring the plasma DNA from the individual. The doctor could make use of the knowledge
that if all of the cells from which the plasma DNA originated were diploid, and of the same

genotype, then for heterozygous loci, the relative number of molecules of DNA observed for each
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of the two alleles would fall into one distribution that was centered at 50% A allele and 50% B
allele. However, if a fraction of the cells from which the plasma DNA originated had a deletion
at a particular chromosome segment, then for heterozygous loci, one would expect that the relative
number of molecules of DNA observed for each of the two alleles would fall into two distributions,
one centered at above 50% A allele for the loci where there was a deletion of the chromosome
segment containing the B allele, and one centered at below 50% for the loci where there was a
deletion of the chromosome segment containing the A allele. The greater the proportion of the
cells from which the plasma DNA originated contained the deletion, the further from 50% these
two distributions would be.

[0542] In this hypothetical case, imagine a clinician who wants to determine if an individual had
a deletion of a chromosomal region in a proportion of cells in the individual’s body. The clinician
may draw blood from the individual into a vacutainer or other type of blood tube, centrifuge the
blood, and isolate the plasma layer. The clinician may isolate the DNA from the plasma, enrich
the DNA at the targeted loci, possibly through targeted or other amplification, locus capture
techniques, size enrichment, or other enrichment techniques. The clinician may analyze such as by
measuring the number of alleles at a set of SNPs, in other words generating allele frequency data,
the enriched and/or amplified DNA using an assay such as qPCR, sequencing, a microarray, or
other techniques that measure the quantity of DNA in a sample. We will consider data analysis
for the case where the clinician amplified the cell-free plasma DNA using a targeted amplification
technique, and then sequenced the amplified DNA to give the following exemplary possible data
at six SNPs found on a chromosome segment that is indicative of cancer, where the individual was
heterozygotic at those SNPs:

[0543] SNP 1: 460 reads A allele; 540 reads B allele (46% A)

[0544] SNP 2: 530 reads A allele; 470 reads B allele (53% A)

[0545] SNP 3: 40 reads A allele; 60 reads B allele (40% A)

[0546] SNP 4: 46 reads A allele; 54 reads B allele (46% A)

[0547] SNP 5: 520 reads A allele; 480 reads B allele (52% A)

[0548] SNP 6: 200 reads A allele; 200 reads B allele (50% A)

[0549] From this set of data, it may be difficult to differentiate between the case where the
individual is normal, with all cells being disomic, or where the individual may have a cancer, with

some portion of cells whose DNA contributed towards the cell-free DNA found in the plasma
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having a deletion or duplication at the chromosome. For example, the two hypotheses with the
maximum likelihood may be that the individual has a deletion at this chromosome segment, with
a tumor fraction of 6%, and where the deleted segment of the chromosome has the genotype over
the six SNPs of (A,B,A,A,B.B) or (A,B,A,A,B,A). In this representation of the individual’s
genotype over a set of SNPs, the first letter in the parentheses corresponds to the genotype of the
haplotype for SNP 1, the second to SNP 2, etc.

[0550] If one were to use a method to determine the haplotype of the individual at that
chromosome segment, and were to find that the haplotype for one of the two chromosomes was
(A,B,A.A,B,B), this would agree with the maximum likelihood hypothesis, and the calculated
likelihood that the individual has a deletion at that segment, and therefore may have cancerous or
precancerous cells, would be considerably increased. On the other hand, if the individual were
found to have the haplotype (A,A,A,A,A,A), then the likelihood that the individual has a deletion
at that chromosome segment would be considerably decreased, and perhaps the likelihood of the
no-deletion hypothesis would be higher (the actual likelihood values would depend on other
parameters such as the measured noise in the system, among others).

[0551] There are many ways to determine the haplotype of the individual, many of which are
described elsewhere in this document. A partial list is given here, and is not meant to be exhaustive.
One method is a biological method where individual DNA molecules are diluted until
approximately one molecule from each chromosomal region is in any given reaction volume, and
then methods such as sequencing are used to measure the genotype. Another method is
informatically based where population data on various haplotypes coupled with their frequency
can be used in a probabilistic manner. Another method is to measure the diploid data of the
individual, along with one or a plurality of related individuals who are expected to share haplotype
blocks with the individual and to infer the haplotype blocks. Another method would be to take a
sample of tissue with a high concentration of the deleted or duplicated segment, and determine the
haplotype based on allelic imbalance, for example, genotype measurements from a sample of
tumor tissue with a deletion can be used to determine the phased data for that deletion region, and
this data can then be used to determine if the cancer has regrown post-resection.

[0552] In practice, typically more than 20 SNPs, more than 50 SNPs, more than 100 SNPs, more
than 500 SNPs, more than 1,000 SNPs, or more than 5,000 SNPs are measured on a given

chromosome segment.
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Exemplary Methods for Phasing, Predicting Allele Ratios, and Reconstructing Fetal Genetic Data
[0553] In one aspect, the invention features methods for determining one or more haplotypes of
a fetus. In various embodiments, this method allows one to determine which polymorphic loci
(such as SNPs) were inherited by the fetus and to reconstruct which homologs (including
recombination events) are present in the fetus (and thereby interpolate the sequence between the
polymorphic loci). If desired, essentially the entire genome of the fetus can be reconstructed. If
there is some remaining ambiguity in the genome of the fetus (such as in intervals with a
crossover), this ambiguity can be minimized if desired by analyzing additional polymorphic loci.
In various embodiments, the polymorphic loci are chosen to cover one or more of the chromosomes
at a density to reduce any ambiguity to a desired level. This method has important applications
for the detection of polymorphisms or other mutations of interest (such as deletions or
duplications) in a fetus since it enables their detection based on linkage (such as the presence of
linked polymorphic loci in the fetal genome) rather than by directing detecting the polymorphism
or other mutation of interest in the fetal genome. For example, if a parent is a carrier for a mutation
associated with cystic fibrosis (CF), a nucleic acid sample that includes maternal DNA from the
mother of the fetus and fetal DNA from the fetus can be analyzed to determine whether the fetal
DNA include the haplotype containing the CF mutation. In particular, polymorphic loci can be
analyzed to determine whether the fetal DNA includes the haplotype containing the CF mutation
without having to detect the CF mutation itself in the fetal DNA. This is useful in screening for
one or more mutations, such as disease-linked mutations, without having to directly detect the
mutations.

[0554] In some embodiments, the method involves determining a parental haplotype (e.g., a
haplotype of the mother or father of the fetus), such as by using any of the methods described
herein. In some embodiments, this determination is made without using data from a relative of the
mother or father. In some embodiments, a parental haplotype is determined using a dilution
approach followed by SNP genotyping or sequencing as described herein. In some embodiments,
a haplotype of the mother (or father) is determined by any of the methods described herein using
data from a relative of the mother (or father). In some embodiments, a haplotype is determined

for both the father and the mother.
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[0555] This parental haplotype data can be used to determine if the fetus inherited the parental
haplotype. In some embodiments, a nucleic acid sample that includes maternal DNA from the
mother of the fetus and fetal DNA from the fetus is analyzed using a SNP array to detect at least
1005 200; 5005 7505 1,000; 2,000; 5,000; 7,500; 10,000; 20,000; 25,000; 30,000; 40,000; 50,000;
75,000; or 100,000 different polymorphic loci. In some embodiments, a nucleic acid sample that
includes maternal DNA from the mother of the fetus and fetal DNA from the fetus is analyzed by
contacting the sample with a library of primers that simultaneously hybridize to at least 100; 200;
500; 750; 1,000; 2,000; 5,000; 7,500; 10,000; 20,000, 25,000; 30,000; 40,000; 50,000; 75,000; or
100,000 different polymorphic loci (such as SNPs) to produce a reaction mixture. In some
embodiments, the reaction mixture is subjected to primer extension reaction conditions to produce
amplified products. In some embodiments, the amplified products are measured with a high
throughput sequencer to produce sequencing data.

[0556] In various embodiments, a fetal haplotype is determined using data about the probability
of chromosomes crossing over at different locations in a chromosome or chromosome segment
(such as by using recombination data such as may be found in the HapMap database to create a
recombination risk score for any interval) to model dependence between polymorphic alleles on
the chromosome or chromosome segment as described above. In some embodiments, the method
takes into account physical distance of the SNPs (such as SNPs flanking a gene or mutation of
interest) and recombination data from location specific recombination likelihoods and the data
observed from the genetic measurements of the maternal plasma to obtain the most likely genotype
of the fetus. Then PARENTAL SUPPORT™ may be performed on the targeted sequencing or
SPN array data obtained from these SNPs to determine which homologs were inherited by the
fetus from both parents (see, e.g., U.S. Application No. 11/603,406 (US Publication No.
20070184467), U.S. Application No. 12/076,348 (US Publication No. 20080243398), U.S.
Application 13/110,685 (U.S. Publication No. 2011/0288780), PCT Application PCT/US09/52730
(PCT Publication No. W0O/2010/017214), and PCT Application No. PCT/US10/050824 (PCT
Publication No. WO/2011/041485), U.S. Application No. 13/300,235 (U.S. Publication No.
2012/0270212), U.S. Application No. 13/335,043 (U.S. Publication No. 2012/0122701), U.S.
Application No. 13/683,604, and U.S. Application No. 13/780,022, which are each hereby

incorporated by reference in its entirety).
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[0557] Assume a generalized example where the possible alleles at one locus are A and B;
assignment of the identity A or B to particular alleles is arbitrary. Parental genotypes for a
particular SNP, termed genetic contexts, are expressed as maternal genotypelpaternal genotype.
Thus, if the mother is homozygous and the father is heterozygous, this would be represented as
AAIAB. Similarly, if both parents are homozygous for the same allele, the parental genotypes
would be represented as AAIAA. Furthermore, the fetus would never have AB or BB states and
the number of sequence reads with the B allele will be low, and thus can be used to determine the
noise responses of the assay and genotyping platform, including effects such as low level DNA
contamination and sequencing errors; these noise responses are useful for modeling expected
genetic data profiles. There are only five possible maternallpaternal genetic contexts: AAIAA,
AAIAB, ABIAA, ABIAB, and AAIBB; other contexts are equivalent by symmetry. SNPs where
the parents are homozygous for the same allele are only informative for determining noise and
contamination levels. SNPs where the parents are not homozygous for the same allele are
informative in determining fetal fraction and copy number count.

[0558] Let Na;and Np;irepresent the number of reads of each allele at SNP i, and let Ci represent
the parental genetic context at that locus. The data set for a particular chromosome is represented
by Nap={Nai Np}i=1...Nand C={C;}, i=1...N. For reconstructing part or all of the fetal genome,
it can optionally be determined if the fetus has an aneuploidy (such as a missing or extra copy of
a chromosome or chromosome segment). For each individual chromosome or chromosome under
study, let H represent the set of one or more hypotheses for the total number of chromosomes, the
parental origin of each chromosome, and the positions on the parent chromosomes where
recombination occurred during formation of the gametes that fertilized to create the child. The
probability of a hypothesis P(H) can be computed using the data from the HapMap database and
prior information related to each of the ploidy states.

[0559] Furthermore, let F represent the fetal cfDNA fraction in the sample. Given a set of possible
H, C, and F, one can compute the probability of Nag P(NaslH,F,C) based on modeling the noise
sources of the molecular assay and the sequencing platform. The goal is to find the hypothesis H
and the fetal fraction F that maximizes P(H, FINag). Using standard Bayesian statistical techniques,
and assuming a uniform probability distribution for F from 0 to 1, this can be recast in terms of
maximizing the probability of P(NaglH,F,C)P(H) over H and F, all of which can now be computed.

The probability of all hypotheses associated with a particular copy number and fetal fraction, e.g.,
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trisomy and F=10%, but covering all possible parental chromosome origins and crossover
locations, are summed. The copy number hypothesis with the highest probability is selected as
the test result, the fetal fraction associated with that hypothesis reveals the fetal fraction, and the
probability associated with that hypothesis is the calculated accuracy of the result.

[0560] In some embodiments, the algorithm uses in silico simulations to generate a very large
number of hypothetical sequencing data sets that could result from the possible fetal genetic
inheritance patterns, sample parameters, and amplification and measurement artifacts of the
method. More specifically, the algorithm first utilizes parental genotypes at a large number of
SNPs and crossover frequency data from the HapMap database to predict possible fetal genotypes.
It then predicts expected data profiles for the sequencing data that would be measured from mixed
samples originating from a mother carrying a fetus with each of the possible fetal genotypes and
taking into account a variety of parameters including fetal fraction, expected read depth profile,
fetal genome equivalents present in the sample, expected amplification bias at each of the SNPs,
and a number of noise parameters. A data model describes how the sequencing or SNP array data
is expected to appear for each of these hypotheses given the particular parameter set. The
hypothesis with the best data fit between this modeled data and the measured data is selected.
[0561] If desired, expected allele ratios can be calculated for DNA or RNA from the fetus using
the results of what haplotypes were inherited by the fetus. The expected allele ratios can also be
calculated for a mixed sample containing nucleic acids from both the mother and the fetus (these
allele ratios indicate what is expected for measurement of the total amount of each allele, including
the amount of the allele from both maternal nucleic acids and fetal nucleic acids in the sample).
The expected allele ratios can be calculated for different hypotheses specifying the degree of
overrepresentation of the first homologous chromosome segment.

[0562] In some embodiments, the method involves determining whether the fetus has one or
more of the following conditions: cystic fibrosis, Huntington’s disease, Fragile X, thalassemia,
muscular dystrophy (such as Duchenne's muscular dystrophy), Alzheimer, Fanconi Anemia,
Gaucher Disease, Mucolipidosis IV, Niemann-Pick Disease, Tay-Sachs disease, Sickle cell
anemia, Parkinson disease, Torsion Dystonia, and cancer. In some embodiments, a fetal haplotype
is determined for one or more chromosomes taken from the group consisting of chromosomes 13,
18, 21, X, and Y. In some embodiments, a fetal haplotype is determined for all of the fetal

chromosomes. In various embodiments, the method determines essentially the entire genome of
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the fetus. In some embodiments, the haplotype is determined for at least 30, 40, 50, 60, 70, 80,
90, or 95% of the genome of the fetus. In some embodiments, the haplotype determination of the
fetus includes information about which allele is present for at least 100; 200; 500; 750; 1,000;
2,000; 5,000; 7,500; 10,000; 20,000; 25,000; 30,000; 40,000; 50,000; 75,000; or 100,000 different
polymorphic loci. In some embodiments, this method is used to determine a haplotype or allele

ratios for an embryo.

Exemplary Methods for Predicting Allele Ratios

[0563] Exemplary methods are described below for calculating expected allele ratios for a
sample. Table 1 shows expected allele ratios for a mixed sample (such as a maternal blood sample)
containing nucleic acids from both the mother and the fetus. These expected allele ratios indicate
what is expected for measurement of the total amount of each allele, including the amount of the
allele from both maternal nucleic acids and fetal nucleic acids in the mixed sample. In an example,
the mother is heterozygous at two neighboring loci that are expected to cosegregate (e.g., two loci
for which no chromosome crossovers are expected between the loci). Thus, the mother is (AB,
AB). Now imagine that the phased data for the mother indicates that for one haplotype she is (A,
A); thus, for the other haplotype one can infer that she is (B, B). Table 1 gives the expected allele
ratios for different hypotheses where the fetal fraction is 20%. For this example, no knowledge of
the paternal data is assumed, and the heterozygosity rate is assumed to be 50%. The expected
allele ratios are given in terms of (expected proportion of A reads / total number of reads) for each
of the two SNPs. These ratios are calculated both using maternal phased data (the knowledge that
one haplotype is (A, A) and one is (B, B)) and without using the maternal phased data. Table 1
includes different hypotheses for the number of copies of the chromosome segment in the fetus

from each parent.

Table 1: Expected Genetic Data for Mixed Sample of Maternal and Fetal Nucleic Acids

Copy Number Expected allele ratios when Expected allele ratios when not
Hypothesis using maternal phased data using maternal phased data
Monosomy (0.444; 0.444) (0.444; 0.444)
(maternal copy missing) | (0.444; 0.555) (0.444; 0.555)
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(0.555; 0.444)
(0.555; 0.555)

(0.555; 0.444)
(0.555; 0.555)

Monosomy

(paternal copy missing)

(0.444; 0.444)
(0.555; 0.555)

(0.444; 0.444)
(0.444; 0.555)
(0.555; 0.444)
(0.555; 0.555)

Disomy (0.40; 0.40) (0.40; 0.40)
(0.40; 0.50) (0.40; 0.50)

(0.50; 0.40) (0.40; 0.60)

(0.50; 0.50) (0.50; 0.40)

(0.50; 0.60) (0.50; 0.50)

(0.60; 0.50) (0.50; 0.60)

(0.60; 0.60) (0.60; 0.40)

(0.60; 0.50)

(0.60; 0.60)

Trisomy (0.36; 0.36) (0.36; 0.36)
(extra matching (0.36;0.45) (0.36; 0.45)
maternal copy) (0.45; 0.36) (0.36; 0.54)
(0.45; 0.45) (0.36; 0.63)

(0.54; 0.54) (0.45; 0.36)

(0.54; 0.63) (0.45;0.45)

(0.63; 0.54) (0.45; 0.54)

(0.63; 0.63) (0.45;0.63)

(0.54; 0.36)

(0.54; 0.45)

(0.54; 0.54)

(0.54; 0.63)

(0.63; 0.36)

(0.63;0.45)

(0.63;0.54)

(0.63; 0.63)
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Trisomy
(extra unmatching

maternal copy)

(0.45, 0.45)
(0.45; 0.54)
(0.54; 0.45)
(0.54; 0.54)

(0.36; 0.36)
(0.36; 0.45)
(0.36; 0.54)
(0.36; 0.63)
(0.45; 0.36)
(0.45; 0.45)
(0.45; 0.54)
(0.45; 0.63)
(0.54; 0.36)
(0.54; 0.45)
(0.54; 0.54)
(0.54; 0.63)
(0.63; 0.36)
(0.63; 0.45)
(0.63; 0.54)
(0.63; 0.63)

Trisomy
(extra matching

paternal copy)

(0.36; 0.36)
(0.36; 0.54)
(0.54; 0.36)
(0.54; 0.54)
(0.45; 0.45)
(0.45; 0.63)
(0.63; 0.45)
(0.63; 0.63)

(0.36; 0.36)
(0.36; 0.45)
(0.36; 0.54)
(0.36; 0.63)
(0.45; 0.36)
(0.45; 0.45)
(0.45; 0.54)
(0.45; 0.63)
(0.54; 0.36)
(0.54; 0.45)
(0.54: 0.54)
(0.54; 0.63)
(0.63; 0.36)
(0.63; 0.45)
(0.63; 0.54)
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(0.63; 0.63)

Trisomy (extra (0.36; 0.36) (0.36; 0.36)
unmatching (0.36; 0.45) (0.36; 0.45)
paternal copy) (0.36; 0.54) (0.36; 0.54)
(0.36; 0.63) (0.36; 0.63)

(0.45; 0.36) (0.45; 0.36)

(0.45; 0.45) (0.45;0.45)

(0.45;0.54) (0.45;0.54)

(0.45;0.63) (0.45; 0.63)

(0.54; 0.36) (0.54; 0.36)

(0.54; 0.45) (0.54; 0.45)

(0.54; 0.54) (0.54; 0.54)

(0.54; 0.63) (0.54; 0.63)

(0.63; 0.36) (0.63; 0.36)

(0.63; 0.45) (0.63;0.45)

(0.63; 0.54) (0.63;0.54)

(0.63; 0.63) (0.63; 0.63)

[0564] In addition to the fact that using phased data reduces the number of possible expected

allele ratios, it also changes the prior likelihood of each of the expected allele ratios, such that the
maximum likelihood result is more likely to be correct. Eliminating expected allele ratios or
hypotheses that are not possible increases the likelihood that the correct hypothesis will be chosen.
As an example, suppose the measured allele ratios are (0.41, 0.59). Without using phased data,
one might assume that the hypothesis with maximum likelihood is a disomy hypothesis (given the
similarity of the measured allele ratios to expected allele ratios of (0.40, 0.60) for disomy).
However, using phased data, one can exclude (0.40, 0.60) as expected allele ratios for the disomy
hypothesis, and one can select a trisomy hypothesis as more likely.

[0565] Assume the measured allele ratios are (0.4, 0.4). Without any haplotype information,
the probability of a maternal deletion at each SNP would be the 0.5 x P(A deleted) + 0.5 x P(B
deleted). Therefore, although it looks like A is deleted (missing in the fetus), the likelihood of

deletion would be the average of the two. For high enough fetal fraction, one can still determine
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the most likely hypothesis. For low enough fetal fraction, averaging may work in disfavor of the
deletion hypothesis. However, with haplotype information, the probability of homolog 1 being
deleted, P (A deleted), is greater and will fit the measured data better. If desired, crossover
probabilities between the two loci can also be considered.

[0566] In a further illustrative example of combining likelihoods using phased data, consider
two consecutive SNPs s1 and s2, and D1 and D2 denote the allele data in these SNPs. Here we
provide an example on how to combine the likelihoods for these two SNPs. Let ¢ denote the
probability that two consecutive heterozygous SNPs have the same allele in the same homolog
(i.e., both SNPs are AB or both SNPs are BA). Hence 1-c is the probability that one SNP is AB
and the other one is BA. For example, consider the hypothesis H10 and allelic imbalance value f.
First, assume that all likelihoods are computed assuming that all SNPs are either AB or BA. Then,
we can combine the likelihoods in two consecutive SNPs as follows:

Lik(Dy, Dy |Hyo, f) =
[0567] Lik(D; |Hyq, f) X ¢ X Lik(D, |Hyp, f) + Lik(Dy |Hyo, f) X (1 = ¢) X Lik(D, |Hoy, f).

[0568] We can do this recursively to determine the joint likelihood Lik(Dy, ..., Dy |Hqo, f) for all
SNPs.

Exemplary Mutations
[0569] Exemplary mutations associated with a disease or disorder such as cancer or an increased

risk (such as an above normal level of risk) for a disease or disorder such as cancer include single
nucleotide variants (SNVs), multiple nucleotide mutations, deletions (such as deletion of a 2 to
30 million base pair region), duplications, or tandem repeats. In some embodiments, the
mutation is in DNA, such as cfDNA, cell-free mitochondrial DNA (cf mDNA), cell-free DNA
that originated from nuclear DNA (cf nDNA), cellular DNA, or mitochondrial DNA. In some
embodiments, the mutation is in RNA, such as cfRNA, cellular RNA, cytoplasmic RNA, coding
cytoplasmic RNA, non-coding cytoplasmic RNA, mRNA, miRNA, mitochondrial RNA, rRNA,
or tRNA. In some embodiments, the mutation is present at a higher frequency in subjects with a
disease or disorder (such as cancer) than subjects without the disease or disorder (such as
cancer). In some embodiments, the mutation is indicative of cancer, such as a causative
mutation. In some embodiments, the mutation is a driver mutation that has a causative role in

the disease or disorder. In some embodiments, the mutation is not a causative mutation. For
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example, in some cancers, multiple mutations accumulate but some of them are not causative
mutations. Mutations (such as those that are present at a higher frequency in subjects with a
disease or disorder than subjects without the disease or disorder) that are not causative can still
be useful for diagnosing the disease or disorder. In some embodiments, the mutation is loss-of-
heterozygosity (LOH) at one or more microsatellites.

[0570] In some embodiments, a subject is screened for one of more polymorphisms or mutations
that the subject is known to have (e.g., to test for their presence, a change in the amount of cells,
DNA, or RNA with these polymorphisms or mutations, or cancer remission or re-occurrence). In
some embodiments, a subject is screened for one of more polymorphisms or mutations that the
subject is known to be at risk for (such as a subject who has a relative with the polymorphism or
mutation). In some embodiments, a subject is screened for a panel of polymorphisms or mutations
associated with a disease or disorder such as cancer (e.g., at least 5, 10, 50, 100, 200, 300, 500,
750, 1,000, 1,500, 2,000, or 5,000 polymorphisms or mutations).

[0571] Many coding variants associated with cancer are described in Abaan et al., "The Exomes
of the NCI-60 Panel: A Genomic Resource for Cancer Biology and Systems Pharmacology”,
Cancer Research, July 15, 2013, and world wide web at
dtp.nci.nih.gov/branches/btb/characterizationNCI60.html, which are each hereby incorporated by
reference in its entirety). The NCI-60 human cancer cell line panel consists of 60 different cell
lines representing cancers of the lung, colon, brain, ovary, breast, prostate, and kidney, as well as
leukemia and melanoma. The genetic variations that were identified in these cell lines consisted
of two types: type I variants that are found in the normal population, and type II variants that are
cancer-specific.

[0572] Exemplary polymorphisms or mutations (such as deletions or duplications) are in one or
more of the following genes: TP53, PTEN, PIK3CA, APC, EGFR, NRAS, NF2, FBXW7, ERBBs,
ATADS, KRAS, BRAF, VEGF, EGFR, HER2, ALK, p53, BRCA, BRCA1, BRCA2, SETD2,
LRP1B, PBRM, SPTA1, DNMT3A, ARID1A, GRIN2A, TRRAP, STAG2, EPHA3/5/7, POLE,
SYNEI1, C200rf80, CSMDI1, CTNNB1, ERBB2. FBXW7, KIT, MUC4, ATM, CDH1, DDX11,
DDX12, DSPP, EPPK1, FAM186A, GNAS, HRNR, KRTAP4-11, MAP2K4, MLL3, NRAS,
RB1, SMAD4, TTN, ABCC9, ACVRIB, ADAM29, ADAMTS19, AGAP10, AKT1, AMBN,
AMPD2, ANKRD30A, ANKRD40, APOBR, AR, BIRC6, BMP2, BRAT1, BTNLS, C12o01f4,
C1QTNF7, C200rf186, CAPRIN2, CBWD1, CCDC30, CCDC93, CD5L, CDC27, CDC42BPA,
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CDHY9, CDKN2A, CHDS8, CHEK2, CHRNAY, CIZ1, CLSPN, CNTN6, COL14A1, CREBBP,
CROCC, CTSF, CYP1A2, DCLKI1, DHDDS, DHX32, DKK2, DLEC1, DNAH14, DNAHS,
DNAH9, DNASE1L3, DUSP16, DYNC2H1, ECT2, EFHB, RRN3P2, TRIM49B, TUBBSPS,
EPHA7, ERBB3, ERCC6, FAM21A, FAM21C, FCGBP, FGFR2, FLG2, FLT1, FOLR2, FRYL,
FSCB, GAB1, GABRA4, GABRP, GH2, GOLGAG6L1, GPHBS5, GPR32, GPXS5, GTF3C3,
HECWI1, HIST1H3B, HLA-A, HRAS, HS3ST1, HS6ST1, HSPD1, IDH1, JAK2, KDM5B,
KIAA0528, KRT15, KRT38, KRTAP21-1, KRTAP4-5, KRTAP4-7, KRTAP5-4, KRTAPS-5,
LAMAA4, LATS1, LMFI1, LPAR4, LPPR4, LRRFIP1, LUM, LYST, MAP2K1, MARCHI,
MARCO, MB21D2, MEGF10, MMP16, MORC1, MRE11A, MTMR3, MUC12, MUC17, MUC2,
MUC20, NBPF10, NBPF20, NEK1, NFE2L2, NLRP4, NOTCH2, NRK, NUP93, OBSCN,
OR11H1, OR2B11, OR2M4, OR4Q3, OR5D13, ORS8I2, OXSM, PIK3R1, PPP2R5C, PRAME,
PRF1, PRG4, PRPF19, PTH2, PTPRC, PTPRJ, RAC1, RAD50, RBM12, RGPD3, RGS22, ROR1,
RP11-671M22.1, RP13-996F3.4, RP1L1, RSBNI1L, RYR3, SAMD3, SCN3A, SEC31A, SF1,
SF3B1, SLC25A2, SLC44A1, SLC4A11, SMAD?2, SPTA1, ST6GAL2, STK11, SZT2, TAFIL,
TAX1BP1, TBP, TGFBI, TIF1, TMEM14B, TMEM74, TPTE, TRAPPC8, TRPS1, TXNDC6,
USP32, UTP20, VASN, VPS72, WASH3P, WWTR1, XPO1, ZFHX4, ZMIZ1, ZNF167, ZNF436,
ZNF492, ZNF598, ZRSR2, ABL1, AKT2, AKT3, ARAF, ARFRPI1, ARID2, ASXLI1, ATR,
ATRX, AURKA, AURKB, AXL, BAP1, BARDI1, BCL2, BCL2L2, BCL6, BCOR, BCORLI,
BLM, BRIP1, BTK, CARD11, CBFB, CBL, CCND1, CCND2, CCND3, CCNEI1, CD79A,
CD79B, CDC73, CDK12, CDK4, CDK6, CDK8, CDKNI1B, CDKN2B, CDKN2C, CEBPA,
CHEK1, CIC, CRKL, CRLE2, CSFIR, CTCF, CTNNA1, DAXX, DDR2, DOTIL, EMSY
(Cl1orf30), EP300, EPHA3, EPHAS, EPHB1, ERBB4, ERG, ESR1, EZH2, FAM123B (WTX),
FAM46C, FANCA, FANCC, FANCD2, FANCE, FANCF, FANCG, FANCL, FGF10, FGF14,
FGF19, FGF23, FGF3, FGF4, FGF6, FGFR1, FGFR2, FGFR3, FGFR4, FLT3, FLT4, FOXL2,
GATA1, GATA2, GATA3, GID4 (Cl170rf39), GNA11l, GNA13, GNAQ, GNAS, GPR124,
GSK3B, HGF, IDH1, IDH2, IGFIR, IKBKE, IKZF1, IL7R, INHBA, IRF4, IRS2, JAK1, JAK3,
JUN, KAT6A (MYST3), KDM5A, KDMS5C, KDM6A, KDR, KEAP1, KLHL6, MAP2K2,
MAP2K4, MAP3K1, MCL1, MDM2, MDM4, MED12, MEF2B, MEN1, MET, MITF, MLH]1,
MLL, MLL2, MPL, MSH2, MSH6, MTOR, MUTYH, MYC, MYCL1, MYCN, MYDS88, NF1,
NFKBIA, NKX2-1, NOTCHI1, NPM1, NRAS, NTRK1, NTRK2, NTRK3, PAK3, PALB2, PAXS,
PBRM1, PDGFRA, PDGFRB, PDKI1, PIK3CG, PIK3R2, PPP2R1A, PRDMI, PRKARIA,
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PRKDC, PTCHI, PTPN11, RADS51, RAF1, RARA, RET, RICTOR, RNF43, RPTOR, RUNXI,
SMARCA4, SMARCBI1, SMO, SOCS1, SOX10, SOX2, SPEN, SPOP, SRC, STAT4, SUFU ,
TET2, TGFBR2, TNFAIP3, TNFRSF14, TOP1, TP53, TSC1, TSC2, TSHR, VHL, WISP3, WT1,
ZNF217, ZNF703, and combinations thereof (Su et al., J Mol Diagn 2011, 13:74-84;
DOI:10.1016/j.jmoldx.2010.11.010; and Abaan et al., "The Exomes of the NCI-60 Panel: A
Genomic Resource for Cancer Biology and Systems Pharmacology”, Cancer Research, July 15,
2013, which are each hereby incorporated by reference in its entirety). In some embodiments, the
duplication is a chromosome 1p (“Chrlp”) duplication associated with breast cancer. In some
embodiments, one or more polymorphisms or mutations are in BRAF, such as the V60OE mutation.
In some embodiments, one or more polymorphisms or mutations are in K-ras. In some
embodiments, there is a combination of one or more polymorphisms or mutations in K-ras and
APC. In some embodiments, there is a combination of one or more polymorphisms or mutations
in K-ras and p53. In some embodiments, there is a combination of one or more polymorphisms or
mutations in APC and p53. In some embodiments, there is a combination of one or more
polymorphisms or mutations in K-ras, APC, and p53. In some embodiments, there is a
combination of one or more polymorphisms or mutations in K-ras and EGFR. Exemplary
polymorphisms or mutations are in one or more of the following microRNAs: miR-15a, miR-16-
1, miR-23a, miR-23b, miR-24-1, miR-24-2, miR-27a, miR-27b, miR-29b-2, miR-29c, miR-146,
miR-155, miR-221, miR-222, and miR-223 (Calin ef al. ““A microRNA signature associated with
prognosis and progression in chronic lymphocytic leukemia.” N Engl J Med 353:1793— 801, 2005,
which is hereby incorporated by reference in its entirety).

[0573] In some embodiments, the deletion is a deletion of at least 0.01 kb, 0.1 kb, 1 kb, 10 kb,
100 kb, 1 mb, 2 mb, 3 mb, 5 mb, 10 mb, 15 mb, 20 mb, 30 mb, or 40 mb. In some embodiments,
the deletion is a deletion of between 1 kb to 40 mb, such as between 1 kb to 100 kb, 100 kb to 1
mb, 1 to 5 mb, 5 to 10 mb, 10 to 15 mb, 15 to 20 mb, 20 to 25 mb, 25 to 30 mb, or 30 to 40 mb,
inclusive.

[0574] In some embodiments, the duplication is a duplication of at least 0.01 kb, 0.1 kb, 1 kb,
10 kb, 100 kb, 1 mb, 2 mb, 3 mb, 5 mb, 10 mb, 15 mb, 20 mb, 30 mb, or 40 mb. In some
embodiments, the duplication is a duplication of between 1 kb to 40 mb, such as between 1 kb to
100 kb, 100 kb to 1 mb, 1 to 5 mb, 5 to 10 mb, 10 to 15 mb, 15 to 20 mb, 20 to 25 mb, 25 to 30

mb, or 30 to 40 mb, inclusive.
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[0575] Insome embodiments, the tandem repeat is a repeat of between 2 and 60 nucleotides, such
as2to 6,7 to 10, 10 to 20, 20 to 30, 30 to 40, 40 to 50, or 50 to 60 nucleotides, inclusive. In some
embodiments, the tandem repeat is a repeat of 2 nucleotides (dinucleotide repeat). In some
embodiments, the tandem repeat is a repeat of 3 nucleotides (trinucleotide repeat).

[0576] In some embodiments, the polymorphism or mutation is prognostic. ~Exemplary
prognostic mutations include K-ras mutations, such as K-ras mutations that are indicators of post-
operative disease recurrence in colorectal cancer (Ryan et al.” A prospective study of circulating
mutant KRAS2 in the serum of patients with colorectal neoplasia: strong prognostic indicator in
postoperative follow up,” Gut 52:101-108, 2003; and Lecomte T et al. Detection of free-circulating
tumor-associated DNA in plasma of colorectal cancer patients and its association with prognosis,”
Int J Cancer 100:542-548, 2002, which are each hereby incorporated by reference in its entirety).
[0577] In some embodiments, the polymorphism or mutation is associated with altered response
to a particular treatment (such as increased or decreased efficacy or side-effects). Examples
include K-ras mutations are associated with decreased response to EGFR-based treatments in non-
small cell lung cancer (Wang er al. “Potential clinical significance of a plasma-based KRAS
mutation analysis in patients with advanced non-small cell lung cancer,” Clin Canc Res16:1324-
1330, 2010, which is hereby incorporated by reference in its entirety).

[0578] K-ras is an oncogene that is activated in many cancers. Exemplary K-ras mutations are
mutations in codons 12, 13, and 61. K-ras cfDNA mutations have been identified in pancreatic,
lung, colorectal, bladder, and gastric cancers (Fleischhacker & Schmidt “Circulating nucleic acids
(CNAs) and caner — a survey,” Biochim Biophys Acta 1775:181-232, 2007, which is hereby
incorporated by reference in its entirety).

[0579] p53 is a tumor suppressor that is mutated in many cancers and contributes to tumor
progression (Levine & Oren “The first 30 years of p53: growing ever more complex. Nature Rev
Cancer,” 9:749-758, 2009, which is hereby incorporated by reference in its entirety). Many
different codons can be mutated, such as Ser249. p53 cfDNA mutations have been identified in
breast, lung, ovarian, bladder, gastric, pancreatic, colorectal, bowel, and hepatocellular cancers
(Fleischhacker & Schmidt “Circulating nucleic acids (CNAs) and caner — a survey,” Biochim
Biophys Acta 1775:181-232, 2007, which is hereby incorporated by reference in its entirety).
[0580] BRAF is an oncogene downstream of Ras. BRAF mutations have been identified in glial

neoplasm, melanoma, thyroid, and lung cancers (Dias-Santagata et al. BRAF V600E mutations are

184

NeoGenomics
Exhibit 1003 Page 1542



Atty. Docket No.: N.012.US.10

common in pleomorphic xanthoastrocytoma: diagnostic and therapeutic implications. PLOS ONE
2011;6:e17948, 2011; Shinozaki er al. Utility of circulating B-RAF DNA mutation in serum for
monitoring melanoma patients receiving biochemotherapy. Clin Canc Res 13:2068-2074, 2007;
and Board et al. Detection of BRAF mutations in the tumor and serum of patients enrolled in the
AZD6244 (ARRY-142886) advanced melanoma phase II study. Brit J Canc 2009;101:1724-1730,
which are each hereby incorporated by reference in its entirety). The BRAF V600E mutation
occurs, e.g., in melanoma tumors, and is more common in advanced stages. The V60OE mutation
has been detected in cfDNA-

[0581] EGEFR contributes to cell proliferation and is misregulated in many cancers (Downward J.
Targeting RAS signaling pathways in cancer therapy. Nature Rev Cancer 3:11-22, 2003; and
Levine & Oren “The first 30 years of p53: growing ever more complex. Nature Rev Cancer,”
9:749-758, 2009, which is hereby incorporated by reference in its entirety). Exemplary EGFR
mutations include those in exons 18-21, which have been identified in lung cancer patients. EGFR
cfDNA mutations have been identified in lung cancer patients (Jia e al. “Prediction of epidermal
growth factor receptor mutations in the plasma/pleural effusion to efficacy of gefitinib treatment
in advanced non-small cell lung cancer,” J Canc Res Clin Oncol 2010;136:1341-1347, 2010, which
is hereby incorporated by reference in its entirety).

[0582] Exemplary polymorphisms or mutations associated with breast cancer include LOH at
microsatellites (Kohler er al. "Levels of plasma circulating cell free nuclear and mitochondrial
DNA as potential biomarkers for breast tumors,” Mol Cancer 8:doi:10.1186/1476-4598-8-105,
2009, which is hereby incorporated by reference in its entirety), p53 mutations (such as mutations
in exons 5-8)(Garcia et al.” Extracellular tumor DNA in plasma and overall survival in breast
cancer patients,” Genes, Chromosomes & Cancer 45:692-701, 2006, which is hereby incorporated
by reference in its entirety), HER2 (Sorensen et al. “Circulating HER2 DNA after trastuzumab
treatment predicts survival and response in breast cancer,” Anticancer Res3(0:2463-2468, 2010,
which is hereby incorporated by reference in its entirety), PIK3CA, MEDI, and GAS6
polymorphisms or mutations (Murtaza et al. “Non-invasive analysis of acquired resistance to
cancer therapy by sequencing of plasma DNA,” Nature 2013;doi:10.1038/nature12065, 2013,
which is hereby incorporated by reference in its entirety).

[0583] Increased cfDNA levels and LOH are associated with decreased overall and disease-free

survival. p53 mutations (exons 5-8) are associated with decreased overall survival. Decreased
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circulating HER2 cfDNA levels are associated with a better response to HER2-targeted treatment
in HER2-positive breast tumor subjects. An activating mutation in PIK3CA, a truncation of
MED]1, and a splicing mutation in GAS6 result in resistance to treatment.

[0584] Exemplary polymorphisms or mutations associated with colorectal cancer include p53,
APC, K-ras, and thymidylate synthase mutations and pl6 gene methylation (Wang et al
“Molecular detection of APC, K-ras, and p53 mutations in the serum of colorectal cancer patients
as circulating biomarkers,” World J Surg 28:721-726, 2004; Ryan et al. “A prospective study of
circulating mutant KRAS2 in the serum of patients with colorectal neoplasia: strong prognostic
indicator in postoperative follow up,” Gut 52:101-108, 2003; Lecomte ef al. “Detection of free-
circulating tumor-associated DNA in plasma of colorectal cancer patients and its association with
prognosis,” Int J Cancer 100:542-548, 2002; Schwarzenbach ef al. “Molecular analysis of the
polymorphisms of thymidylate synthase on cell-free circulating DNA in blood of patients with
advanced colorectal carcinoma,” Int J Cancer 127:881-888, 2009, which are each hereby
incorporated by reference in its entirety). Post-operative detection of K-ras mutations in serum is
a strong predictor of disease recurrence. Detection of K-ras mutations and p16 gene methylation
are associated with decreased survival and increased disease recurrence. Detection of K-ras, APC,
and/or p53 mutations is associated with recurrence and/or metastases. Polymorphisms (including
LOH, SNPs, variable number tandem repeats, and deletion) in the thymidylate synthase (the target
of fluoropyrimidine-based chemotherapies) gene using cfDNA may be associated with treatment
response.

[0585] Exemplary polymorphisms or mutations associated with lung cancer (such as non-small
cell lung cancer) include K-ras (such as mutations in codon 12) and EGFR mutations. Exemplary
prognostic mutations include EGFR mutations (exon 19 deletion or exon 21 mutation) associated
with increased overall and progression-free survival and K-ras mutations (in codons 12 and 13)
are associated with decreased progression-free survival (Jian er al. “Prediction of epidermal
growth factor receptor mutations in the plasma/pleural effusion to efficacy of gefitinib treatment
in advanced non-small cell lung cancer,” J Canc Res Clin Oncol 136:1341-1347, 2010; Wang et
al. “Potential clinical significance of a plasma-based KRAS mutation analysis in patients with
advanced non-small cell lung cancer,” Clin Canc Res 16:1324-1330, 2010, which are each hereby
incorporated by reference in its entirety). Exemplary polymorphisms or mutations indicative of

response to treatment include EGFR mutations (exon 19 deletion or exon 21 mutation) that
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improve response to treatment and K-ras mutations (codons 12 and 13) that decrease the response
to treatment. A resistance-conferring mutation in EFGR has been identified (Murtaza ef al. “Non-
invasive analysis of acquired resistance to cancer therapy by sequencing of plasma DNA,” Nature
doi:10.1038/nature12065, 2013, which is hereby incorporated by reference in its entirety).

[0586] Exemplary polymorphisms or mutations associated with melanoma (such as uveal
melanoma) include those in GNAQ, GNA11, BRAF, and p53. Exemplary GNAQ and GNA11
mutations include R183 and Q209 mutations. Q209 mutations in GNAQ or GNA11 are associated
with metastases to bone. BRAF V600E mutations can be detected in patients with
metastatic/advanced stage melanoma. BRAF V600E is an indicator of invasive melanoma. The
presence of the BRAF V600E mutation after chemotherapy is associated with a non-response to
the treatment

[0587] Exemplary polymorphisms or mutations associated with pancreatic carcinomas include
those in K-ras and p53 (such as p53 Ser249). p53 Ser249 is also associated with hepatitis B
infection and hepatocellular carcinoma, as well as ovarian cancer, and non-Hodgkin’s lymphoma.
[0588] Even polymorphisms or mutations that are present in low frequency in a sample can be
detected with the methods of the invention. For example, a polymorphism or mutation that is
present at a frequency of 1 in a million can be observed 10 times by performing 10 million
sequencing reads. If desired, the number of sequencing reads can be altered depending of the level
of sensitivity desired. In some embodiments, a sample is re-analyzed or another sample from a
subject is analyzed using a greater number of sequencing reads to improve the sensitivity. For
example, if no or only a small number (such as 1, 2, 3, 4, or 5) polymorphisms or mutations that
are associated with cancer or an increased risk for cancer are detected, the sample is re-analyzed
or another sample is tested.

[0589] In some embodiments, multiple polymorphisms or mutations are required for cancer or
for metastatic cancer. In such cases, screening for multiple polymorphisms or mutations improves
the ability to accurately diagnose cancer or metastatic cancer. In some embodiments when a
subject has a subset of multiple polymorphisms or mutations that are required for cancer or for
metastatic cancer, the subject can be re-screened later to see if the subject acquires additional
mutations.

[0590] In some embodiments in which multiple polymorphisms or mutations are required for

cancer or for metastatic cancer, the frequency of each polymorphism or mutation can be compared

187

NeoGenomics
Exhibit 1003 Page 1545



Atty. Docket No.: N.012.US.10

to see if they occur at similar frequencies. For example, if two mutations required for cancer
(denoted “A” and “B”), some cells will have none, some cells with A, some with B, and some with
A and B. If A and B are observed at similar frequencies, the subject is more likely to have some
cells with both A and B. If observer A and B at dissimilar frequencies, the subject is more likely
to have different cell populations.

[0591] In some embodiments in which multiple polymorphisms or mutations are required for
cancer or for metastatic cancer, the number or identity of such polymorphisms or mutations that
are present in the subject can be used to predict how likely or soon the subject is likely to have the
disease or disorder. In some embodiments in which polymorphisms or mutations tend to occur in
a certain order, the subject may be periodically tested to see if the subject has acquired the other
polymorphisms or mutations.

[0592] In some embodiments, determining the presence or absence of multiple polymorphisms
or mutations (such as 2, 3, 4, 5, 8, 10, 12, 15, or more) increases the sensitivity and/or specificity
of the determination of the presence or absence of a disease or disorder such as cancer, or an
increased risk for with a disease or disorder such as cancer.

[0593] In some embodiments, the polymorphism(s) or mutation(s) are directly detected. In some
embodiments, the polymorphism(s) or mutation(s) are indirectly detected by detection of one or
more sequences (e.g., a polymorphic locus such as a SNP) that are linked to the polymorphism or

mutation.

Exemplary Nucleic Acid Alterations

[0594] In some embodiments, there is a change to the integrity of RNA or DNA (such as a change
in the size of fragmented cfRNA or cfDNA or a change in nucleosome composition) that is
associated with a disease or disorder such as cancer, or an increased risk for a disease or disorder
such as cancer. In some embodiments, there is a change in the methylation pattern RNA or DNA
that is associated with a disease or disorder such as cancer, or an increased risk for with a disease
or disorder such as cancer (e.g., hypermethylation of tumor suppressor genes). For example,
methylation of the CpG islands in the promoter region of tumor-suppressor genes has been
suggested to trigger local gene silencing. Aberrant methylation of the p16 tumor suppressor gene
occurs in subjects with liver, lung, and breast cancer. Other frequently methylated tumor

suppressor genes, including APC, Ras association domain family protein 1A (RASSF1A),
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glutathione S-transferase P1 (GSTP1), and DAPK, have been detected in various type of cancers,
for example nasopharyngeal carcinoma, colorectal cancer, lung cancer, esophageal cancer,
prostate cancer, bladder cancer, melanoma, and acute leukemia. Methylation of certain tumor-
suppressor genes, such as pl16, has been described as an early event in cancer formation, and thus
is useful for early cancer screening.

[0595] In some embodiments, bisulphite conversion or a non-bisulphite based strategy using
methylation sensitive restriction enzyme digestion is used to determine the methylation pattern
(Hung et al., J Clin Pathol 62:308-313, 2009, which is hereby incorporated by reference in its
entirety). On bisulphite conversion, methylated cytosines remain as cytosines while unmethylated
cytosines are converted to uracils. Methylation-sensitive restriction enzymes (e.g., BstUI) cleaves
unmethylated DNA sequences at specific recognition sites (e.g., 5"-CG vV CG-3" for BstUI), while
methylated sequences remain intact. In some embodiments, the intact methylated sequences are
detected. In some embodiments, stem-loop primers are used to selectively amplify restriction
enzyme-digested unmethylated fragments without co-amplifying the non-enzyme-digested

methylated DNA.

Exemplary Changes in mRNA Splicing

[0596] Insome embodiments, a change in mRINA splicing is associated with a disease or disorder
such as cancer, or an increased risk for a disease or disorder such as cancer. In some embodiments,
the change in mRNA splicing is in one or more of the following nucleic acids associated with
cancer or an increased risk for cancer: DNMT3B, BRCA1, KLF6, Ron, or Gemin5. In some
embodiments, the detected mRNA splice variant is associated with a disease or disorder, such as
cancer. In some embodiments, multiple mRNA splice variants are produced by healthy cells (such
as non-cancerous cells), but a change in the relative amounts of the mRNA splice variants is
associated with a disease or disorder, such as cancer. In some embodiments, the change in mRNA
splicing is due to a change in the mRNA sequence (such as a mutation in a splice site), a change
in splicing factor levels, a change in the amount of available splicing factor (such as a decrease in
the amount of available splicing factor due to the binding of a splicing factor to a repeat), altered
splicing regulation, or the tumor microenvironment.

[0597] The splicing reaction is carried out by a multi-protein/RNA complex called the
spliceosome (Fackenthall and Godley, Disease Models & Mechanisms 1: 37-42, 2008,
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doi:10.1242/dmm.000331, which is hereby incorporated by reference in its entirety). The
spliceosome recognizes intron-exon boundaries and removes intervening introns via two
transesterification reactions that result in ligation of two adjacent exons. The fidelity of this
reaction must be exquisite, because if the ligation occurs incorrectly, normal protein-encoding
potential may be compromised. For example, in cases where exon-skipping preserves the reading
frame of the triplet codons specifying the identity and order of amino acids during translation, the
alternatively spliced mRNA may specify a protein that lacks crucial amino acid residues. More
commonly, exon-skipping will disrupt the translational reading frame, resulting in premature stop
codons. These mRNAs are typically degraded by at least 90% through a process known as
nonsense-mediated mRNA degradation, which reduces the likelihood that such defective messages
will accumulate to generate truncated protein products. If mis-spliced mRNAs escape this
pathway, then truncated, mutated, or unstable proteins are produced.

[0598] Alternative splicing is a means of expressing several or many different transcripts from
the same genomic DNA and results from the inclusion of a subset of the available exons for a
particular protein. By excluding one or more exons, certain protein domains may be lost from the
encoded protein, which can result in protein function loss or gain. Several types of alternative
splicing have been described: exon skipping; alternative 5' or 3' splice sites; mutually exclusive
exons; and, much more rarely, intron retention. Others have compared the amount of alternative
splicing in cancer versus normal cells using a bioinformatic approach and determined that cancers
exhibit lower levels of alternative splicing than normal cells. Furthermore, the distribution of the
types of alternative splicing events differed in cancer versus normal cells. Cancer cells
demonstrated less exon skipping, but more alternative 5" and 3’ splice site selection and intron
retention than normal cells. When the phenomenon of exonization (the use of sequences as exons
that are used predominantly by other tissues as introns) was examined, genes associated with
exonization in cancer cells were preferentially associated with mRNA processing, indicating a

direct link between cancer cells and the generation of aberrant mRNA splice forms.

Exemplary Changes in DNA or RNA Levels

[0599] In some embodiments, there is a change in the total amount or concentration of one or
more types of DNA (such as ¢fDNA cf mDNA, cf nDNA, cellular DNA, or mitochondrial DNA)
or RNA (cfRNA, cellular RNA, cytoplasmic RNA, coding cytoplasmic RNA, non-coding
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cytoplasmic RNA, mRNA, miRNA, mitochondrial RNA, rRNA, or tRNA). In some
embodiments, there is a change in the amount or concentration of one or more specific DNA (such
as cfDNA cf mDNA, cf nDNA, cellular DNA, or mitochondrial DNA) or RNA (cfRNA, cellular
RNA, cytoplasmic RNA, coding cytoplasmic RNA, non-coding cytoplasmic RNA, mRNA,
miRNA, mitochondrial RNA, rRNA, or tRNA) molecules. In some embodiments, one allele is
expressed more than another allele of a locus of interest. Exemplary miRNAs are short 20-22
nucleotide RNA molecules that regulate the expression of a gene. In some embodiments, there is
a change in the transcriptome, such as a change in the identity or amount of one or more RNA
molecules.

[0600] In some embodiments, an increase in the total amount or concentration of cfDNA or
cfRNA is associated with a disease or disorder such as cancer, or an increased risk for a disease or
disorder such as cancer. In some embodiments, the total concentration of a type of DNA (such as
cfDNA cf mDNA, cf nDNA, cellular DNA, or mitochondrial DNA) or RNA (cfRNA, cellular
RNA, cytoplasmic RNA, coding cytoplasmic RNA, non-coding cytoplasmic RNA, mRNA,
miRNA, mitochondrial RNA, rRNA, or tRNA) increases by at least 2, 3, 4, 5, 6, 7, 8, 9, 10-fold,
or more compared to the total concentration of that type of DNA or RNA in healthy (such as non-
cancerous) subjects. In some embodiments, a total concentration of cfDNA between 75 to 100
ng/mL, 100 to 150 ng/mL, 150 to 200 ng/mL, 200 to 300 ng/mL, 300 to 400 ng/mgL, 400 to 600
ng/mL, 600 to 800 ng/mL, 800 to 1,000 ng/mL, inclusive, or a total concentration of cfDNA of
more than 100 ng, mL, such as more than 200, 300, 400, 500, 600, 700, 800, 900, or 1,000 ng/mL
is indicative of cancer, an increased risk for cancer, an increased risk of a tumor being malignant
rather than benign, a decreased probably of the cancer going into remission, or a worse prognosis
for the cancer. In some embodiments, the amount of a type of DNA (such as cfDNA cf mDNA,
cf nDNA, cellular DNA, or mitochondrial DNA) or RNA (cfRNA, cellular RNA, cytoplasmic
RNA, coding cytoplasmic RNA, non-coding cytoplasmic RNA, mRNA, miRNA, mitochondrial
RNA, rRNA, or tRNA) having one or more polymorphisms/mutations (such as deletions or
duplications) associated with a disease or disorder such as cancer or an increased risk for a disease
or disorder such as cancer is at least 2, 3,4, 5,6,7, 8,9, 10, 11, 12, 14, 16, 18, 20, or 25% of the
total amount of that type of DNA or RNA. In some embodiments, at least 2, 3,4, 5,6,7, 8,9, 10,
11, 12, 14, 16, 18, 20, or 25% of the total amount of a type of DNA (such as cfDNA cf mDNA, cf
nDNA, cellular DNA, or mitochondrial DNA) or RNA (cfRNA, cellular RNA, cytoplasmic RNA,
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coding cytoplasmic RNA, non-coding cytoplasmic RNA, mRNA, miRNA, mitochondrial RNA,
rRNA, or tRNA) has a particular polymorphism or mutation (such as a deletion or duplication)
associated with a disease or disorder such as cancer or an increased risk for a disease or disorder
such as cancer.

[0601] In some embodiments, the cfDNA is encapsulated. In some embodiments, the cfDNA is
not encapsulated.

[0602] In some embodiments, the fraction of tumor DNA out of total DNA (such as fraction of
tumor cfDNA out of total cfDNA or fraction of tumor cfDNA with a particular mutation out of
total cfDNA) is determined. In some embodiments, the fraction of tumor DNA may be determined
for a plurality of mutations, where the mutations can be single nucleotide variants, copy number
variants, differential methylation, or combinations thereof. In some embodiments, the average
tumor fraction calculated for one or a set of mutations with the highest calculated tumor fraction
is taken as the actual tumor fraction in the sample. In some embodiments, the average tumor
fraction calculated for all of the mutations is taken as the actual tumor fraction in the sample. In
some embodiments, this tumor fraction is used to stage a cancer (since higher tumor fractions can
be associated with more advanced stages of cancer). In some embodiments, the tumor fraction is
used to size a cancer, since larger tumors may be correlated with the fraction of tumor DNA in the
plasma. In some embodiments, the tumor fraction is used to size the proportion of a tumor that is
afflicted with a single or plurality of mutations, since there may be a correlation between the
measured tumor fraction in a plasma sample and the size of tissue with a given mutation(s)
genotype. For example, the size of tissue with a given mutation(s) genotype may be correlated

with the fraction of tumor DNA that may be calculated by focusing on that particular mutation(s).

Exemplary Databases

[0603] The invention also features databases containing one or more results from a method of the
invention. For example, the database may include records with any of the following information
for one or more subjects: any polymorphisms/mutations (such as CNVs) identified, any known
association of the polymorphisms/mutations with a disease or disorder or an increased risk for a
disease or disorder, effect of the polymorphisms/mutations on the expression or activity level of
the encoded mRNA or protein, fraction of DNA, RNA, or cells associated with a disease or

disorder (such as DNA, RNA, or cells having polymorphism/mutation associated with a disease
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or disorder) out of the total DNA, RNA, or cells in sample, source of sample used to identify the
polymorphisms/mutations (such as a blood sample or sample from a particular tissue), number of
diseased cells, results from later repeating the test (such as repeating the test to monitor the
progression or remission of the disease or disorder), results of other tests for the disease or disorder,
type of disease or disorder the subject was diagnosed with, treatment(s) administered, response to
such treatment(s), side-effects of such treatment(s), symptoms (such as symptoms associated with
the disease or disorder), length and number of remissions, length of survival (such as length of
time from initial test until death or length of time from diagnosis until death), cause of death, and
combinations thereof.

[0604] In some embodiments, the database includes records with any of the following
information for one or more subjects: any polymorphisms/mutations identified, any known
association of the polymorphisms/mutations with cancer or an increased risk for cancer, effect of
the polymorphisms/mutations on the expression or activity level of the encoded mRNA or protein,
fraction of cancerous DNA, RNA or cells out of the total DNA, RNA, or cells in sample, source
of sample used to identify the polymorphisms/mutations (such as a blood sample or sample from
a particular tissue), number of cancerous cells, size of tumor(s), results from later repeating the
test (such as repeating the test to monitor the progression or remission of the cancer), results of
other tests for cancer, type of cancer the subject was diagnosed with, treatment(s) administered,
response to such treatment(s), side-effects of such treatment(s), symptoms (such as symptoms
associated with cancer), length and number of remissions, length of survival (such as length of
time from initial test until death or length of time from cancer diagnosis until death), cause of
death, and combinations thereof. In some embodiments, the response to treatment includes any of
the following: reducing or stabilizing the size of a tumor (e.g., a benign or cancerous tumor),
slowing or preventing an increase in the size of a tumor, reducing or stabilizing the number of
tumor cells, increasing the disease-free survival time between the disappearance of a tumor and its
reappearance, preventing an initial or subsequent occurrence of a tumor, reducing or stabilizing an
adverse symptom associated with a tumor, or combinations thereof. In some embodiments, the
results from one or more other tests for a disease or disorder such as cancer are included, such as

results from screening tests, medical imaging, or microscopic examination of a tissue sample.
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[0605] In one such aspect, the invention features an electronic database including at least 5, 10,
10%, 103, 10%, 10°, 10°, 107, 10® or more records. In some embodiments, the database has records
for at least 5, 10, 10%, 103, 10%, 10°, 10°, 107, 10® or more different subjects.

[0606] In another aspect, the invention features a computer including a database of the invention
and a user interface. In some embodiments, the user interface is capable of displaying a portion
or all of the information contained in one or more records. In some embodiments, the user interface
is capable of displaying (i) one or more types of cancer that have been identified as containing a
polymorphism or mutation whose record is stored in the computer, (ii) one or more polymorphisms
or mutations that have been identified in a particular type of cancer whose record is stored in the
computer, (iii) prognosis information for a particular type of cancer or a particular a polymorphism
or mutation whose record is stored in the computer (iv) one or more compounds or other treatments
useful for cancer with a polymorphism or mutation whose record is stored in the computer, (v) one
or more compounds that modulate the expression or activity of an mRNA or protein whose record
is stored in the computer, and (vi) one or more mRNA molecules or proteins whose expression or
activity is modulated by a compound whose record is stored in the computer. The internal
components of the computer typically include a processor coupled to a memory. The external
components usually include a mass-storage device, e.g., a hard disk drive; user input devices, e.g.,
a keyboard and a mouse; a display, e.g., a monitor; and optionally, a network link capable of
connecting the computer system to other computers to allow sharing of data and processing tasks.
Programs may be loaded into the memory of this system during operation.

[0607] In another aspect, the invention features a computer-implemented process that includes

one or more steps of any of the methods of the invention.

Exemplary Risk Factors

[0608] In some embodiments, the subject is also evaluated for one or more risk factors for a
disease or disorder, such as cancer. Exemplary risk factors include family history for the disease
or disorder, lifestyle (such as smoking and exposure to carcinogens) and the level of one or more
hormones or serum proteins (such as alpha-fetoprotein (AFP) in liver cancer, carcinoembryonic
antigen (CEA) in colorectal cancer, or prostate-specific antigen (PSA) in prostate cancer). In some
embodiments, the size and/or number of tumors is measured and use in determining a subject’s

prognosis or selecting a treatment for the subject.
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Exemplary Screening Methods

[0609] If desired, the presence or absence of a disease or disorder such cancer can be confirmed,
or the disease or disorder such as cancer can be classified using any standard method. For example,
a disease or disorder such as cancer can be detected in a number of ways, including the presence
of certain signs and symptoms, tumor biopsy, screening tests, or medical imaging (such as a
mammogram or an ultrasound). Once a possible cancer is detected, it may be diagnosed by
microscopic examination of a tissue sample. In some embodiments, a subject diagnosed undergoes
repeat testing using a method of the invention or known testing for the disease or disorder at
multiple time points to monitor the progression of the disease or disorder or the remission or

reoccurrence of the disease or disorder.

Exemplary Cancers

[0610] Exemplary cancers that can be diagnosed, prognosed, stabilized, treated, or prevented
using any of the methods of the invention include solid tumors, carcinomas, sarcomas, lymphomas,
leukemias, germ cell tumors, or blastomas. In various embodiments, the cancer is an acute
lymphoblastic leukemia, acute myeloid leukemia, adrenocortical carcinoma, AIDS-related cancer,
AIDS-related lymphoma, anal cancer, appendix cancer, astrocytoma (such as childhood cerebellar
or cerebral astrocytoma), basal-cell carcinoma, bile duct cancer (such as extrahepatic bile duct
cancer) bladder cancer, bone tumor (such as osteosarcoma or malignant fibrous histiocytoma),
brainstem glioma, brain cancer (such as cerebellar astrocytoma, cerebral astrocytoma/malignant
glioma, ependymo, medulloblastoma, supratentorial primitive neuroectodermal tumors, or visual
pathway and hypothalamic glioma), glioblastoma, breast cancer, bronchial adenoma or carcinoid,
burkitt's lymphoma, carcinoid tumor (such as a childhood or gastrointestinal carcinoid tumor),
carcinoma central nervous system lymphoma, cerebellar astrocytoma or malignant glioma (such
as childhood cerebellar astrocytoma or malignant glioma), cervical cancer, childhood cancer,
chronic lymphocytic leukemia, chronic myelogenous leukemia, chronic myeloproliferative
disorders, colon cancer, cutancous t-cell lymphoma, desmoplastic small round cell tumor,
endometrial cancer, ependymoma, esophageal cancer, ewing's sarcoma, tumor in the ewing family
of tumors, extracranial germ cell tumor (such as a childhood extracranial germ cell tumor),

extragonadal germ cell tumor, eye cancer (such as intraocular melanoma or retinoblastoma eye
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cancer), gallbladder cancer, gastric cancer, gastrointestinal carcinoid tumor, gastrointestinal
stromal tumor, germ cell tumor (such as extracranial, extragonadal, or ovarian germ cell tumor),
gestational trophoblastic tumor, glioma (such as brain stem, childhood cerebral astrocytoma, or
childhood visual pathway and hypothalamic glioma), gastric carcinoid, hairy cell leukemia, head
and neck cancer, heart cancer, hepatocellular (liver) cancer, hodgkin lymphoma, hypopharyngeal
cancer, hypothalamic and visual pathway glioma (such as childhood visual pathway glioma), islet
cell carcinoma (such as endocrine or pancreas islet cell carcinoma), kaposi sarcoma, kidney cancer,
laryngeal cancer, leukemia (such as acute lymphoblastic, acute myeloid, chronic lymphocytic,
chronic myelogenous, or hairy cell leukemia), lip or oral cavity cancer, liposarcoma, liver cancer
(such as non-small cell or small cell cancer), lung cancer, lymphoma (such as AIDS-related,
burkitt, cutaneous T cell, Hodgkin, non-hodgkin, or central nervous system lymphoma),
macroglobulinemia (such as waldenstrom macroglobulinemia, malignant fibrous histiocytoma of
bone or osteosarcoma, medulloblastoma (such as childhood medulloblastoma), melanoma, merkel
cell carcinoma, mesothelioma (such as adult or childhood mesothelioma), metastatic squamous
neck cancer with occult, mouth cancer, multiple endocrine neoplasia syndrome (such as childhood
multiple endocrine neoplasia syndrome), multiple myeloma or plasma cell neoplasm. mycosis
fungoides, myelodysplastic syndrome, myelodysplastic or myeloproliferative disease,
myelogenous leukemia (such as chronic myelogenous leukemia), myeloid leukemia (such as adult
acute or childhood acute myeloid leukemia), myeloproliferative disorder (such as chronic
myeloproliferative disorder), nasal cavity or paranasal sinus cancer, nasopharyngeal carcinoma,
neuroblastoma, oral cancer, oropharyngeal cancer, osteosarcoma or malignant fibrous
histiocytoma of bone, ovarian cancer, ovarian epithelial cancer, ovarian germ cell tumor, ovarian
low malignant potential tumor, pancreatic cancer (such as islet cell pancreatic cancer), paranasal
sinus or nasal cavity cancer, parathyroid cancer, penile cancer, pharyngeal cancer,
pheochromocytoma, pineal astrocytoma, pineal germinoma. pineoblastoma or supratentorial
primitive neuroectodermal tumor (such as childhood pineoblastoma or supratentorial primitive
neuroectodermal tumor), pituitary adenoma, plasma cell neoplasia, pleuropulmonary blastoma,
primary central nervous system lymphoma, cancer, rectal cancer, renal cell carcinoma, renal pelvis
or ureter cancer (such as renal pelvis or ureter transitional cell cancer, retinoblastoma,
rhabdomyosarcoma (such as childhood rhabdomyosarcoma), salivary gland cancer, sarcoma (such

as sarcoma in the ewing family of tumors, Kaposi, soft tissue, or uterine sarcoma), sézary
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syndrome, skin cancer (such as nonmelanoma, melanoma, or merkel cell skin cancer), small
intestine cancer, squamous cell carcinoma, supratentorial primitive neuroectodermal tumor (such
as childhood supratentorial primitive neuroectodermal tumor), T-cell lymphoma (such as
cutaneous T-cell lymphoma), testicular cancer, throat cancer, thymoma (such as childhood
thymoma), thymoma or thymic carcinoma, thyroid cancer (such as childhood thyroid cancer),
trophoblastic tumor (such as gestational trophoblastic tumor), unknown primary site carcinoma
(such as adult or childhood unknown primary site carcinoma), urethral cancer (such as endometrial
uterine cancer), uterine sarcoma, vaginal cancer, visual pathway or hypothalamic glioma (such as
childhood visual pathway or hypothalamic glioma), vulvar cancer, waldenstrém
macroglobulinemia, or wilms tumor (such as childhood wilms tumor). In various embodiments,
the cancer has metastasized or has not metastasized.

[0611] The cancer may or may not be a hormone related or dependent cancer (e.g., an estrogen
or androgen related cancer). Benign tumors or malignant tumors may be diagnosed, prognosed,
stabilized, treated, or prevented using the methods and/or compositions of the present invention.
[0612] Insome embodiments, the subject has a cancer syndrome. A cancer syndrome is a genetic
disorder in which genetic mutations in one or more genes predispose the affected individuals to
the development of cancers and may also cause the early onset of these cancers. Cancer syndromes
often show not only a high lifetime risk of developing cancer, but also the development of multiple
independent primary tumors. Many of these syndromes are caused by mutations in tumor
suppressor genes, genes that are involved in protecting the cell from turning cancerous. Other
genes that may be affected are DNA repair genes, oncogenes and genes involved in the production
of blood vessels (angiogenesis). Common examples of inherited cancer syndromes are hereditary
breast-ovarian cancer syndrome and hereditary non-polyposis colon cancer (Lynch syndrome).
[0613] In some embodiments, a subject with one or more polymorphisms or mutations n K-ras,
p53, BRA, EGFR, or HER?2 is administered a treatment that targets K-ras, p53, BRA, EGFR, or
HER?2, respectively.

[0614] The methods of the invention can be generally applied to the treatment of malignant or

benign tumors of any cell, tissue, or organ type.

Exemplary Treatments
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[0615] If desired, any treatment for stabilizing, treating, or preventing a disease or disorder such
as cancer or an increased risk for a disease or disorder such as cancer can be administered to a
subject (e.g., a subject identified as having cancer or an increased risk for cancer using any of the
methods of the invention). In various embodiments, the treatment is a known treatment or
combination of treatments for a disease or disorder such as cancer, such as cytotoxic agents,
targeted therapy, immunotherapy, hormonal therapy, radiation therapy, surgical removal of
cancerous cells or cells likely to become cancerous, stem cell transplantation, bone marrow
transplantation, photodynamic therapy, palliative treatment, or a combination thereof. In some
embodiments, a treatment (such as a preventative medication) is used to prevent, delay, or reduce
the severity of a disease or disorder such as cancer in a subject at increased risk for a disease or
disorder such as cancer.

[0616] In some embodiments, the targeted therapy is a treatment that targets the cancer’s specific
genes, proteins, or the tissue environment that contributes to cancer growth and survival. This type
of treatment blocks the growth and spread of cancer cells while limiting damage to normal cells,
usually leading to fewer side effects than other cancer medications.

[0617] One of the more successful approaches has been to target angiogenesis, the new blood
vessel growth around a tumor. Targeted therapies such as bevacizumab (Avastin), lenalidomide
(Revlimid), sorafenib (Nexavar), sunitinib (Sutent), and thalidomide (Thalomid) interfere with
angiogenesis. Another example is the use of a treatment that targets HER2, such as trastuzumab
or lapatinib, for cancers that overexpress HER2 (such as some breast cancers). In some
embodiments, a monoclonal antibody is used to block a specific target on the outside of cancer
cells. Examples include alemtuzumab (Campath-1H), bevacizumab, cetuximab (Erbitux),
panitumumab (Vectibix), pertuzumab (Omnitarg), rituximab (Rituxan), and trastuzumab. In some
embodiments, the monoclonal antibody tositumomab (Bexxar) is used to deliver radiation to the
tumor. In some embodiments, an oral small molecule inhibits a cancer process inside of a cancer
cell. Examples include dasatinib (Sprycel), erlotinib (Tarceva), gefitinib (Iressa), imatinib
(Gleevec), lapatinib (Tykerb), nilotinib (Tasigna), sorafenib, sunitinib, and temsirolimus (Torisel).
In some embodiments, a proteasome inhibitor (such as the multiple myeloma drug, bortezomib
(Velcade)) interferes with specialized proteins called enzymes that break down other proteins in

the cell.
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[0618] In some embodiments, immunotherapy is designed to boost the body's natural defenses to
fight the cancer. Exemplary types of immunotherapy use materials made either by the body or in
a laboratory to bolster, target, or restore immune system function.

[0619] In some embodiments, hormonal therapy treats cancer by lowering the amounts of
hormones in the body. Several types of cancer, including some breast and prostate cancers, only
grow and spread in the presence of natural chemicals in the body called hormones. In various
embodiments, hormonal therapy is used to treat cancers of the prostate, breast, thyroid, and
reproductive system.

[0620] In some embodiments, the treatment includes a stem cell transplant in which diseased
bone marrow is replaced by highly specialized cells, called hematopoietic stem cells.
Hematopoietic stem cells are found both in the bloodstream and in the bone marrow.

[0621] In some embodiments, the treatment includes photodynamic therapy, which uses special
drugs, called photosensitizing agents, along with light to kill cancer cells. The drugs work after
they have been activated by certain kinds of light.

[0622] In some embodiments, the treatment includes surgical removal of cancerous cells or cells
likely to become cancerous (such as a lumpectomy or a mastectomy). For example, a woman with
a breast cancer susceptibility gene mutation (BRCAI or BRCA2 gene mutation) may reduce her
risk of breast and ovarian cancer with a risk reducing salpingo-oophorectomy (removal of the
fallopian tubes and ovaries) and/or a risk reducing bilateral mastectomy (removal of both breasts).
Lasers, which are very powerful, precise beams of light, can be used instead of blades (scalpels)
for very careful surgical work, including treating some cancers.

[0623] In addition to treatment to slow, stop, or eliminate the cancer (also called discase-directed
treatment), an important part of cancer care is relieving a subject's symptoms and side effects, such
as pain and nausea. It includes supporting the subject with physical, emotional, and social needs,
an approach called palliative or supportive care. People often receive disease-directed therapy and
treatment to ease symptoms at the same time.

[0624] Exemplary treatments include actinomycin D, adcetris, Adriamycin, aldesleukin,
alemtuzumab, alimta, amsidine, amsacrine, anastrozole, aredia, arimidex, aromasin, asparaginase,
avastin, bevacizumab, bicalutamide, bleomycin, bondronat, bonefos, bortezomib, busilvex,
busulphan, campto, capecitabine, carboplatin, carmustine, casodex, cetuximab, chimax,

chlorambucil, cimetidine, cisplatin, cladribine, clodronate, clofarabine, crisantaspase,
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cyclophosphamide, cyproterone acetate, cyprostat, cytarabine, cytoxan, dacarbozine,
dactinomycin, dasatinib, daunorubicin, dexamethasone, diethylstilbestrol, docetaxel, doxorubicin,
drogenil, emcyt, epirubicin, eposin, Erbitux, erlotinib, estracyte, estramustine, etopophos,
etoposide, evoltra, exemestane, fareston, femara, filgrastim, fludara, fludarabine, fluorouracil,
flutamide, gefinitib, gemcitabine, gemzar, gleevec, glivec. gonapeptyl depot, goserelin, halaven,
herceptin, hycamptin, hydroxycarbamide, ibandronic acid, ibrittmomab, idarubicin, ifosfomide,
interferon, imatinib mesylate, iressa, irinotecan, jevtana, lanvis, lapatinib, letrozole, leukeran,
leuprorelin, leustat, lomustine, mabcampath, mabthera, megace, megestrol, methotrexate,
mitozantrone, mitomycin, mutulane, myleran, navelbine, neulasta, neupogen, nexavar, nipent,
nolvadex D, novantron, oncovin, paclitaxel, pamidronate, PCV, pemetrexed, pentostatin, perjeta,
procarbazine, provenge, prednisolone, prostrap, raltitrexed, rituximab, sprycel, sorafenib,
soltamox, streptozocin, stilboestrol, stimuvax, sunitinib, sutent, tabloid, tagamet, tamofen,
tamoxifen, tarceva, taxol, taxotere, tegafur with uracil, temodal, temozolomide, thalidomide,
thioplex, thiotepa, tioguanine, tomudex, topotecan, toremifene, trastuzumab, tretinoin, treosulfan,
triethylenethiophorsphoramide, triptorelin, tyverb, uftoral, velcade, vepesid, vesanoid, vincristine,
vinorelbine, xalkori, xeloda, yervoy, zactima, zanosar, zavedos, zevelin, zoladex, zoledronate,
zometa zoledronic acid, and zytiga.

[0625] For subjects that express both a mutant form (e.g., a cancer-related form) and a wild-type
form (e.g., a form not associated with cancer) of an mRNA or protein, the therapy preferably
inhibits the expression or activity of the mutant form by at least 2, 5, 10, or 20-fold more than it
inhibits the expression or activity of the wild-type form. The simultaneous or sequential use of
multiple therapeutic agents may greatly reduce the incidence of cancer and reduce the number of
treated cancers that become resistant to therapy. In addition, therapeutic agents that are used as
part of a combination therapy may require a lower dose to treat cancer than the corresponding dose
required when the therapeutic agents are used individually. The low dose of each compound in the
combination therapy reduces the severity of potential adverse side-effects from the compounds.
[0626] In some embodiments, a subject identified as having an increased risk of cancer may
invention or any standard method), avoid specific risk factors, or make lifestyle changes to reduce
any additional risk of cancer.

[0627] In some embodiments, the polymorphisms, mutations, risk factors, or any combination

thereof are used to select a treatment regimen for the subject. In some embodiments, a larger dose
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or greater number of treatments is selected for a subject at greater risk of cancer or with a worse

prognosis.

Other Compounds for Inclusion in Individual or Combination Therapies

[0628] If desired, additional compounds for stabilizing, treating, or preventing a disease or
disorder such as cancer or an increased risk for a disease or disorder such as cancer may be
identified from large libraries of both natural product or synthetic (or semi-synthetic) extracts or
chemical libraries according to methods known in the art. Those skilled in the field or drug
discovery and development will understand that the precise source of test extracts or compounds
is not critical to the methods of the invention. Accordingly, virtually any number of chemical
extracts or compounds can be screened for their effect on cells from a particular type of cancer or
from a particular subject or screened for their effect on the activity or expression of cancer related
molecules (such as cancer related molecules known to have altered activity or expression in a
particular type of cancer). When a crude extract is found to modulate the activity or expression of
a cancer related molecule, further fractionation of the positive lead extract may be performed to

isolate chemical constituent responsible for the observed effect using methods known in the art.

Exemplary Assays and Animal Models for the Testing of Therapies

[0629] If desired, one or more of the treatment disclosed herein can be tested for their effect on a
disease or disorder such as cancer using a cell line (such as a cell line with one or more of the
mutations identified in the subject who has been diagnosed with cancer or an increased risk of
cancer using the methods of the invention) or an animal model of the disease or disorder, such as
a SCID mouse model (Jain er al., Tumor Models In Cancer Research, ed. Teicher, Humana Press
Inc., Totowa, N.J., pp. 647-671, 2001, which is hereby incorporated by reference in its entirety).
Additionally, there are numerous standard assays and animal models that can be used to determine
the efficacy of particular therapies for stabilizing, treating, or preventing a disease or disorder such
as cancer or an increased risk for a disease or disorder such as cancer. Therapies can also be tested
in standard human clinical trials.

[0630] For the selection of a preferred therapy for a particular subject, compounds can be tested
for their effect on the expression or activity on one or more genes that are mutated in the subject.

For example, the ability of a compound to modulate the expression of particular mRNA molecules
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or proteins can be detected using standard Northern, Western, or microarray analysis. In some
embodiments, one or more compounds are selected that (i) inhibit the expression or activity of
mRNA molecules or proteins that promote cancer that are expressed at a higher than normal level
or have a higher than normal level of activity in the subject (such as in a sample from the subject)
or (ii) promote the expression or activity of mRNA molecules or proteins that inhibit cancer that
are expressed at a lower than normal level or have a lower than normal level of activity in the
subject. An individual or combination therapy that (i) modulates the greatest number of mRNA
molecules or proteins that have mutations associated with cancer in the subject and (ii) modulates
the least number of mRNA molecules or proteins that do not have mutations associated with cancer
in the subject. In some embodiments, the selected individual or combination therapy has high drug
efficacy and produces few, if any, adverse side-effects.

[0631] As an alternative to the subject-specific analysis described above, DNA chips can be used
to compare the expression of mRNA molecules in a particular type of early or late-stage cancer
(e.g., breast cancer cells) to the expression in normal tissue (Marrack et al., Current Opinion in
Immunology 12, 206-209, 2000; Harkin, Oncologist. 5:501-507, 2000; Pelizzari et al., Nucleic
Acids Res. 28(22):4577-4581, 2000, which are each hereby incorporated by reference in its
entirety). Based on this analysis, an individual or combination therapy for subjects with this type
of cancer can be selected to modulate the expression of the mRNA or proteins that have altered
expression in this type of cancer.

[0632] In addition to being used to select a therapy for a particular subject or group of subjects,
expression profiling can be used to monitor the changes in mRNA and/or protein expression that
occur during treatment. For example, expression profiling can be used to determine whether the
expression of cancer related genes has returned to normal levels. If not, the dose of one or more
compounds in the therapy can be altered to either increase or decrease the effect of the therapy on
the expression levels of the corresponding cancer related gene(s). In addition, this analysis can be
used to determine whether a therapy affects the expression of other genes (e.g., genes that are
associated with adverse side-effects). If desired, the dose or composition of the therapy can be

altered to prevent or reduce undesired side-effects.

Exemplary Formulations and Methods of Administration
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[0633] For stabilizing, treating, or preventing a disease or disorder such as cancer or an increased
risk for a disease or disorder such as cancer, a composition may be formulated and administered
using any method known to those of skill in the art (see, e.g., U.S. Pat. Nos. 8,389,578 and
8,389,557, which are each hereby incorporated by reference in its entirety). General techniques
for formulation and administration are found in "Remington: The Science and Practice of
Pharmacy,” 21st Edition, Ed. David Troy, 2006, Lippincott Williams & Wilkins, Philadelphia, Pa.,
which is hereby incorporated by reference in its entirety). Liquids, slurries, tablets, capsules, pills,
powders, granules, gels, ointments, suppositories, injections, inhalants, and aerosols are examples
of such formulations. By way of example, modified or extended release oral formulation can be
prepared using additional methods known in the art. For example, a suitable extended release form
of an active ingredient may be a matrix tablet or capsule composition. Suitable matrix forming
materials include, for example, waxes (e.g., carnauba, bees wax, paraffin wax, ceresin, shellac
wax, fatty acids, and fatty alcohols), oils, hardened oils or fats (e.g., hardened rapeseed oil, castor
oil, beef tallow, palm oil, and soya bean oil), and polymers (e.g., hydroxypropyl cellulose,
polyvinylpyrrolidone, hydroxypropyl methyl cellulose, and polyethylene glycol). Other suitable
matrix tableting materials are microcrystalline cellulose, powdered cellulose, hydroxypropyl
cellulose, ethyl cellulose, with other carriers, and fillers. Tablets may also contain granulates,
coated powders, or pellets. Tablets may also be multi-layered. Optionally, the finished tablet may
be coated or uncoated.

[0634] Typical routes of administering such compositions include, without limitation, oral,
sublingual, buccal, topical, transdermal, inhalation, parenteral (e.g., subcutaneous, intravenous,
intramuscular, intrasternal injection, or infusion techniques), rectal, vaginal, and intranasal. In
preferred embodiments, the therapy is administered using an extended release device.
Compositions of the invention are formulated so as to allow the active ingredient(s) contained
therein to be bioavailable upon administration of the composition. Compositions may take the
form of one or more dosage units. Compositions may contain 1, 2, 3, 4, or more active ingredients

and may optionally contain 1, 2, 3, 4, or more inactive ingredients.
Alternate Embodiments

[0635] Any of the methods described herein may include the output of data in a physical format,

such as on a computer screen, or on a paper printout. Any of the methods of the invention may be
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combined with the output of the actionable data in a format that can be acted upon by a physician.
Some of the embodiments described in the document for determining genetic data pertaining to a
target individual may be combined with the notification of a potential chromosomal abnormality
(such as a deletion or duplication), or lack thereof, with a medical professional, optionally
combined with the decision to abort, or to not abort, a fetus in the context of prenatal diagnosis.
Some of the embodiments described herein may be combined with the output of the actionable
data, and the execution of a clinical decision that results in a clinical treatment, or the execution of
a clinical decision to make no action.

[0636] In some embodiments, a method is disclosed herein for generating a report disclosing a
result of any method of the invention (such as the presence or absence of a deletion or duplication).
A report may be generated with a result from a method of the invention, and it may be sent to a
physician electronically, displayed on an output device (such as a digital report), or a written report
(such as a printed hard copy of the report) may be delivered to the physician. In addition, the
described methods may be combined with the actual execution of a clinical decision that results in
a clinical treatment, or the execution of a clinical decision to make no action.

[0637] In certain embodiments, the present invention provides reagents, kits, and methods, and
computer systems and computer media with encoded instructions for performing such methods,
for detecting both CNVs and SNVs from the same sample using the multiplex PCR methods
disclosed herein. In certain preferred embodiments the sample is a single cell sample or a plasma
sample suspected of containing circulating tumor DNA. These embodiments take advantage of the
discovery that by interrogating DNA samples from single cells or plasma for CNVs and SNVs
using the highly sensitive multiplex PCR methods disclosed herein, improved cancer detection can
be achieved, versus interrogating for either CNVs or SN'Vs alone, especially for cancers exhibiting
CNV such as breast, ovarian, and lung cancer. The methods in certain illustrative embodiments
for analyzing CNVs interrogate for between 50 and 100,000 or 50 and 10,000, or 50 and 1,000
SNPs and for SNVs interrogate for between 50 and 1000 SNVs or for between 50 and 500 SNV
or for between 50 and 250 SNVs. The methods provided herein for detecting CNVs and/or SNVs
in plasma of subjects suspected of having cancer, including for example, cancers known to exhibit
CNVs and SNVs, such as breast, lung, and ovarian cancer, provide the advantage of detecting
CNVs and/or SNVs from tumors that often are composed of heterogeneous cancer cell populations

in terms of genetic compositions. Thus, traditional methods, which focus on analyzing only certain
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regions of the tumors can often miss CNVs or SNVs that are present in cells in other regions of
the tumor. The plasma samples act as liquid biopsies that can be interrogated to detect any of the

CNVs and/or SNVs that are present in only subpopulations of tumor cells.

Example Computer Architecture

[0638] FIG. 69 shows an example system architecture X00 useful for performing embodiments of
the present invention. System architecture X00 includes an analysis platform X08 connected to
one or more laboratory information systems ("LISs") X04. As shown in FIG. 69, analysis platform
X08 may be connected to LIS X04 over a network X02. Network X02 may include one or more
networks of one or more network types, including any combination of LAN, WAN, the Internet,
etc. Network X02 may encompass connections between any or all components in system
architecture X00. Analysis platform X08 may alternatively or additionally be connected directly
to LIS X06. In an embodiment, analysis platform X08 analyzes genetic data provided by LIS X04
in a software-as-a-service model, where LIS X04 is a third-party LIS, while analysis platform X08
analyzes genetic data provided by LIS X06 in a full-service or in-house model, where LIS X06
and analysis platform X08 are controlled by the same party. In an embodiment where analysis
platform X08 is providing information over network X02, analysis platform X08 may be a server.
[0639] In an example embodiment, laboratory information system X04 includes one or more
public or private institutions that collect, manage, and/or store genetic data. A person having skill
in the relevant art(s) would understand that methods and standards for securing genetic data are
known and can be implemented using various information security techniques and policies, e.g.,
username/password, Transport Layer Security (TLS), Secure Sockets Layer (SSL), and/or other
cryptographic protocols providing communication security.

[0640] In an example embodiment, system architecture X00 operates as a service-oriented
architecture and uses a client-server model that would be understood by one of skill in the relevant
art(s) to enable various forms of interaction and communication between LIS X04 and analysis
platform X08. System architecture X00 may be distributed over various types of networks X02
and/or may operate as cloud computing architecture. Cloud computing architecture may include
any type of distributed network architecture. By way of example and not of limitation, cloud
computing architecture is useful for providing software as a service (SaaS), infrastructure as a

service (IaaS), platform as a service (PaaS), network as a service (NaaS), data as a service (DaaS),
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database as a service (DBaaS), backend as a service (BaaS), test environment as a service (TEaaS),
API as a service (APIaaS), integration platform as a service (IPaaS) etc.

[0641] In an example embodiment, LISs X04 and X06 each include a computer, device, interface,
etc. or any sub-system thereof. LISs X04 and X06 may include an operating system (OS),
applications installed to perform various functions such as, for example, access to and/or
navigation of data made accessible locally, in memory, and/or over network X02. In an
embodiment, LIS X04 accesses analysis platform XO08 through an application programming
interface ("API"). LIS X04 may also include one or more native applications that may operate
independently of an APIL

[0642] In an example embodiment, analysis platform X08 includes one or more of an input
processor X12, a hypothesis manager X14, a modeler X16, an error correction unit X18, a machine
learning unit X20, and an output processor X 18. Input processor X12 receives and processes inputs
from LISs X04 and/or X06. Processing may include but is not limited to operations such as parsing,
transcoding, translating, adapting, or otherwise handling any input received from LISs X04 and/or
X06. Inputs may be received via one or more streams, feeds, databases, or other sources of data,
such as may be made accessible by LISs X04 and X06. Data errors may be corrected by error
correction unit X 18 through performance of the error correction mechanisms described above.
[0643] In an example embodiment, hypothesis manager X14 is configured to receive the inputs
passed from input processor X12 in a form ready to be processed in accordance with hypotheses
for genetic analysis that are represented as models and/or algorithms. Such models and/or
algorithms may be used by modeler X16 to generate probabilities, for example, based on dynamic,
real-time, and/or historical statistics or other indicators. Data used to derive and populate such
strategy models and/or algorithms are available to hypothesis manager X14 via, for example,
genetic data source X10. Genetic data source X10 may include, for example, a nucleic acid
sequencer. Hypothesis manager X14 may be configured to formulate hypotheses based on, for
example, the variables required to populate its models and/or algorithms. Models and/or
algorithms, once populated, may be used by modeler X16 to generate one or more hypotheses as
described above. Hypothesis manager X14 may select a particular value, range of values, or
estimate based on a most-likely hypothesis as an output as described above. Modeler X16 may
operate in accordance with models and/or algorithms trained by machine learning unit X20. For

example, machine learning unit X20 may develop such models and/or algorithms by applying a
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classification algorithm as described above to a training set database (not shown). In certain
embodiments, the machine learning unit analyzes one or more control samples to generate training
data sets useful in SNV detections methods provided herein.

[0644] Once hypothesis manager X14 has identified a particular output, such output may be
returned to the particular LIS 104 or 106 requesting the information by output processor X22.
[0645] Various aspects of the disclosure can be implemented on a computing device by software,
firmware, hardware, or a combination thereof. FIG. 70 illustrates an example computer system
Y00 in which the contemplated embodiments, or portions thereof, can be implemented as
computer-readable code. Various embodiments are described in terms of this example computer
system YOO.

[0646] Processing tasks in the embodiment of FIG. 70 are carried out by one or more processors
YO02. However, it should be noted that various types of processing technology may be used here,
including programmable logic arrays (PLAs), application-specific integrated circuits (ASICs),
multi-core processors, multiple processors, or distributed processors. Additional specialized
processing resources such as graphics, multimedia, or mathematical processing capabilitics may
also be used to aid in certain processing tasks. These processing resources may be hardware,
software, or an appropriate combination thereof. For example, one or more of processors Y02 may
be a graphics-processing unit (GPU). In an embodiment, a GPU is a processor that is a specialized
electronic circuit designed to rapidly process mathematically intensive applications on electronic
devices. The GPU may have a highly parallel structure that is efficient for parallel processing of
large blocks of data, such as mathematically intensive data. Alternatively or in addition, one or
more of processors Y02 may be a special parallel processing without the graphics optimization,
such parallel processors performing the mathematically intensive functions described herein. One
or more of processors Y02 may include a processing accelerator (e.g., DSP or other special-
purpose processor).

[0647] Computer system YOO also includes a main memory Y30, and may also include a
secondary memory Y40. Main memory Y30 may be a volatile memory or non-volatile memory,
and divided into channels. Secondary memory Y40 may include, for example, non-volatile
memory such as a hard disk drive Y50, a removable storage drive Y60, and/or a memory stick.
Removable storage drive Y60 may comprise a floppy disk drive, a magnetic tape drive, an optical

disk drive, a flash memory, or the like. The removable storage drive Y60 reads from and/or writes
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to a removable storage unit 470 in a well-known manner. Removable storage unit Y70 may
comprise a floppy disk, magnetic tape, optical disk, etc. which is read by and written to by
removable storage drive Y60. As will be appreciated by persons skilled in the relevant art(s),
removable storage unit Y70 includes a computer usable storage medium having stored therein
computer software and/or data.

[0648] In alternative implementations, secondary memory Y40 may include other similar means
for allowing computer programs or other instructions to be loaded into computer system Y00. Such
means may include, for example, a removable storage unit Y70 and an interface (not shown).
Examples of such means may include a program cartridge and cartridge interface (such as that
found in video game devices), a removable memory chip (such as an EPROM, or PROM) and
associated socket, and other removable storage units Y70 and interfaces which allow software and
data to be transferred from the removable storage unit Y70 to computer system Y00.

[0649] Computer system Y00 may also include a memory controller Y75. Memory controller Y75
controls data access to main memory Y30 and secondary memory Y40. In some embodiments,
memory controller Y75 may be external to processor Y10, as shown in FIG. 70. In other
embodiments, memory controller Y75 may also be directly part of processor Y10. For example,
many AMDTM and IntelTM processors use integrated memory controllers that are part of the
same chip as processor Y 10 (not shown in FIG. 70).

[0650] Computer system Y00 may also include a communications and network interface Y80.
Communication and network interface Y80 allows software and data to be transferred between
computer system Y00 and external devices. Communications and network interface Y80 may
include a modem, a communications port, a PCMCIA slot and card, or the like. Software and data
transferred via communications and network interface Y80 are in the form of signals which may
be electronic, electromagnetic, optical, or other signals capable of being received by
communication and network interface Y80. These signals are provided to communication and
network interface Y80 via a communication path Y85. Communication path Y85 carries signals
and may be implemented using wire or cable, fiber optics, a phone line, a cellular phone link, an
RF link or other communications channels.

[0651] The communication and network interface Y80 allows the computer system YOO to

communicate over communication networks or mediums such as LANs, WANSs the Internet, etc.
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The communication and network interface Y80 may interface with remote sites or networks via
wired or wireless connections.

9% <6

[0652] In this document, the terms “computer program medium,” “computer-usable medium” and
“non-transitory medium” are used to generally refer to tangible media such as removable storage
unit Y70, removable storage drive Y60, and a hard disk installed in hard disk drive Y50. Signals
carried over communication path Y85 can also embody the logic described herein. Computer
program medium and computer usable medium can also refer to memories, such as main memory
Y30 and secondary memory Y40, which can be memory semiconductors (e.g. DRAMs, etc.).
These computer program products are means for providing software to computer system YO00.
[0653] Computer programs (also called computer control logic) are stored in main memory Y30
and/or secondary memory Y40. Computer programs may also be received via communication and
network interface Y80. Such computer programs, when executed, enable computer system YOO to
implement embodiments as discussed herein. In particular, the computer programs, when
executed, enable processor Y 10 to implement the disclosed processes. Accordingly, such computer
programs represent controllers of the computer system Y00. Where the embodiments are
implemented using software, the software may be stored in a computer program product and
loaded into computer system YOO using removable storage drive Y60, interfaces, hard drive Y50
or communication and network interface Y80, for example.

[0654] The computer system YOO may also include input/output/display devices Y90, such as
keyboards, monitors, pointing devices, touchscreens, etc.

[0655] It should be noted that the simulation, synthesis and/or manufacture of various
embodiments may be accomplished, in part, through the use of computer readable code, including
general programming languages (such as C or C++), hardware description languages (HDL) such
as, for example, Verilog HDL, VHDL, Altera HDL (AHDL), or other available programming
tools. This computer readable code can be disposed in any known computer-usable medium
including a semiconductor, magnetic disk, optical disk (such as CD-ROM, DVD-ROM). As such,
the code can be transmitted over communication networks including the Internet.

[0656] The embodiments are also directed to computer program products comprising software
stored on any computer-usable medium. Such software, when executed in one or more data
processing devices, causes a data processing device(s) to operate as described herein.

Embodiments employ any computer-usable or -readable medium, and any computer-usable or —
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readable storage medium known now or in the future. Examples of computer-usable or computer-
readable mediums include, but are not limited to, primary storage devices (e.g., any type of random
access memory), secondary storage devices (e.g., hard drives, floppy disks, CD ROMS, ZIP disks,
tapes, magnetic storage devices, optical storage devices, MEMS, nano-technological storage
devices, etc.), and communication mediums (e.g., wired and wireless communications networks,
local area networks, wide area networks, intranets, etc.). Computer-usable or computer-readable
mediums can include any form of transitory (which include signals) or non-transitory media
(which exclude signals). Non-transitory media comprise, by way of non-limiting example, the
aforementioned physical storage devices (e.g., primary and secondary storage devices).

[0657] It will be understood that any of the embodiments disclosed herein can be used in

combination with any other embodiment disclosed herein.

Experimental Section

[0658] The presently disclosed embodiments are described in the following Examples, which are
set forth to aid in the understanding of the disclosure, and should not be construed to limit in any
way the scope of the disclosure as defined in the claims which follow thereafter. The following
examples are put forth so as to provide those of ordinary skill in the art with a complete disclosure
and description of how to use the described embodiments, and is not intended to limit the scope of
the disclosure nor is it intended to represent that the experiments below are all or the only
experiments performed. Efforts have been made to ensure accuracy with respect to numbers used
(e.g., amounts, temperature, efc.) but some experimental errors and deviations should be accounted
for. Unless indicated otherwise, parts are parts by volume, and temperature is in degrees
Centigrade. It should be understood that variations in the methods as described may be made

without changing the fundamental aspects that the experiments are meant to illustrate.

Example 1

[0659] Exemplary sample preparation and amplification methods are described in US Application
No. 13/683,604, filed Nov. 21, 2012; U.S. Publication No. 2013/0123120, and U.S. Serial No.
61/994,791, filed May 16, 2014, which is hereby incorporated by reference in its entirety. These

methods can be used for analysis of any of the samples disclosed herein.
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[0660] In one experiment, plasma samples were prepared and amplified using a hemi-nested
19,488-plex protocol. The samples were prepared in the following way: up to 20 mL of blood were
centrifuged to isolate the buffy coat and the plasma. The genomic DNA in the blood sample was
prepared from the buffy coat. Genomic DNA can also be prepared from a saliva sample. Cell-free
DNA in the plasma was isolated using the QIAGEN CIRCULATING NUCLEIC ACID kit and
eluted in 50 uL TE buffer according to manufacturer’s instructions. Universal ligation adapters
were appended to the end of each molecule of 40 uL of purified plasma DNA and libraries were
amplified for 9 cycles using adaptor specific primers. Libraries were purified with AGENCOURT
AMPURE beads and eluted in 50 ul DNA suspension buffer.

[0661] 6 ul of the DNA was amplified with 15 cycles of STAR 1 (95°C for 10 min for initial
polymerase activation, then 15 cycles of 96°C for 30s; 65°C for 1 min; 58°C for 6 min; 60°C for 8
min; 65°C for 4 min and 72°C for 30s; and a final extension at 72°C for 2 min) using 7.5 nM primer
concentration of 19,488 target-specific tagged reverse primers and one library adaptor specific
forward primer at 500 nM.

[0662] The hemi-nested PCR protocol involved a second amplification of a dilution of the STAR
1 product for 15 cycles (STAR 2) (95°C for 10 min for initial polymerase activation, then 15 cycles
of 95°C for 30s; 65°C for 1 min; 60°C for 5 min; 65°C for 5 min and 72°C for 30s; and a final
extension at 72°C for 2 min) using reverse tag concentration of 1000 nM, and a concentration of
20 nM for each of 19,488 target-specific forward primers.

[0663] An aliquot of the STAR 2 products was then amplified by standard PCR for 12 cycles with
1 uM of tag-specific forward and barcoded reverse primers to generate barcoded sequencing
libraries. An aliquot of each library was mixed with libraries of different barcodes and purified
using a spin column.

[0664] In this way, 19,488 primers were used in the single-well reactions; the primers were
designed to target SNPs found on chromosomes 1, 2, 13, 18, 21, X and Y. The amplicons were
then sequenced using an ILLUMINA GAIIX sequencer. If desired, the number of sequencing
reads can be increased to increase the number of targeted SNPs that are amplified and sequenced.
[0665] Relevant genomic DNA samples amplified using a semi-nested 19,488 outer forward
primers and tagged reverse primers at 7.5 nM in the STAR 1. Thermocycling conditions and

composition of STAR 2, and the barcoding PCR were the same as for the hemi-nested protocol.
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Example 2
[0666] Exemplary primer selection methods are described in US Application No. 13/683,604, filed

Nov. 21, 2012 (U.S. Publication No. 2013/0123120) and U.S. Serial No. 61/994,791, filed May
16, 2014, which is hereby incorporated by reference in its entirety). These methods can be used
for analysis of any of the samples disclosed herein.

[0667] The following experiment illustrates an exemplary method for designing and selecting a
library of primers that can be used in any of the multiplexed PCR methods of the invention. The
goal is to select primers from an initial library of candidate primers that can be used to
simultaneously amplify a large number of target loci (or a subset of target loci) in a single reaction
volume. For an initial set of candidate target loci, primers did not have to be designed or selected
for each target locus. Preferably, primers are designed and selected for a large portion of the most

desirable target loci.

Step 1

[0668] A set of candidate target loci (such as SNPs) were selected based on publicly available
information about desired parameters for the target loci, such as frequency of the SNPs within a
target population or heterozygosity rate of the SNPs (worldwide web at
ncbi.nlm.nih.gov/projects/SNP/; Sherry ST, Ward MH, Kholodov M, et al. dbSNP: the NCBI
database of genetic variation. Nucleic Acids Res. 2001 Jan 1;29(1):308-11, which are each
incorporated by reference in its entirety). For each candidate locus, one or more PCR primer pairs
were designed using the Primer3 program (the worldwide web at primer3.sourceforge.net;
libprimer3 release 2.2.3, which is hereby incorporated by reference in its entirety). If there were
no feasible designs for PCR primers for a particular target locus, then that target locus was
eliminated from further consideration.

[0669] If desired, a “target locus score” (higher score representing higher desirability) can be
calculated for most or all of the target loci, such as a target locus score calculated based on a
weighted average of various desired parameters for the target loci. The parameters may be
assigned different weights based on their importance for the particular application that the primers
will be used for. Exemplary parameters include the heterozygosity rate of the target locus, the
disease prevalence associated with a sequence (e.g., a polymorphism) at the target locus, the

disease penetrance associated with a sequence (e.g., a polymorphism) at the target locus, the
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specificity of the candidate primer(s) used to amplify the target locus, the size of the candidate
primer(s) used to amply the target locus, and the size of the target amplicon. In some embodiments,
the specificity of the candidate primer for the target locus includes the likelihood that the candidate
primer will mis-prime by binding and amplifying a locus other than the target locus it was designed
to amplify. In some embodiments, one or more or all the candidate primers that mis-prime are

removed from the library.

Step 2

[0670] A thermodynamic interaction score was calculated between each primer and all primers for
all other target loci from Step 1 (see, e.g., Allawi, H. T. & Santalucia, J., Jr. (1998),
"Thermodynamics of Internal C-T Mismatches in DNA", Nucleic Acids Res. 26, 2694-2701;
Peyret, N., Seneviratne, P. A., Allawi, H. T. & Santalucia, J., Jr. (1999), "Nearest-Neighbor
Thermodynamics and NMR of DNA Sequences with Internal A-A, C-C, G-G, and T-T
Mismatches", Biochemistry 38, 3468-3477; Allawi, H. T. & Santal.ucia, J., Jr. (1998), "Nearest-
Neighbor Thermodynamics of Internal A-C Mismatches in DNA: Sequence Dependence and pH
Effects", Biochemistry 37, 9435-9444.; Allawi, H. T. & SantaLucia, J., Jr. (1998), "Nearest
Neighbor Thermodynamic Parameters for Internal G-A Mismatches in DNA", Biochemistry 37,
2170-2179; and Allawi, H. T. & Santalucia, J., Jr. (1997), "Thermodynamics and NMR of Internal
G-T Mismatches in DNA", Biochemistry 36, 10581-10594; MultiPLX 2.1 (Kaplinski L., Andreson
R, Puurand T, Remm M. MultiPLX: automatic grouping and evaluation of PCR primers.
Bioinformatics. 2005 Apr 15;21(8):1701-2, which are each hereby incorporated by reference in its
entirety). This step resulted in a 2D matrix of interaction scores. The interaction score predicted
the likelihood of primer-dimers involving the two interacting primers. The score was calculated

as follows:

interaction_score = max(- deltaG_2, 0.8 * (- deltaG_1))

where
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deltaG_2 = Gibbs energy (energy required to break the dimer) for a dimer that is extensible

by PCR on both ends, i.e., the 3* end of each primer anneals to the other primer; and

deltaG_1 = Gibbs energy for a dimer that is extensible by PCR on at least one end.

Step 3:

[0671] For each target locus, if there was more than one primer-pair design, then one design was
selected using the following method:

1 For each primer-pair design for the locus, find the worst-case (highest) interaction score

for the two primers in that design and all primers from all designs for all other target loci.

2 Pick the design with the best (lowest) worst-case interaction score.

Step 4

[0672] A graph was built such that each node represented one locus and its associated primer-pair
design (e.g., a Maximal Clique problem). One edge was created between every pair of nodes. A
weight was assigned to each edge equal to the worst-case (highest) interaction score between the

primers associated with the two nodes connected by the edge.

Step 5

[0673] If desired, for every pair of designs for two different target loci where one of the primers
from one design and one of the primers from the other design would anneal to overlapping target
regions, an additional edge was added between the nodes for the two design. The weight of these
edges was set equal to the highest weight assigned in Step 4. Thus, Step 5 prevents the library
from having primers that would anneal to overlapping target regions, and thus interfere with each

other during a multiplex PCR reaction.

Step 6
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[0674] An initial interaction score threshold was calculated as follows:

weight_threshold = max(edge_weight) - 0.05 * (max(edge_weight) - min(edge_weight))
where
max(edge_weight) is the maximum edge weight in the graph; and
min(edge_weight) is the minimum edge weight in the graph.
The initial bounds for the threshold were set as follows:
max_weight_threshold = max(edge_weight)

min_weight_threshold = min(edge_weight)

Step 7

[0675] A new graph was constructed consisting of the same set of nodes as the graph from Step 5,
only including edges with weights that exceed weight_threshold. Thus, step ignores interactions

with scores equal to or below weight_threshold.

Step 8

[0676] Nodes (and all of the edges connected to the removed nodes) were removed from the graph
of Step 7 until there were no edges left. Nodes were removed by applying the following procedure
repeatedly:
1 Find the node with the highest degree (highest number of edges). If there is more than one
then pick one arbitrarily.
2 Define the set of nodes consisting of the node picked above and all of the nodes connected

to it, but excluding any nodes that have degree less than the node picked above.
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3 Choose the node from the set that has the lowest target locus score (lower score

representing lower desirability) from Step 1. Remove that node from the graph.

Step 9

[0677] If the number of nodes remaining in the graph satisfies the required number of target loci
for the multiplexed PCR pool (within an acceptable tolerance), then the method was continued at
Step 10.

[0678] If there were too many or too few nodes remaining in the graph, then a binary search was
performed to determine what threshold values would result in the desired number of nodes
remaining in the graphs. If there were too many nodes in the graph then, the weight threshold
bounds were adjusted as follows:

max_weight_threshold = weight_threshold

Otherwise (if there are two few nodes in the graph), then the weight threshold bounds were

adjusted as follows:
min_weight_threshold = weight_threshold
Then, the weight threshold was adjusted follows:
weight_threshold = (max_weight_threshold + min_weight_threshold) /2

Steps 7-9 were repeated.

Step 10

[0679] The primer-pair designs associated with the nodes remaining in the graph were selected for
the library of primers. This primer library can be used in any of the methods of the invention.

[0680] If desired, this method of designing and selecting primers can be performed for primer
libraries in which only one primer (instead of a primer pair) is used for amplification of a target

locus. In this case, a node presents one primer per target locus (rather than a primer pair).
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Example 3

[0681] If desired, methods of the invention can be tested to evaluate their ability to detect a
deletion or duplication of a chromosome or chromosome segment. The following experiment was
performed to demonstrate the detection of an overrepresentation of the X chromosome or a
segment from the X chromosome inherited from the father compared to the X chromosome or X
chromosome segment from the mother. This assay is designed to mimic a deletion or duplication
of a chromosome or chromosome segment. Different amounts of DNA from a father (with XY
sex chromosomes) were mixed with DNA from a daughter (with XX sex chromosomes) of the
father for analysis of the extra amount of X chromosome from the father (FIGS. 19A-19D).
[0682] DNA from father and daughter cells lines was extracted and quantified using Qubit. Father
cell line AG16782, cAG16782-2-F and daughter cell line AG16777, cAG16777-2-P were used.
To determine the father’s haplotype for the X chromosome, SNPs were detected that are present
on the X chromosome but not on the Y chromosome, so there would be a signal from the father’s
X chromosome but not Y chromosome. The daughter inherited this haplotype from the father.
The haplotype from the other X chromosome in the daughter was inherited from her mother. This
haplotype from the mother can be determined by assigning the SNPs in the DNA from the daughter
cell line that were not inherited from the father to the haplotype from the mother.

[0683] To determine whether an overrepresentation of the X chromosome from the father could
be detected, different amounts DNA from the father cell line were mixed with DNA from the
daughter cell line. The total DNA input was approximately 75 ng (~25k copies) of genomic DNA.
Approximately 3,456 SNPs were amplified using direct multiplex PCR for X and Y chromosome
assays. The amplified products were sequenced using 50 bp single run sequencing with 7 bp
barcodes using the Rapid/HT mode. The number of reads was approximately 10K per SNP.
[0684] As shown in FIGs. 19A-19D, mosaicism from the father’s DNA could be detected. These
figures indicate that chromosomes segments or entire chromosomes that are overrepresented can
be detected.

[0685] All patents, patent applications, and published references cited herein are hereby
incorporated by reference in their entirety. While the methods of the present disclosure have been
described in connection with the specific embodiments thereof, it will be understood that it is
capable of further modification. Furthermore, this application is intended to cover any variations,

uses, or adaptations of the methods of the present disclosure, including such departures from the
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present disclosure as come within known or customary practice in the art to which the methods of
the present disclosure pertain, and as fall within the scope of the appended claims. Any of the
embodiments of the invention can be performed by analyzing the DNA and/or RNA in a sample.
For example, any of the methods disclosed herein for DNA can be readily adapted for RNA, for

example, by including a reverse transcription step to convert the RNA into DNA.

Example 4

[0686] This example describes an exemplary method for non-invasive cell-free tumor DNA-
based detection of breast cancer-related copy number variations. Breast cancer screening involves
mammography, which results in a high false positive rate and misses some cancers. Analysis of
tumor-derived circulating cell-free DNA (ctDNA) for cancer-associated CNVs may allow for
earlier, safer, and more accurate screening. A SNP-based massively multiplex PCR (mmPCR)
approach was used to screen for CNVs in ctDNA isolated from the plasma of breast cancer
patients. The mmPCR assay was designed to target 3,168 SNPs on chromosomes 1, 2, and 22,
which often have CNVs in cancer (e.g., 49% of breast cancer samples have a 22q deletion). Six
plasma samples from breast cancer patients - one stage Ila, four stage IIb, and one stage IIIb —
were analyzed. Each sample had CNVs on one or more of the targeted chromosomes. The assay
identified CNVs in all six plasma samples, including in one stage IIb sample that was correctly
called at a ctDNA fraction of 0.58% (FIGs. 30, 31B, 32A, 32B, and 33); detection only required
86 heterozygous SNPs. A stage IIa sample was also corrected called at a ctDNA fraction of 4.33%
using approximately 636 heterozygous SNPs (FIGs. 29, 31A, and 32A). This demonstrates that
focal or whole chromosome arm CNVs, both common in cancer, can be readily detected.

[0687] To further evaluate sensitivity, 22 artificial mixtures containing a 3Mb 22q CNV from a
cancer cell line were mixed with DNA from a normal cell line (5:95) to simulate a ctDNA fraction
of between 0.43% and 7.35% (FIGs. 28A-28C). The method correctly detected CNVs in 100% of
these samples. Thus, artificial cfDNA polynucleotide standards/controls can be made by spiking
isolated polynucleotide samples that include fragmented polynucleotide mixtures generated by
non-cfDNA sources known to exhibit CNV, such as tumor cell lines, into other DNA samples at
concentrations similar to those observed for cfDNA in vivo, such as between, for example, 0.01%
and 20%, 0.1 and 15%, or .4 and 10% of DNA in that fluid. These standards/controls can be used

as controls for assay design, characterization, development, and/or validation, and as quality
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control standards during testing, such as cancer testing performed in a CLIA lab and/or as standards
included in research use only or diagnostic test kits. Significantly, in numerous cancers - including
breast and ovarian - CNVs are more prevalent relative to point mutations. Together, this supports
that this SNP-based mmPCR approach offers a cost-effective, non- invasive method for detecting

these cancers.

Example 5

[0688] This example describes an exemplary method for detection of copy number variations in
breast cancer samples using SNP-targeted massively multiplexed PCR. Evaluation of CNV in
tumor tissues typically involves SNP microarray or aCGH. These methods have high whole-
genome resolution, but require large amounts of input material, have high fixed costs, and do not
work well on formaldehyde fixed-paraffin embedded (FFPE) samples. For this example, 28,000-
plex SNP-targeted PCR with next generation sequencing (NGS) was used to target 1p, 1q, 2p, 2q,
4ple6, 5pl5, 7ql1, 15q, 17p, 22ql1, 22q13 and chromosomes 13, 18, 21 and X for detection of
CNVs in breast cancer samples. Accuracy was validated on 96 samples with aneuploidies or
microdeletions. Single-molecule sensitivity was established by analyzing single cells. Of 17
breast cancer samples (15 fresh frozen and 2 FFPE tumor tissues, 5 pairs of matched tumor and
normal cell lines) analyzed, 16 (including both FFPEs) were observed with full or partial CNVs in
one to 15 targets (average: 7.8); evidence of tumor heterogeneity was observed. The three tissues
with one CNV all had a 1q duplication, the most frequent cytogenetic abnormality in breast
carcinoma. The most frequent regions with CNVs were 1q, 7p, and 22q1. Only one tumor tissue
(with 9 CNVs) had a region with LOH; this LOH was also detected in adjacent putatively normal
tissue that lacked the other 8 CN'Vs. By contrast, 5 or more regions with LOH and a high total
CNV incidence (average: 12.8) was detected in cell lines. Thus, massively multiplexed PCR offers
an economical high-throughput approach to investigate CNVs in a targeted manner, and is

applicable to difficult-to-analyze samples, such as FFPE tissues.

Example 6

[0689] This example illustrates exemplary methods for calculating the limit of detection for any
of the methods of the invention. These methods were used to calculate the limit of detection for

single nucleotide variants (SNVs) in a tumor biopsy (FIG. 34) and a plasma sample (FIG. 35).
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[0690] The first method (denoted “LOD-mr5” in FIGs. 34 and 35) calculates the limit of
detection based on a minimum of 5 reads being chosen as the minimum number of times a SNV
is observed in the sequencing data to have sufficient confidence the SNV is actually present. The
limit of detection is based on whether the observed the depth of read (DOR) is above this minimum
of 5. The gray lines in FIGs. 34 and 35 indicate SNVs for which the limit of detection is limited
by the DOR. In these cases, not enough reads were measured to reach the error limit of the assay.
If desired, the limit of detection can be improved (resulting in a lower numerical value) for these
SNVs by increasing the DOR.

[0691] The second method (denoted “LOD-zs5.0” in FIGs. 34 and 35) calculates the limit of
detection based on the z-score. The Z-score is the number of standard deviations an observed error
percentage is away from the background mean error. If desired, outliers can be removed and the
z-score can be recalculated and this process can be repeated. The final weighted mean and the
standard deviation of the error rate are used to calculate the z-score. The mean is weighted by the
DOR since the accuracy is higher when the DOR 1is higher.

[0692] For the exemplary z-score calculation used for this example, the background mean error
and standard deviation were calculated from all the other samples of the same sequencing run
weighted by their depth of read, for each genomic locus and substitution type. Samples were not
considered in the background distribution if they were 5 standard deviations away from the
background mean. The orange lines in FIGs. 34 and 35 indicate SNVs for which the limit of
detection is limited by the error rate. For these SNV’s enough reads were taken to reach the 5 read
minimum, and the limit of detection was limited by the error rate. If desired, the limit of detection
can be improved by optimizing the assay to reduce the error rate.

[0693] The third method (denoted “LOD-zs5.0-mr5” in FIGs. 34 and 35) calculates the limit of
detection based on the maximum value of the above two metrics.

[0694] For the analysis of a tumor sample shown in FIG. 34, the mean limit of detection was
0.36%, and the median limit of detection was 0.28%. The number of DOR limited (gray lines)
SNVs was 934. The number of error rate limited (orange lines) SNVs was 738.

[0695] For the analysis of cDNA in a plasma sample shown in FIG. 35, the mean limit of
detection was 0.24%, and the median limit of detection was 0.09%. The number of DOR limited

(gray lines) SNVs was 732. The number of error rate limited (orange lines) SNVs was 921.
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Example 7
[0696] This example illustrates the detection of CNVs and SNVs from the same single cell. The

following primer libraries were used: a library of ~28,000 primers for detecting CNVs, a library
of ~3,000 primers for detecting CNVs, and library of primers for detecting SNVs. For analysis of
a single cell, cells were serial diluted until there were 3 or 4 cells per droplet. An individual cell
was pipetted and placed into a PCR tube. The cell was lysed using Protease K, salt, and DTT using
the following conditions: 56°C for 20 minutes, 95°C for 10 minutes, and then a 4°C hold. For
analysis of genomic DNA, DNA from the same cell line as the analyzed single cell was either
purchased or obtained by growing the cells and extracting the DNA.

[0697] Foramplification with the library of ~28,000 primers, the following PCR conditions were
used: a 40uL reaction volume, 7.5nM of each primer, and 2x master mix (MM). In some
embodiments QIAGEN Multiplex PCR Kit is used for the master mix (QIAGEN catalog No.
206143;  see, e.g., information available at the world wide web at
giagen.com/products/catalog/assay-technologies/end-point-pcr-and-rt-per-reagents/qiagen-
multiplex-pcr-kit, is which is hereby incorporated by reference in its entirety). The kit includes 2x
QIAGEN Multiplex PCR Master Mix (providing a final concentration of 3 mM MgClz, 3 x 0.85
ml), 5x Q-Solution (1 x 2.0 ml), and RNase-Free Water (2 x 1.7 ml). The QIAGEN Multiplex
PCR Master Mix (MM) contains a combination of KCl and (NH4)2SO4 as well as the PCR additive,
Factor MP, which increases the local concentration of primers at the template. Factor MP
stabilizes specifically bound primers, allowing efficient primer extension by, e.g., HotStarTaq
DNA Polymerase. HotStarTaq DNA Polymerase is a modified form of 7aqg DNA polymerase and
has no polymerase activity at ambient temperatures. The following thermocycling conditions were
used for the first round of PCR: 95°C for 10 minutes; 25 cycles of 96°C for 30 seconds, 65°C for
29 minutes, and 72°C for 30 seconds; and then 72°C for 2 minutes, and a 4°C hold. For the second
round of PCR a 10ul reaction volume, 1XMM, and 5nM of each primer was used. The following
thermocycling conditions were used: 95°C for 15 minutes; 25 cycles of 94°C for 30 seconds, 65°C
for 1 minute, 60°C for 5 minutes, 65°C for 5 minutes, and 72°C for 30 seconds; and then 72°C for
2 minutes, and a 4°C hold.

[0698] For the library of ~3,000 primers, exemplary reaction conditions include a 10ul reaction
volume, 2x MM, 70mM TMAC, and 2nM primer of each primer. For the library of primers for

detecting SNVs, exemplary reaction conditions include a 10ul reaction volume, 2x MM, 4mM
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EDTA, and 7.5nM primer of each primer. Exemplary thermocycling conditions include 95°C for
15 minutes, 20 cycles of 94°C for 30 seconds, 65°C for 15 minutes, and 72°C for 30 seconds; and
then 72°C for 2 minutes, and a 4°C hold.

[0699] The amplified products were barcoded. One run of sequencing was performed with an
approximately equal number of reads per sample.

[0700] FIGs. 36A and 36B show results from analysis of genomic DNA (FIG. 36A) or DNA
from a single cell (FIG. 36B) using a library of approximately 28,000 primers designed to detect
CNVs. Approximately 4 million reads were measured per sample. The presence of two central
bands instead of one central band indicates the presence of a CNV. For three samples of DNA
from a single cell, the percent of mapped reads was 89.9%, 94.0%, and 93.4%, respectively. For
two samples of genomic DNA the percent of mapped reads was 99.1% for each sample.

[0701] FIGs. 37A and 37B show results from analysis of genomic DNA (FIG. 37A) or DNA
from a single cell (FIG. 37B) using a library of approximately 3,000 primers designed to detect
CNVs. Approximately 1.2 million reads were measured per sample. The presence of two central
bands instead of one central band indicates the presence of a CNV. For three samples of DNA
from a single cell, the percent of mapped reads was 98.2%, 98.2%, and 97.9%, respectively. For
two samples of genomic DNA the percent of mapped reads was 98.8% for each sample. FIG. 38
illustrates the uniformity in DOR for these ~3,000 loci.

[0702] For calling SNVs, the call percent for true positive mutations was similar for DNA from
a single cell and genomic DNA. A graph of call percent for true positive mutations for single cells
on the y-axis versus that for genomic DNA on the x- axis yielded a curve fit of y = 1.0076x —
0.3088 with R? = 0.9834. FIG. 39 shows similar error call metrics for genomic DNA and DNA
from a single cell. FIG. 40 shows that the error rate for detecting transition mutations was greater
than for detecting transversion mutations, indicating it may be desirable to select transversion

mutations for detection rather than transition mutations when possible.

Example 8
[0703] This example further validates a massively multiplexed PCR methodology for

chromosomal aneuploidy and CNV determination disclosed herein, called CONVERGe (Copy
Number Variant Events Revealed Genotypically), and further illustrates the development and use
of “PlasmArt” standards for PCR of ctDNA samples. PlasmArt standards include polynucleotides

having sequence identity to regions of the genome known to exhibit CNV and a size distribution
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that reflects that of cfDNA fragments naturally found in plasma.

Sample Collection

[0704] Human breast cancer cell lines (HCC38, HCC1143, HCC1395, HCC1937, HCC1954,
and HCC2218) and matched normal cell lines (HCC38BL, HCC1143BL, HCCI1395BL,
HCC1937BL, HCC1954BL, and HCC2218BL) were obtained from the American Type Culture
Collection (ATCC). Trisomy 21 B-lymphocyte (AG16777) and paired father / child DiGeorge
Syndrome (DGS) cell lines (GM10383 and GM 10382, respectively) were from the Coriell Cell
Repository (Camden, NJ). GM 10382 cells only have the paternal 22q11.2 region.

[0705] We procured tumour tissues from 16 breast cancer patients, including 11 fresh frozen
(FF) samples from Geneticist (Glendale, CA) and five formalin-fixed paraffin-embedded (FFPE)
samples from North Shore-L1J (Manhasset, NY). We acquired matched buffy coat samples for
eight patients and matched plasma samples for nine patients. FF tumour tissues and matched buffy
coat and plasma samples from five ovarian cancer patients were from North Shore-L1J. For eight
breast tumour FF samples, tissue subsections were resected for analysis. Institutional review board
approvals from Northshore/LIJ IRB and Kharkiv National Medical University Ethics Committee
were obtained for sample collection and informed consent was obtained from all subjects.

[0706] Blood samples were collected into EDTA tubes. Circulating tumour DNA was isolated
from 1 mL plasma using the QIAamp Circulating Nucleic Acid Kit (Qiagen, Valencia, CA).
[0707] To make the PlasmArt standards according to one exemplary method, first, 9 O 106 cells
were lysed with hypotonic lysis buffer (20 mM Tris-CI (pH 7.5), 10 mM NaCl, and 3 mM MgC12)
for 15 min on ice. Then, 10% IGEPAL CA-630 (Sigma, St. Louis, MO) was added to a final
concentration of 0.5%. After centrifugation at 3,000 g for 10 min at 4°C, pelleted nuclei were
resuspended in 1X micrococcal nuclease (MNase) Buffer (New England BioLabs, Ipswich, MA)
before adding 1000 U of MNase (New England BioLabs), and then incubated for 5 min at 37°C.
Reactions were stopped by adding EDTA to a final concentration of 15 mM. Undigested chromatin
was removed by centrifugation at 2,000 g for 1 min. Fragmented DNA was purified with the DNA
Clean & Concentrator™-500 kit (Zymo Research, Irvine, CA). Mononucleosomal DNA produced
by MNase digestion was also purified and size-selected using AMPure XP magnetic beads
(Beckman Coulter, Brea, CA). DNA fragments were sized and quantified with a Bioanalyzer DNA
1000 chip (Agilent, Santa Clara, CA).

[0708] To model ctDNA at different concentrations, different fractions of PlasmArts from
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HCC1954 and HCC2218 cancer cells were mixed with those from the corresponding matched
normal cell line (HCC1954BL and HCC2218BL, respectively). Three samples at each
concentration were analyzed. Similarly, to model allelic imbalances in plasma DNA in a focal 3.5
Mb region, we generated PlasmArts from DNA mixtures containing different ratios of DNA from
a child with a maternal 22q11.2 deletion and DNA from the father. Samples containing only the
father’s DNA were used as negative controls. Eight samples at each concentration were analyzed.
[0709] Accordingly, to evaluate the sensitivity and reproducibility of CONVERGe, especially
when the proportion of abnormal DNA for a CNV, or average allelic imbalance (AAI), is low, we
used it to detect CNVs in DNA mixtures comprised of a previously characterized abnormal sample
titrated into a matched normal sample. The mixtures consisted of artificial cfDNA, termed
“PlasmArt”, with fragment size distribution approximating natural cfDNA (see above). FIG. 42
graphically displays the size distribution of an exemplary PlasmArt prepared from a cancer cell
line compared to the size distribution of cfDNA, looking at CNVs on chromosome arms 1p, 1q,
2p, and 2q. In the first pair, a son’s tumor DNA sample having a 3 Mb Focal CNV deletion of the
22q11.2 region was titrated into a matched normal sample from the father at between 0-1.5% total
cfDNA (FIG. 41a). CoNVERGe reproducibly identified CNVs corresponding to the known
abnormality with estimated AAI of >0.35% in mixtures of >0.5% +/-0.2% AAI, failed to detect
the CNV in 6/8 replicates at 0.25% abnormal DNA, and reported a value of <0.05% for all eight
negative control samples. The AAI values estimated by CONVERGe showed high linearity (R2 =
0.940) and reproducibility (error variance = 0.087). The assay was sensitive to different levels of
amplification within the same sample. Based on these data a conservative detection threshold of
0.45% AALI could be used for subsequent analyses. Using this cutoff another experiment was
performed in which Plasmart synthetic ctDNA was spiked at known concentrations to create
synthetic cancer plasma at between around 0.5% and around 3.5%. Negative plasma was also
included as a control. All of the synthetic cancer plasma yielded estimates above 0.45% and the
reading for the negative plasma was well below 0.45% (FIG. 43A-C). FIG. 43A; Right panel
shows the maximum likelihood of tumor, estimate of DNA fraction results as an odds ratio plot.
FIG. 43B is a plot for the detection of transversion events. FIG 43C is a plot for the detection of
Transition events.

[0710] Two additional PlasmArt titrations, prepared from pairs of matched tumor and normal

cell line samples and having CNVs on chromosome 1 or chromosome 2, were also evaluated (FIG.
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41b, 41¢c). Among negative controls, all values were <0.45%, and high linearity (R2 = 0.952 for
HCC1954 1p, R2=0.993 for HCC1954 1q, R2 =0.977 for HCC2218 2p, R2 =0.967 for HCC2218
2q) and reproducibility (error variance = 0.190 for HCC1954 1p, 0.029 for HCC1954 1q, 0.250
for HCC2218 2p, and 0.350 for HCC2218 2q) were observed between the known input DNA
amount and that calculated by CONVERGe. The difference in the slopes of the regressions for
regions 1p and 1q of one sample pair correlates with the relative difference in copy number
observed in the B-allelic frequencies (BAFs) of regions 1lp and 1q of the same sample,
demonstrating the relative precision of the AAI estimate calculated by CoNVERGe (FIG. 41c,
41d).

[0711] The workflow for processing samples is illustrated in FIG. 63. CoNVERge has
application to a variety of sample sources including FFPE, Fresh Frozen, Single Cell, Germline
control and cfDNA. We applied CONVERGe to six human breast cancer cell lines and matched
normal cell lines to assess whether it can detect somatic CNVs. Arm-level and focal CNVs were
present in all six tumour cell lines, but were absent from their matched normal cell lines, with the
exception of chromosome 2 in HCC1143 in which the normal cell line exhibits a deviation from
the 1:1 homolog ratio (FIG. 63b). To validate these results on a different platform, we performed
CytoSNP-12 microarray analyses, which produced consistent results for all samples (FIG. 63d,
63e). Moreover, the maximum homolog ratios for CNVs identified by CONVERGe and CytoSNP-
12 microarrays exhibited a strong linear correlation (R2 =0.987, P < 0.001) (FIG. 63f).

[0712] We next applied CoNVERGe to fresh-frozen (FF) (FIG. 64a) and formalin-fixed,
paraffin-embedded (FFPE) breast tumour tissue samples (FIG. 64b, 64d). In both sample types,
several arm-level and focal CNVs were present; however, no CNVs were detected in DNA from
matched buffy coat samples. CoONVERGe results were highly correlated with those from
microarray analyses of the same samples (FIG. 64e-h; R2 =0.909, P < 0.001 for CytoSNP-12 on
FF; R2 = 0.992, P < 0.001 for OncoScan on FFPE). CoNVERGe also produces consistent results
on small quantities of DNA extracted from laser capture microdissection (LCM) samples, for
which microarray methods are not suitable.

Detection of CNVs in single cells with CONVERGe

[0713] To test the limits of the applicability of this mmPCR approach, we isolated single cells
from the six aforementioned cancer cell lines and from a B-lymphocyte cell line that had no CNVs

in the target regions. The CNV profiles from these single-cell experiments were consistent
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between three replicates and with those from genomic DNA (gDNA) extracted from a bulk sample
of about 20,000 cells (FIG. 65). On the basis of the number of SNPs with no sequencing reads, the
average assay drop-out rate for bulk samples was 0.48% (range: 0.41-0.60%), which is attributable
to either synthesis or assay design failure. For single cells, the additional average assay drop-out
rate observed was 0.39% (range: 0.19-0.67%). For single cell assays that did not fail (i.e. no assay
drop-out occurred), the average single ADO rate calculated using heterozygous SNPs only was
0.05% (range: 0.00-0.43%). Additionally, the percentage of SNPs with high confidence genotypes
(i.e. SNP genotypes determined with at least 98% confidence) was similar for both single cell and
bulk samples and the genotype in the single cell samples matched those in the bulk sample (average
99.52%, range: 92.63-100.00%).

[0714] In single cells, allele frequencies are expected to directly reflect chromosome copy
numbers, unlike in tumour samples where this may be confounded by TH and non-tumour cell
contamination. BAFs of 1/n and (n - 1)/n indicate n chromosome copies in a region. Chromosome
copy numbers are indicated on the allele frequency plots for both single cells and matched gDNA
samples (FIG. 65).

Application of CONVERGe to plasma samples

[0715] To investigate the ability of CONVERGe to detect CNVs in real plasma samples, we
applied our approach to cfDNA paired with a matched tumour biopsy from each of two stage 11
breast cancer patients and five late-stage ovarian cancer. In all seven patients, CNVs were detected
in both FF tumour tissues and in the corresponding plasma samples (FIG. 66). FIG. 67 provides a
list of SNV breast cancer mutations. A total of 32 CNVs, at a level of >0.45% AAI, were detected
in the seven plasma samples (range: 0.48-12.99% AAI) over the five regions assayed, which
represent about 20% of the genome. Note that the presence of CNVs in plasma cannot be
confirmed due to the lack of alternative orthogonal methods.

[0716] Although AAI estimates may appear correlated with BAFs in tumour, direct
proportionality should not necessarily be expected due to tumour heterogeneity. For example, in
sample BC5 (FIG. 66a), the ovals at the upper left area of FIG. 66a indicate regions that have
BAFs compatible with N = 11; combining this with the AAI calculation from the plasma sample
leads to estimates for ¢ of 2.33% and 2.67% for the two regions. Estimating ¢ using the other
regions in the sample give values between 4.46% and 9.53%, which clearly demonstrates the

presence of tumor heterogeneity.
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[0717] These data demonstrate that CNVs can be detected in plasma in a substantial fraction of
samples, and suggest that the more prevalent a CNV is within a tumour, the more likely it is to be
observed in cfDNA. Furthermore, CONVERGe detected CNVs from a liquid biopsy that may have

otherwise gone unobserved in a traditional tumour biopsy.

Example 9

[0718] This example provides details regarding certain exemplary sample preparation methods

used for CONVERGe analysis of different types of samples.

Single Cell CNV Protocol for 28,000-plex PCR

[0719] Multiplexed PCR allows simultaneous amplification of many targets in a single reaction.
Target SNPs were identified in each genomic region with 10% minimum population minor allele
frequency (1000 Genomes Project data; April 30, 2012 release). For each SNP, multiple primers,
semi-nested, were designed to have an amplicon length of a maximum length of 75 bp and a
melting temperature between 54—60.5°C. Primer interaction scores for all possible combinations
of primers were calculated; primers with high scores were eliminated to reduce the likelihood of
primer dimer product formation. Candidate PCR assays were ranked and selected on the basis of
target SNP minor allele frequency, observed heterozygosity rate (from dbSNP), presence in
HapMap, and amplicon length.

[0720] In certain experiments, single cell samples were prepared and amplified using a mmPCR
28,000-plex protocol. The samples were prepared in the following way: For analysis of a single
cell, cells were serial diluted until there were 3 or 4 cells per droplet. An individual cell was
pipetted and placed into a PCR tube. The cell was lysed using Protease K, salt, and DTT using the
following conditions: 56°C for 20 minutes, 95°C for 10 minutes, and then a 4°C hold. For analysis
of genomic DNA, DNA from the same cell line as the analyzed single cell was either purchased
or obtained by growing the cells and extracting the DNA. The DNA was amplified in a 40ul
reaction volume containing Qiagen mp-PCR master mix (2XMM final conc), 7.5nM primer conc.
for 28K primer pairs having a hemi-nested Rev primers under the following conditions: 95C
10min, 25x [96C 30sec, 65C 29min, 72C 30sec], 72C 2min, 4C hold. The amplification product
was diluted 1:200 in water and 2 ul added to STAR 2 (10 ul reaction volume) 1XMM, 5nM primer

conc. and PCR was performed using hemi-nested inner Fwd primer and tag specific Rev primer:
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95C 15min, 25x [94C 30sec, 65C 1min, 60C 5min, 65C 5min, 72C 30sec], 72C 2min, 4C hold.
[0721] Full sequence tags and barcodes were attached to the amplification products and
amplified for 9 cycles using adaptor specific primers. Prior to sequencing, the barcoded library
product were pooled, purified with the QIAquick PCR Purification Kit (Qiagen), and quantified
using the Qubit® dsDNA BR Assay Kit (Life Technologies). Amplicons were sequenced using
an lllumina HiSeq 2500 sequencer.

Extraction of DNA from a Blood/Plasma Sample

[0722] Blood samples were collected into EDTA tubes. The whole blood sample was
centrifuged and separated into three layers: the upper layer, 55% of the blood sample, was plasma
and contains cell-free DNA (cfDNA); the buffy coat middle layer contained leucocytes having
DNA, <1% of total; and the bottom layer, 45% of the collected blood sample, contained
erythrocytes, no DNA was present in this fraction as erythrocytes are enucleated. Circulating
tumor DNA was isolated from at least 1 mL plasma using the QIAamp Circulating Nucleic Acid
Kit, Qia-Amp (Qiagen, Valencia, CA), according to the manufacture’s protocol.

Plasma CNV Protocol for 3,168-plex for Chromosomes 1p, 1q, 2p, 2q, and 22q11

[0723] Plasma DNA libraries were prepared and amplified using a mmPCR 3,168-plex protocol.
The samples were prepared in the following way: Up to 20 mL of blood was centrifuged to isolate
the buffy coat and the plasma. Plasma extraction of cfDNA and library preparation was performed.
DNA was eluted in 50 uL. TE buffer. The input for mmPCR was 6.7 uL. of amplified and purified
Natera plasma library at an input amount of approximately 1200 ng. The plasma DNA was
amplified in a 20uL reaction volume containing Qiagen mp-PCR master mix (2XMM final conc),
2 nM tagged primer conc. (total 12.7 uM) in 3,168-plex primer pools and PCR amplified: 95C
10min, 25x [96C 30sec, 65C 20min, 72C 30sec], 72C 2min, 4C hold. The amplification product
was diluted 1:2,000 in water and 1 ul added to the Barcoding-PCR in a 10 uL reaction volume.
The barcodes are attached to the amplification products via PCR amplification for 12 cycles using
tag specific primers. Products of multiple samples are pooled and then purified with QIAquick
PCR Purification Kit (Qiagen) and eluted in 50 ul DNA suspension buffer. Samples are sequenced
by NGS as described for the Single Cell CNV Protocol for 28,000-plex PCR.

Breast cancer feasibility SNV panel from plasma

[0724] cfDNA from breast cancer patient blood samples was prepared and amplified using 336

primer pairs that were distributed into four 84-plex pools. Natera plasma libraries were prepared
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as described for Plasma CNV Protocol for 3,168-plex for Chromosomes 1p, 1q, 2p, 2q, and 22q11.
DNA was eluted in 50 uLL TE buffer. The input for mPCR was 2.5uLL of amplified and purified
Natera plasma library at an input amount of approximately 600 ng. FIG. 68A-B represents the
major and minor allele frequencies of the SNPs used in a 3168 mmPCR reaction. The X-axis
represents the number of SNPs, from left to right, for chromosome 1q, 1p, 2q, 2p and 22q. SNPs
were selected from the 1000 Genomes map for Humans, Group 19 and dbSNP to pick targets, but
only SNPs from the 1000 Genomes were used to screen for minor allele frequencies. The plasma
DNA was amplified in four parallel reactions of 84-plex primer pools, a 10uL reaction volume
containing Qiagen mp-PCR master mix (2XMM final conc.), 4mM EDTA, 7.5 nM primer
concentration (total 1.26 uM) and PCR amplified: 95C 15min, 25x [94C 30sec, 65C 15min, 72C
30sec], 72C 2min, 4C hold. The amplification product of the 4 subpools were each diluted 1:200
in water and 1 ul added to the Barcoding-PCR reaction in a 10 uL reaction volume containing Q5
HS HF master mix (1xfinal), and 1 uM each barcoding primer and each of the pools were amplified
in the following reaction: 98C 1min, 25x [98C 10sec, 70C 10sec, 60C 30sec, 65C 15sec, 72C
15sec], 72C 2min, 4C hold. Libraries were purified with QIAquick PCR Purification Kit (Qiagen)

and eluted in 50 ul DNA suspension buffer. Samples were sequenced by paired end sequencing.

Example 10

[0725] 'This example provides details regarding certain exemplary methods for analyzing
sequencing data to identify SN'Vs.

[0726] SNV METHOD 1: For this embodiment, a background error model was constructed
using normal plasma samples, which were sequenced on the same sequencing run to account for
run-specific artifacts. In certain embodiments, 5, 10, 15, 20, 25, 30, 40, 50, 100, 150, 200, 250, or
more than 250 normal plasma samples were analyzed on the same sequencing run. In certain
illustrative embodiments, 20, 25, 40, or 50 normal plasma samples are analyzed on the same
sequencing run. Noisy positions with normal median variant allele frequency greater than a cutoff
are removed. For example this cutoff in certain embodiments is > 0.1%, 0.2%, 0.25%, 0.5%, 1%,
2%, 5%, or 10%. In certain illustrative embodiments noisy positions with normal medial variant
allele frequency greater than 0.5% are removed. Outlier samples were iteratively removed from
the model to account for noise and contamination. In certain embodiments, samples with a Z score

of greater than 5, 6, 7, 8, 9, or 10 were removed from the data analysis. For each base substitution
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of every genomic loci, the depth of read weighted mean and standard deviation of the error were
calculated. Tumor or cell-free plasma samples’ positions with at least 5 variant reads and a Z-score

of 10 against the background error model were called as a candidate mutation.

[0727] SNV METHOD 2: For this embodiment we aim to determine Single Nucleotide
Variants (SNVs) using plasma ctDNA data. We model the PCR process as a stochastic process,
estimate the parameters using a training set and make the final SNV calls using a separate testing
set. The main idea is to determine the propagation of the error across multiple PCR cycles,
calculate the mean and the variance of the background error, and differentiate the background error

from real mutations.

The following parameters are estimated for each base:
p = efficiency (probability that each read is replicated in each cycle)
pe = error rate per cycle for mutation type e (probability that an error of type e occurs)

Xy = initial number of molecules

As aread is replicated over the course of PCR process, the more errors occur. Hence, the
error profile of the reads is determined by the degrees of separation from the original
read. We refer to a read as k™ generation if it has gone through k replications until it has
been generated.

Let us define the following variables for each base:

Xij = number of generation i reads generated in the PCR cycle j

Y;; = total number of generation i reads at the end of cycle j

Xi = number of generation i reads with mutation e generated in the PCR cycle j
Moreover, in addition to normal molecules Xy, if there are additional f.Xo molecules with

the mutation e at the beginning of the PCR process (hence fe/(1+fe) will be the fraction

of mutated molecules in the initial mixture).
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Given the total number of generation i-1 reads at cycle j-1, the number of generation i
reads generated at cycle j has a binomial distribution with a sample size of Yi.z.7 and
probability parameter of p. Hence, E(Xj, 1Yi.15.1, p) =p Yi1j1 and Var(Xi; IYi.15.1, p)=p(1-
p) Yiij1.

We also have Yj; = Z{(:i Xir. Hence, by recursion, simulation or similar methods, we can
determine E(Xj;). Similarly, we can determine Var(Xy) = E(Var(Xj;, | p)) + Var(E(Xj, |
p)) using the distribution of p.

finally, E(Xj® |Yi-1j-1, pe) = pe Yi-1j-1 and Var(Xy¢ 1Yi1j-1, p)=pe (I- pe) Yi1j1, and we can
use these to compute E(X;¢) and Var(X;°).

[0728] 20.

[0729] 6+.2 Algorithm

[0730] The algorithm starts by estimating the efficiency and error rate per cycle using the
training set. Let n denote the total number of PCR cycles.

[0731] The number of reads Rp at each base b can be approximated by (I+ps) " Xo, where pp is
the efficiency at base b. Then (Rs/ X0)”" can be used to approximate I+pp. Then, we can determine
the mean and the standard variation of pp across all training samples, to estimate the parameters of
the probability distribution (such as normal, beta, or similar distributions) for each base.

[0732] Similarly, the number of error e reads Rp® at each base b can be used to estimate p,.
After determining the mean and the standard deviation of the error rate across all training samples,
we approximate its probability distribution (such as normal, beta, or similar distributions) whose
parameters are estimated using this mean and standard deviation values.

[0733] Next, for the testing data, we estimate the initial starting copy at each base as

fol (lfﬁ f(pp)dpp where f(.) is an estimated distribution from the training set.
b

[0734] fnl ”fﬁ f(pp)dpp where f(.) is an estimated distribution from the training set.

[0735] Hence, we have estimated the parameters that will be used in the stochastic process.

Then, by using these estimates, we can estimate the mean and the variance of the molecules created

231

NeoGenomics
Exhibit 1003 Page 1589



Atty. Docket No.: N.012.US.10

at each cycle (note that we do this separately for normal molecules, error molecules, and mutation
molecules).

[0736] Finally, by using a probabilistic method (such as maximum likelihood or similar
methods), we can determine the best f. value that fits the distribution of the error, mutation, and
normal molecules the best. More specifically, we estimate the expected ratio of the error molecules
to total molecules for various fe values in the final reads, and determine the likelihood of our data
for each of these values, and then select the value with the highest likelihood.

[0737] In certain embodiments, Method 2 above is performed as follows:

[0738] a) Estimate a PCR efficiency and a per cycle error rate using a training data set;

[0739] b) Estimate a number of starting molecules for the testing data set at each base using the
distribution of the efficiency estimated in step (a);

[0740] c) If needed, update the estimate of the efficiency for the testing data set using the starting
number of molecules estimated in step (b);

[0741] d) Estimate the mean and variance for the total number of molecules, background error
molecules and real mutation molecules (for a search space consisting of an initial percentage of
real mutation molecules) using testing set data and parameters estimated in steps (a), (b) and (c);
[0742] e) Fit a distribution to the number of total error molecules (background error and real
mutation) in the total molecules, and calculate the likelihood for each real mutation percentage in
the search space; and

[0743] f) Determine the most likely real mutation percentage and calculate the confidence using

the data from in step (e).

Example 11
[0744] This example provides results using the multiplexed PCR CoNVERGe methods

provided herein, for the detection of cancer by detecting CNV in circulating DNA. The Plasma
CNV Protocol for 3,168-plex for Chromosomes 1p, 1q, 2p, 2q, and 22q11 provided herein, was
used. Plasma from 21 breast cancer patients (stage I-1IIB) was analyzed. The results shown in FIG.
44 demonstrate that CNVs were detected in all samples using an AAI >= 0.45% and required as
few as 62 heterozygous SNPs. A similar protocol was used to analyze plasma from ovarian cancer
patients. Using a 0.45% cutoff, a 100% ovarian cancer detection rate was achieved, as shown in

FIG. 45. Each of the five samples also had a matched tumor sample.
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Example 12

[0745] 'This example demonstrates that a dramatic improvement in the ability to detect cancer
is achieved by testing plasma for the presence of CNVs and SNVs. CNVs and SNVs were detected
using the methods provided in the Examples above. Samples were prepared according to the
appropriate protocols in Example 9. SNVs were identified using SNV Method 1 above. As shown
in FIG. 46, the sensitivity of detecting breast and lung cancer are greatly improved by analyzing
plasma from Stage I-III cancer patients for both CNVs and SNVs versus testing for SNVs alone.
Analyzing SNVs only, 71% of cancers were detected in plasma samples. However by analyzing
for the presence of SNVs and/or CNVs the detection rate goes up to 83% for breast and 92% for
lung in the patient populations analyzed. If one considers all of the SNVs and CNVs that have
been identified in the TCGA and COSMIC data sets, the expected diagnostic load would be greater
than 97% for breast cancer and >98% for lung cancer.

[0746] Further analysis was performed on samples from 41 patient samples with different stages
of cancer using the plasma sample prep methods provided in Example 9 and SNV Method 1
provided above. As shown in FIG. 47, when assaying for CNVs and SNVs in circulating tumor
DNA from breast cancer patients 60% of Stage I, 88% of Stage Il and 100% of Stage III breast
cancers were detected using a limit of quantification of 0.2% ctDNA for SNVs and 0.45% ctDNA
for CNVs. As shown in FIG. 48, when assaying for CNVs and SNVs in ctDNA and looking at 41
patient samples with different substages of breast cancer, 60% of Stage I, 100% of Stage II, 90%
of Stage ITA, 80% of Stage 1IB, and 100% of Stage III, IIIA, and IIIB breast cancers were detected
using a limit of quantification of 0.2% ctDNA for SNVs and 0.45% ctDNA for CNVs. As shown
in FIG. 49, when assaying for CNVs and SNVs in 24 circulating tuamor DNA from lung cancer
patient samples 88% of Stage I, 100% of Stage II and 100% of Stage III lung cancers were detected
using a limit of quantification of 0.2% ctDNA for SNVs and 0.45% ctDNA for CNVs. As shown
in FIG. 50, when assaying for CNVs and SNVs in ctDNA and looking at 24 patient samples with
different substages of lung cancer, 100% detection rate was achieved for all substages except that
an 82% detection rate was achieved for the patients with stage IB lung cancer using a limit of

quantification of 0.2% ctDNA for SNVs and 0.45% ctDNA for CNVs.

Example 13
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[0747] This example demonstrates that detection of SNV in ctDNA overcomes the limitations
in identifying variant alleles in biopsied samples due to tumor heterogeneity. TRACERx samples
of three small cell lung cancer patient samples and one adenocarcinoma lung cancer patient sample
for which tumor biopsies and corresponding pre-operative blood plasma samples had been
collected were used for analysis of tumor heterogeneity. Samples were obtained from the Cancer
Research UK Lung Cancer Centre of Excellence, University College London Cancer Institute,
London WCIE 6BT, UK. Samples were primary lung cancer samples for analysis of SNV
mutations. Two to three biopsies from various regions from the entire cancerous lung were taken
from each patient (FIG. 51A). Each biopsied sample was assayed by whole exome sequencing
(Illumina HiSeq200; Illumina, San Diego, CA), followed by AmpliSeq® sequencing (Ion Torrent,
South San Francisco, CA) on a PGM® for identification of underlying clonal heterogeneity.
Following sequencing and SNV analyses, the variant allele frequency (VAF) was determined for
each biopsy sample (FIG. 51B).

[0748] Plasma samples from each of the four patients were used to isolate ctDNA and identify
both clonal and subclonal SNV mutations in plasma to overcome tumor heterogeneity (FIG. 52).
Clonal populations had VAF allele calls in all biopsied samples assayed and in plasma while
subclonal populations had VAF allele calls in at least one biopsy sample, but not all biopsy
samples. The plasma was considered to be a cumulative representative of the SNV’s found in the
ctDNA of each patient. Not all SNV’s identified by sequencing were able to have corresponding
PCR assays designed.

[0749] To compare the AmpliSeq (Swanton) and mmPCR/NGS assay methods for identifying
tumor heterogeneity, Natera designed PCR assays for each SNV mutation for VAF detection in
both biopsied and corresponding ctDNA from plasma (FIG. 53). Blank cells represent no biopsy
sample available and a zero value represents no VAF detected. The following 11 genes were
initially identified as a negative (false VAF call) by the AmpliSeq FP or FN assays but were called
correctly by the Natera TP or TN assays and mmPCR/NGS assay methods: L12: CYFIP1, FATI,
MLLT4, and RASA1; L13: HERC4, JAK2, MSH2, MTOR, and PLCG2; L15: GABRGI; L17:
TRIM67. Surprisingly, when the AmpliSeq raw sequencing data was re-examined these results
were verified. The raw AmpliSeq data sequencing files revealed that the data fell below the PGM
or [llumina detectable threshold setting. The data identified 16/38 variants were detected in plasma

and that there were several biopsy samples in the L.12 patient samples that had predominant clonal
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SNV mutations: L12: BRIP1, CARS, FAT1, MLLT4, NFE2L2, TP53, TP53 as well as patients
L13: EGFR, EGFR, TP53 and L15: KDM6A, ROS1. An additional two patients were found to
have a total of four subclonal variant mutations in plasma: L12: CIC, KDM6A and L17; NF1,
TRIM67. These results are summarized in FIG. 54A which is a whisker plot of the mean VAF for
each sample listed in FIG. 53 by each assay method and FIG. 54B is a direct comparison

represented by a linear regression plot of each assay’s VAF sample mean.

Example 14

[0750] This example demonstrates that by using low primer concentrations such that primer
amount is the limiting reactant in multiplex PCR in a workflow that is followed by next generation
sequencing, uniformity of density of reads, and therefore limits of detection, across a pool of
amplification reactions is improved. Some experiments were carried out for plasma CNV using
the 3,168-plex panel according to Example 9 above except that the total reaction volume was 10
uL instead of 20 uL. Furthermore, PCR was carried out for 15, 20, or 25 cycles. Other experiments
were carried out using the four 84-plex pools on breast cancer samples according to the protocol
of Example 9 except that primer concentrations were 2 nM and PCR amplification was carried out
for 15, 20, or 25 cycles.

[0751] Not to be limited by theory, it is believed that primer limited multiplex PCR provides
improved depth of read uniformity for multiplex PCR before multi-read sequencing, such as
sequencing on an [llumina HiSeq or MiSeq system or an Ion Torrent PGM or Proton system, based
on the following considerations: If some of the amplifications in a multiplex PCR have lower
efficiencies than others, then with normal multiplex PCR we will end up with a wide range of
depth of read (“DOR”) values. However, if the amount of primer is limited, and the multiplex PCR
is cycled more times than what it takes to exhaust the primers, then the more efficient
amplifications will stop doubling (because they have no more primers to use) and the less efficient
ones will continue to double; this will result in a more similar amount of amplification product for
all of the amplification products. This will translate into a much more uniform distribution of the
DOR.

[0752] The following calculations are used to determine the number of cycles that would exact
a given amount of primer and starting nucleic acid template:

[0753] -assume a given starting DNA input level: 100k copies of each target (10"5; this is easily
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achieved with using amplified library)

[0754] -assume we use 2 nM of each primer as an exemplary concentration, although other
concentrations such as, for example, 0.2, 0.5, 1, 1.5, 2, 2.5, 5, or 10 nM could work too.

[0755] -calculate the number of primer molecules for each primer: 2*¥107"-9 (molar
concentration, 2 nM) x 10*10/-6 (reaction volume, 10 ul) X 6*10723 (number of molecules per
mole, Avogadro's number) = 12*%10°9

[0756] -calculate the amplification fold needed to consume all primers: 12*¥10"9 (number of
primer molecules) / 1075 (number of copies of each target) = 12*¥10"4

[0757] -calculate the number of cycles needed to achieve this amplification fold, assuming
100% efficiency at each cycle: log2(12*1074) = 17 cycles. (this is log2 because at each cycle, the
number of copies doubles).

[0758] So for these conditions (100k copies input, 2 nM primers, 10 ul reaction volume,
assuming 100% PCR efficiency at each cycle), the primers would be consumed after 17 PCR
cycles.

[0759] However, the key assumption is that some of the products DO NOT have 100%
efficiency, so without measuring their efficiencies (which is only practicable for a small number
of them anyway), it would take more than 17 cycles to consume them.

[0760] FIGs. 55-58 show results for the four 84-plex SNV PCR primer pools. For each of the
pools we observed improved DOR efficiency with increasing cycles from 15 to 20 to 25. Similar
results were obtained for experiments using the 3,168-plex panel (FIGs. 59-61). The limit of
detection decreased (i.e. SNV sensitivity increased) with increasing depth of read. Furthermore,
the sensitivity was consistently better when detecting transversion mutations than transition
mutations. It is likely that additional increases in DOR efficiency can be obtained with additional
cycles when using primer-limiting multiplex PCR before multi-read sequencing.

[0761] Accordingly, in one aspect provided herein is a method of amplifying a plurality of target
loci in a nucleic acid sample that includes (i) contacting the nucleic acid sample with a library of
primers and other primer extension reaction components to provide a reaction mixture, wherein
the relative amount of each primer in the reaction mixture compared to the other primer extension
reaction components creates a reaction wherein the primers are present at a limiting concentration,
and wherein the primers hybridize to a plurality of different target loci; and (ii) subjecting the

reaction mixture to primer extension reaction conditions for sufficient number of cycles to
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consume or exhaust the primers in the library of primers, to produce amplified products that
include target amplicons. For example, the plurality of different target loci can include at least 2,
3,5, 10, 25, 50, 100, 200, 250, 500, 1,000; 2,000; 5,000; 7,500; 10,000; 20,000; 25,000; 30,000,
40,000; 50,000; 75,000; or 100,000 different target loci, and at most, 50, 100, 200, 250, 500, 1,000;
2,000; 5,000; 7,500; 10,000; 20,000; 25,000; 30,000; 40,000; 50,000; 75,000; 100,000, 200,000,
250,000, 500,000, and 1,000,000 different target loci to produce a reaction mixture.

[0762] The method in illustrative embodiments, includes determining an amount of primer that
will be a rate limiting amount. This calculation typically includes estimating and/or determining
the number of target molecules and involves analyzing and/or determining the number of
amplification cycles performed. For example, in illustrative embodiments, the concentration of
each primer is less than 100, 75, 50, 25, 10, 5, 2, 1, 0.5, 0.25, 0.2 or 0.1 nM. In various
embodiments, the GC content of the primers is between 30 to 80%, such as between 40 to 70% or
50 to 60%, inclusive. In some embodiments, the range of GC content (e.g., the maximum GC
content minus minimum GC content, such as 80% - 60% = a range of 20%) of the primers is less
than 30, 20, 10, or 5%. In some embodiments, the melting temperature (Ty) of the primers is
between 40 to 80 °C, such as 50 to 70 °C, 55 to 65 °C, or 57 to 60.5 °C, inclusive. In some
embodiments, the range of melting temperatures of the primers is less than 20, 15, 10, 5, 3, or 1
°C. In some embodiments, the length of the primers is between 15 to 100 nucleotides, such as
between 15 to 75 nucleotides, 15 to 40 nucleotides, 17 to 35 nucleotides, 18 to 30 nucleotides, 20
to 65 nucleotides, inclusive. In some embodiments, the primers include a tag that is not target
specific, such as a tag that forms an internal loop structure. In some embodiments, the tag is
between two DNA binding regions. In various embodiments, the primers include a 5’ region that
is specific for a target locus, an internal region that is not specific for the target locus and forms a
loop structure, and a 3’ region that is specific for the target locus. In various embodiments, the
length of the 3’ region is at least 7 nucleotides. In some embodiments, the length of the 3’ region
is between 7 and 20 nucleotides, such as between 7 to 15 nucleotides, or 7 to 10 nucleotides,
inclusive. In various embodiments, the test primers include a 5’ region that is not specific for a
target locus (such as a tag or a universal primer binding site) followed by a region that is specific
for a target locus, an internal region that is not specific for the target locus and forms a loop
structure, and a 3’ region that is specific for the target locus. In some embodiments, the range of

the length of the primers is less than 50, 40, 30, 20, 10, or 5 nucleotides. In some embodiments,
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the length of the target amplicons is between 50 and 100 nucleotides, such as between 60 and 80
nucleotides, or 60 to 75 nucleotides, inclusive. In some embodiments, the range of the length of
the target amplicons is less than 100, 75, 50, 25, 15, 10, or 5 nucleotides.

[0763] In various embodiments of any of the aspects of the invention, the primer extension
reaction conditions are polymerase chain reaction conditions (PCR). In various embodiments, the
length of the annealing step is greater than 3, 5, 8, 10, or 15 minutes but less than 240, 120, 60, or
30 minutes. In various embodiments, the length of the extension step is greater than 3, 5, 8, 10, or

15 minutes but less than 240, 120, 60 or 30 minutes.

Example 15
[0764] This Example demonstrates the ability of the SNV detection methods of the present

invention to identify mosaicism in single cell analysis also referred to as single molecule analysis.
FIG. 62 shows multiplex PCR results from tumor cell genomic DNA and single cell/molecule
inputs using the 28K-plex primer set according to the 28K single cell method provided in Example
9. Using this method, greater than 85% of reads were mapped — over 4.7M reads (about 167 reads

per target). The lower portion of the figure shows that mosaicism was observed among cells.
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CLAIMS

What is claimed is:
1. A method for monitoring the progression of cancer in a subject comprising:

(a) performing whole exome sequencing on a tumor biopsy sample of the subject to identify

a plurality of tumor-specific mutations; and

(b) assaying cell-free DNA isolated from a plurality of biological samples obtained from
the subject at different time points for the presence or absence of the tumor-specific mutations,

thereby monitoring the progression of cancer.
2. The method of claim 1, wherein the cell-free DNA comprises circulating tumor DNA.

3. The method of claim 1, wherein the tumor-specific mutations comprise one or more single

nucleotide variant (SNV) mutations.

4. The method of claim 1, wherein the tumor-specific mutations comprise one or more copy

number variation (CNV) mutations.

5. The method of claim 1, wherein the tumor-specific mutations comprise one or more SNV
mutations in a gene selected from the group consisting of TP53, PTEN, PIK3CA, APC, EGFR,
NRAS, NF2, FBXW7, ERBBs, ATADS, KRAS, BRAF, VEGF, EGFR, HER2, ALK, p53, BRCA,
BRCA1, BRCA2, SETD2, LRP1B, PBRM, SPTA1, DNMT3A, ARIDIA, GRIN2A, TRRAP,
STAG2, EPHA3/5/7, POLE, SYNE1, C200rf80, CSMDI1, CTNNB1, ERBB2. FBXW7, KIT,
MUC4, ATM, CDHI1, DDX11, DDX12, DSPP, EPPK1, FAM186A, GNAS, HRNR, KRTAP4-
11, MAP2K4, MLL3, NRAS, RB1, SMAD4, TTN, ABCC9, ACVR1B, ADAM29, ADAMTS19,
AGAP10, AKT1, AMBN, AMPD2, ANKRD30A, ANKRD40, APOBR, AR, BIRC6, BMP2,
BRATI1, BTNLS, C12o0rf4, C1QTNF7, C200rf186, CAPRIN2, CBWD1, CCDC30, CCDC93,
CDSL, CDC27, CDC42BPA, CDH9, CDKN2A, CHDS, CHEK2, CHRNA9, CIZ1, CLSPN,
CNTN6, COL14A1, CREBBP, CROCC, CTSF, CYP1A2, DCLK1, DHDDS, DHX32, DKK2,
DLEC1, DNAH14, DNAHS5, DNAH9, DNASEI1L3, DUSP16, DYNC2H1, ECT2, EFHB,
RRN3P2, TRIM49B, TUBB8PS5, EPHA7, ERBB3, ERCC6, FAM21A, FAM21C, FCGBP,
FGFR2, FLG2, FLT1, FOLR2, FRYL, FSCB, GAB1, GABRA4, GABRP, GH2, GOLGAG6LI,
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GPHBS, GPR32, GPXS5, GTF3C3, HECW1, HIST1H3B, HLA-A, HRAS, HS3ST1, HS6STI,
HSPDI1, IDH1, JAK2, KDM5B, KIAA0528, KRT15, KRT38, KRTAP21-1, KRTAP4-5,
KRTAP4-7, KRTAPS5-4, KRTAPS-5, LAMA4, LATS1, LMFI, LPAR4, LPPR4, LRRFIPI,
LUM, LYST, MAP2K1, MARCH1, MARCO, MB21D2, MEGF10, MMP16, MORC1, MRE11A,
MTMR3, MUC12, MUC17, MUC2, MUC20, NBPF10, NBPF20, NEK1, NFE2L2, NLRP4,
NOTCH2, NRK, NUP93, OBSCN, OR11H1, OR2B11, OR2M4, OR4Q3, OR5D13, ORSI2,
OXSM, PIK3R1, PPP2R5C, PRAME, PRF1, PRG4, PRPF19, PTH2, PTPRC, PTPRJ, RACI,
RADS50, RBM12, RGPD3, RGS22, ROR1, RP11-671M22.1, RP13-996F3.4, RP1L1, RSBNIL,
RYR3, SAMD3, SCN3A, SEC31A, SF1, SF3B1, SLC25A2, SLC44A1, SLC4A1, SMAD2,
SPTA1, ST6GAL2, STKI11, SZT2, TAF1L, TAX1BP1, TBP, TGFBI, TIF1l, TMEMI4B,
TMEM?74, TPTE, TRAPPCS8, TRPS1, TXNDC6, USP32, UTP20, VASN, VPS72, WASH3P,
WWTRI1, XPO1, ZFHX4, ZMIZ1, ZNF167, ZNF436, ZNF492, ZNF598, ZRSR2, ABL1, AKT2,
AKT3, ARAF, ARFRPI1, ARID2, ASXL1, ATR, ATRX, AURKA, AURKB, AXL, BAPI,
BARDI, BCL2, BCL2L2, BCL6, BCOR, BCORL1, BLM, BRIP1, BTK, CARD11, CBFB, CBL,
CCND1, CCND2, CCND3, CCNE1, CD79A, CD79B, CDC73, CDK12, CDK4, CDK6, CDKS,
CDKNI1B, CDKN2B, CDKN2C, CEBPA, CHEKI1, CIC, CRKL, CRLF2, CSFIR, CTCF,
CTNNAI1, DAXX, DDR2, DOTIL, EMSY (Cllorf30), EP300, EPHA3, EPHAS, EPHBI,
ERBB4, ERG, ESR1, EZH2, FAMI123B (WTX), FAM46C, FANCA, FANCC, FANCD2,
FANCE, FANCF, FANCG, FANCL, FGF10, FGF14, FGF19, FGF23, FGF3, FGF4, FGF6,
FGFR1, FGFR2, FGFR3, FGFR4, FLT3, FLT4, FOXL2, GATA1l, GATA2, GATA3, GID4
(C170rf39), GNA11, GNA13, GNAQ, GNAS, GPR124, GSK3B, HGF, IDH1, IDH2, IGFI1R,
IKBKE, IKZF1, IL7R, INHBA, IRF4, IRS2, JAK1, JAK3, JUN, KAT6A (MYST3), KDM5A,
KDMSC, KDM6A, KDR, KEAP1, KLHL6, MAP2K2, MAP2K4, MAP3K1, MCL1, MDM2,
MDM4, MED12, MEF2B, MEN1, MET, MITF, MLH1, MLL, MLL2, MPL, MSH2, MSH6,
MTOR, MUTYH, MYC, MYCL1, MYCN, MYDS88, NF1, NFKBIA, NKX2-1, NOTCHI1, NPM1,
NRAS, NTRK1, NTRK2, NTRK3, PAK3, PALB2, PAXS, PBRM1, PDGFRA, PDGFRB, PDK1,
PIK3CG, PIK3R2, PPP2R1A, PRDM1, PRKARI1A, PRKDC, PTCHI, PTPN11, RADS51, RAFI,
RARA, RET, RICTOR, RNF43, RPTOR, RUNX1, SMARCA4, SMARCB1, SMO, SOCSI,
SOX10, SOX2, SPEN, SPOP, SRC, STAT4, SUFU, TET2, TGFBR2, TNFAIP3, TNFRSF14,
TOP1, TP53, TSC1, TSC2, TSHR, VHL, WISP3, WT1, ZNF217, and ZNF703.
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6. The method of claim 1, wherein the tumor-specific mutations comprise one or more SNV
mutations in a gene selected from the group consisting of CYFIP1, FAT1, MLLT4, RASAI,
HERC4, JAK2, MSH2, MTOR, PLCG2, GABRGI1, and TRIM67.

7. The method of claim 1, wherein the tumor-specific mutations comprise one or more clonal

SNV mutations.

8. The method of claim 7, wherein at least one clonal SNV mutation is in a gene selected
from the group consisting of BRIP1, CARS, FAT1, MLLT4, NFE2L2, TP53, TP53, EGFR, EGFR,
TP53, KDM6A, and ROS1.

9. The method of claim 1, wherein the tumor-specific mutations comprise one or more

subclonal SNV mutations.

10. The method of claim 9, wherein at least one subclonal SNV mutation is in a gene selected

from the group consisting of CIC, KDM6A, NF1, and TRIM67.

11. The method of claim 1, wherein the tumor-specific mutations comprise one or more clonal

SNV mutations and one or more subclonal SNV mutations.

12. The method of claim 1, wherein the method further comprises determining clonal

heterogeneity of the tumor biopsy sample.

13. The method of claim 1, wherein the method further comprises designing targeted PCR

assays for the tumor-specific mutations identified in the tumor sample.

14. The method of claim 1, wherein step (b) comprises targeted multiplex PCR amplification

of a plurality of target loci comprising the tumor-specific mutations from the cell-free DNA.

15. The method of claim 14, wherein step (b) comprises targeted multiplex PCR amplification
of 10 to 50 of the target loci.

16. The method of claim 14, wherein step (b) comprises determining the sequences of the

amplified target loci by high-throughput sequencing.
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The method of claim 14, wherein step (b) comprises determining the sequences of the

amplified target loci by microarray.

18.

metastases of the cancer from the tumor-specific mutations detected in the cell-free DNA.
19.
20.
21.
22.

23.

The method of claim 1, wherein the method further comprises detecting recurrence and/or

The method of claim 1, wherein the cancer is colorectal cancer.

The method of claim 1, wherein the cancer is lung cancer.

The method of claim 1, wherein the cancer is bladder cancer.

The method of claim 1, wherein the cancer is breast cancer.

The method of claim 1, wherein the biological sample is a blood, serum, plasma, or urine

sample.
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ABSTRACT

The invention provides methods, systems, and computer readable medium for detecting ploidy of
chromosome segments or entire chromosomes, for detecting single nucleotide variants and for
detecting both ploidy of chromosome segments and single nucleotide variants. In some aspects,
the invention provides methods, systems, and computer readable medium for detecting cancer or

a chromosomal abnormality in a gestating fetus.
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Application Data Sheet 37 CFR 1.76

Attorney Docket Number

N.012.US.10

Application Number

Title of Invention

DETECTING MUTATIONS AND PLOIDY IN CHROMOSOMAL SEGMENTS

Prior Application Status | Patented -
Application o Prior Application Filing Date Issue Date
Number Continuity Type Number (YYYY-MM-DD) Patent Number (YYYY-MM-DD)
16014961 |Continuation of -] has92703 |2015—04—21 10179937 P019-01—1 5
Prior Application Status | [Expired - Remove
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
14692703 Claims benefit of provisional | 61982245 2014-04-21
Prior Application Status | [Expired -
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
14692703 Claims benefit of provisional | 61987407 2014-05-01
Prior Application Status | [Expired -
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
14692703 [Claims benefit of provisional | 61994791 2014-05-16
Prior Application Status | [Expired -
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
14692703 Claims benefit of provisional ~| 62066514 r014-10-21
Prior Application Status | [Expired v Remove
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
14692703 Claims benefit of provisional | 62146188 P015-04-10
Prior Application Status | [Expired - Remove
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
14692703 Claims benefit of provisional - 62147377 2015-04-14
Prior Application Status | [Expired -
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
14692703 [Claims benefit of provisional ~| 62148173 P015-04-15
Additional Domestic Benefit/National Stage Data may be generated within this form Add

by selecting the Add button.

Foreign Priority Information:
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PTO/AIA/14 (02-18)

Approved for use through 11/30/2020. OMB 0651-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Attorney Docket Number | N.012.US.10

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention | DETECTING MUTATIONS AND PLOIDY IN CHROMOSOMAL SEGMENTS

This section allows for the applicant to claim priority to a foreign application. Providing this information in the application data sheet
constitutes the claim for priority as required by 35 U.S.C. 119(b) and 37 CFR 1.55. When priority is claimed to a foreign application
that is eligible for retrieval under the priority document exchange program (PDX)I the information will be used by the Office to
automatically attempt retrieval pursuant to 37 CFR 1.55(i)(1) and (2). Under the PDX program, applicant bears the ultimate
responsibility for ensuring that a copy of the foreign application is received by the Office from the participating foreign intellectual
property office, or a certified copy of the foreign priority application is filed, within the time period specified in 37 CFR 1.55(g)(1).

Remove

Application Number Countryi Filing Date (YYYY-MM-DD) Access Codei (if applicable)

Additional Foreign Priority Data may be generated within this form by selecting the
Add button. Add

Statement under 37 CFR 1.55 or 1.78 for AlA (First Inventor to File) Transition
Applications

This application (1) claims priority to or the benefit of an application filed before March 16, 2013 and (2) also

contains, or contained at any time, a claim to a claimed invention that has an effective filing date on or after March
[] 16, 2013.

NOTE: By providing this statement under 37 CFR 1.55 or 1.78, this application, with a filing date on or after March

16, 2013, will be examined under the first inventor to file provisions of the AlA.
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PTO/AIA/14 (02-18)

Approved for use through 11/30/2020. OMB 0651-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Attorney Docket Number | N.012.US.10

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention | DETECTING MUTATIONS AND PLOIDY IN CHROMOSOMAL SEGMENTS

Authorization or Opt-Out of Authorization to Permit Access:

When this Application Data Sheet is properly sighed and filed with the application, applicant has provided written
authority to permit a participating foreign intellectual property (IP) office access to the instant application-as-filed (see
paragraph A in subsection 1 below) and the European Patent Office (EPQO) access to any search results from the instant
application (see paragraph B in subsection 1 below).

Should applicant choose not to provide an authorization identified in subsection 1 helow, applicant must opt-out of the
authorization by checking the corresponding box A or B or both in subsection 2 below.

NOTE: This section of the Application Data Sheet is ONLY reviewed and processed with the INITIAL filing of an
application. After the initial filing of an application, an Application Data Sheet cannot be used to provide or rescind
authorization for access by a foreign IP office(s). Instead, Form PTO/SB/39 or PTO/SB/69 must be used as appropriate.

1. Authoerization to Permit Access by a Foreign Intellectual Property Office(s)

A. Priority Document Exchange (PDX) - Unless box A in subsection 2 (opt-out of authorization) is checked, the
undersigned hereby grants the USPTO authority to provide the European Patent Office (EPQO), the Japan Patent Office
(JPO), the Korean Intellectual Property Office (KIPO), the State Intellectual Property Office of the People’s Republic of
China (SIP0O), the World Intellectual Property Organization (WIPO), and any other foreign intellectual property office
participating with the USPTO in a bilateral or multilateral priority document exchange agreement in which a foreign
application claiming priority to the instant patent application is filed, access to: (1) the instant patent application-as-filed
and its related bibliographic data, (2) any foreign or domestic application to which priority or benefit is claimed by the
instant application and its related biblicgraphic data, and (3) the date of filing of this Authorization. See 37 CFR 1.14(h)

().

B. Search Results from U.S. Application to EPO - Unless box B in subsection 2 (opt-out of authorization) is checked,
the undersigned hereby grants the USPTO authority to provide the EPO access to the bibliographic data and search
results from the instant patent application when a European patent application claiming priority to the instant patent
application is filed. See 37 CFR 1.14(h)(2).

The applicant is reminded that the EPO’s Rule 141(1) EPC (European Patent Convention) requires applicants to submit a
copy of search results from the instant application without delay in a European patent application that claims priority to
the instant application.

2_ Opt-Out of Authorizations to Permit Access by a Foreign Intellectual Property Office(s}

A. Applicant DOES NOT authorize the USPTO to permit a participating foreign IP office access to the instant
[] application-as-filed. If this box is checked, the USPTO will not be providing a participating foreign IP office with
any documents and information identified in subsection 1A above.

B. Applicant DOES NOT authocrize the USPTO to transmit to the EPO any search results from the instant patent
[] application. If this box is checked, the USPTO will not be providing the EPO with search results from the instant
application.
NOTE: Once the application has published or is otherwise publicly available, the USPTO may provide access to the
application in accordance with 37 CFR 1.14.
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PTO/AIA/14 (02-18)

Approved for use through 11/30/2020. OMB 0651-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Attorney Docket Number | N.012.US.10

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention | DETECTING MUTATIONS AND PLOIDY IN CHROMOSOMAL SEGMENTS

Applicant Information:

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title 37 of CFR
to have an assignment recorded by the Office.

Applicant }

If the applicant is the inventor (or the remaining jeint inventor or inventors under 37 CFR 1.45), this section should not be completed.
The information to be provided in this section is the name and address of the legal representative who is the applicant under 37 CFR
1.43; or the name and address of the assignee, person to whom the inventor is under an obligation to assign the invention, or person
who otherwise shows sufficient proprietary interest in the matter who is the applicant under 37 CFR 1.46. If the applicant is an
applicant under 37 CFR 1.46 {assignee, person to whom the inventor is obligated to assign, or person who otherwise shows sufficient
proprietary interest) together with one or more joint inventors, then the joint inventor or inventors who are also the applicant should be

identified in this section.

® Assignee Legal Representative under 35 U.S.C. 117 Joint Inventor

Person to whom the inventor is obligated to assign. Person who shows sufficient proprietary interest

If applicant is the legal representative, indicate the authority to file the patent application, the inventor is:

R

Name of the Deceased or Legally Incapacitated Inventor:

If the Applicant is an Organization check here. X

Organization Name

Natera, Inc.

Mailing Address Information For Applicant:

Address 1 P01 Industrial Road
Address 2 Suite 410
City Ban Carlos State/Province CA
Country ‘ s Postal Code 94070
Phone Number 650-249-9091 Fax Number
Email Address IP@Natera.com
Additional Applicant Data may be generated within this form by selecting the Add button. Add

Assignee Information including Non-Applicant Assignee Information:

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title
37 of CFR to have an assignment recorded by the Office.
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PTO/AIA/14 (02-18)

Approved for use through 11/30/2020. OMB 0651-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

Attorney Docket Number | N.012.US.10

Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention | DETECTING MUTATIONS AND PLOIDY IN CHROMOSOMAL SEGMENTS

Assignee (1

Complete this section if assignee information, including non-applicant assignee information, is desired to be included on the patent
application publication. An assignee-applicant identified in the "Applicant Information" section will appear on the patent application
publication as an applicant. For an assignee-applicant, complete this section only if identification as an assignee is also desired on the
patent application publication.

If the Assignee or Non-Applicant Assignee is an Organization check here. X
Organization Name Natera, Inc.
Mailing Address Information For Assignee including Non-Applicant Assignee:
Address 1 P01 Industrial Road
Address 2 Suite 410
City Ban Carlos I State/Province CA
Countryi s I Postal Code 94070
Phone Number 650-249-9091 | Fax Number
Email Address IP@Natera.com
Additional Assignee or Non-Applicant Assignee Data may be generated within this form by o

selecting the Add button.

Signature:

NOTE: This Application Data Sheet must be signed in accordance with 37 CFR 1.33(b). However, if this Application
Data Sheet is submitted with the INITIAL filing of the application and either box A or B is not checked in
subsection 2 of the “Authorization or Opt-Out of Authorization to Permit Access” section, then this form must
also be signed in accordance with 37 CFR 1.14{c).

This Application Data Sheet must be signed by a patent practitioner if one or more of the applicants is a juristic
entity (e.g., corporation or association). If the applicant is two or more joint inventors, this form must be signed by a
patent practitioner, all joint inventors who are the applicant, or one or more joint inventor-applicants who have been given
power of attorney (e.g., see USPTO Form PTO/AIA/81) on behalf of all joint inventor-applicants.

See 37 CFR 1.4(d) for the manner of making signatures and certifications.

Signature |/Linda Wu/ Date (YYYY-MM-DD)| 2019-02-28
First Name Finda Last Name | Mu Registration Number 3020
Additional Signature may be generated within this form by selecting the Add button. Add
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PTO/AIA/14 (02-18)

Approved for use through 11/30/2020. OMB 0651-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB control number.

L Attorney Docket Number | N.012.US.10
Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention | DETECTING MUTATIONS AND PLOIDY IN CHROMOSOMAL SEGMENTS

This collection of information is required by 37 CFR 1.76. The information is required to obtain or retain a benefit by the public which
is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.5.C. 122 and 37 CFR 1.14. This
collection is estimated to take 23 minutes to complete, including gathering, preparing, and submitting the completed application data
sheet form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you require to
complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR
COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.
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Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your submission of the attached form related to a patent
application or patent. Accordingly, pursuant to the requirements of the Act, please be advised that: (1) the general authority for the collection of this information
is 35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which the information is used by the U.S. Patent and
Trademark Office is to process and/or examine your submission related to a patent application or patent. If you do not furnish the requested information, the U.S.
Patent and Trademark Office may not be able to process and/or examine your submission, which may result in termination of proceedings or abandonment of
the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1 The information on this form will be treated confidentially to the extent allowed under the Freedom of Information Act (5 U.5.C. 552) and the Privacy
Act (5U.5.C. 552a). Records from this system of records may be disclosed to the Department of Justice to determine whether the Freedom of
Information Act requires disclosure of these records.

2. Arecord from this system of records may be disclosed, as a routine use, in the course of presenting evidence to a court, magistrate, or administrative
tribunal, including disclosures to opposing counsel in the course of settlement negotiations.

3 Arecord in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a request involving an individual, to whom
the record pertains, when the individual has requested assistance from the Member with respect to the subject matter of the record.

4. Arecord in this system of records may be disclosed, as a routine use, to a contractor of the Agency having need for the information in order to perform
acontract. Recipients of information shall be required to comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.5.C.
552a{m).

5. Arecord related to an International Application filed under the Patent Cooperation Treaty in this system of records may be disclosed, as a routine use,
to the International Bureau of the World Intellectual Property Organization, pursuant to the Patent CooperationTreaty.

6.  Arecord in this system of records may be disclosed, as a routine use, to another federal agency for purposes of National Security review (35 U.5.C. 181)
and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

7. Arecord from this system of records may be disclosed, as a routine use, to the Administrator, General Services, or his/her designee, during an
inspection of records conducted by GSA as part of that agency's responsibility to recommend improvements in records management practices and
programs, under authority of 44 U.5.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection of
records for this purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall not be used to make determinations about
individuals.

8.  Arecord from this systemn of records may be disclosed, as a routine use, to the public after either publication of the application pursuant to 35 U.5.C.
122(b) or issuance of a patent pursuant to 35U.5.C. 151. Further, a record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use,
to the public if the record was filed in an application which became abandoned or in which the proceedings were terminated and which application is
referenced by either a published application, an application open to public inspections or an issued patent.

9. Arecord from this system of records may be disclosed, as a routine use, to a Federal, State, or local law enforcement agency, if the USPTO becomes
aware of a violation or potential viclation of law or regulation.
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77105

Samgpie Gene Chr ChrStart .
32 BRIPL chrl 7 590924572 =
.12 CARS chrid BOS21814
32 I chris Q42797381
[ 0l CYFIPL chris 22940733
.12 FATL chrsd 1383751933147
A2 KIDoNGA e 483218983
12 RNALLTA chrée 168347475
iz NFEZ2L2Z chr? 1780283301
| 1 4 RASATL chirs B6642517
12 TPs3 chri/ 578406
| 4 TP53 chrl? 5782190
3132 EGFR chr? 55241708
[ 4 FGOGFR chr7 552425311
13 HERCA chri S TF7DRVSG
| JAKZ2 chrs 5022084
[ KT 2C chr7 151947008
13 NMISH 2 chr2 A476938316
L33 MNMTOR chird 112024895
| e PLTCG2 chriés 19420236
i3 TP53 chri? FTE 79509
LS ALK chr2 299840530
115 GABRG1 ichrd 46060315
Lis KDMG6A jchrX AAD22T755
Lis RALLZ chirl2 4984483815
LS ROS A chré 117687379
Lis SLCRDAAL chrR 1456383322
s T3 chri”7 TE 78254
L1s ZEHXA4 chr2 F77TET73IS
[ ZRAIY A chri RSB27319
17 BRCAZ chrli3 IZ2V1L4950 (8]
L3177 KRAS chri2 253883284 (8]
17 MNEL chri7? 29653134 O
317 NEI chril7 298528088 O
L7 PAXES chir?2 1139847933 (8]
.37 TP53 chri 7 S 77610
.17 TP53 chvril 7 PTE 77079
L3177 TRINGZ cherld 2312992507
17 TRIPE A chrisd D24 71C3 L

FIG. 51B
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737705

Gene Chrom ChromStart Swanton
VAF R1 VAF R2 VAF R3
BRIP1 chri? 59924572 K
CARS chril 3062181
CIC chri% 4279738374
CYFiIP1 chris 229840733
FATAL chrd 187519147
KIDNOGA chrx A4 2 189383
RLET S chré 168347475
NFEZLZ chr2 178098301
RASATL chrs 26642517
TP53 chril? 7578406
TP53 chrl? 75781380
EGEFR chr”7 552417083
EGFR chr7 55242511
HERCY chri( G9793756¢F
JAKZ chr9 S022084
KaTZ2C chr7 151247008
NSHZ chr2 4769338316
NMITOR chri 11292495
PLCEG2 chris B1942036
TP53 chrl7 FE579509
ALK chr2 29940530
GARBRGA chrd 46060315
KNG A chrX AA/F22 755
BALLZ chri2 A4SA44 3815
ROSA chré 117687379
SLC38A4 chri 145638322
TPES53 chrl7 FET7R254
ZFHX4 chrs TFT7776735
ZEAAY NI chrl ISR27319
BRCAZ chri3 229149359
KRAS chri2 253988284
NEL chril7 29653134
NFEA chri7 29528088
PAXE chr2 1138847933
TP53 chri? FET77610
TES53 chri7 TFERTFF7O79
TRINMGT chri 231293607
TRIPAA chrid Q2471634
| = Ampliseq FIG. B3A
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7F4/705

SampieiGene Chrom| ChromStart
R F R3} VAF Plasma
P12 BRIFPL chri” 599324572 2 Syt 3.7%:
L1z CARS chril 3062181 3. 4 5.2
[l CiC chrilS AZ27973871
Liz2 CYFIPL chris 22840733
L322 FATL chrdg I8 75193147
L2 KDMGGA chrX A44G2 1898
12 NLLTA chré 168347475
112 NFEZ2LZ chir2 17809383071
[l RASATL chrSs B6642517
.32 TP53 chvril”7 7578406
L3122 TES3 chvri” 7578190
L13 EGFR chir7 55241 7083
i3 EGFR chr7 55242511
i3 HERCA chirl1O 69793756
P13 JAKZ2 chirS 5022084 ¢
.13 KMTZ2C ohir? 1519047008
L33 MMSH2Z2 chr2 47693816
L3 PATOR chrd 11292495
.13 PLOCG2 chrié 21942036
L1z TP53 chri? 7579509
15 ALK chir2 29940530
15 GABRGI ichrd 45060315
Lis KDMSA [chrX 44922755
LS BALLZ chriZ2 ADA44BE31S
[ ROS1 chirs 117687373
15 SLC39A4 chr8 145638322
I TES53 chvrl7 FET78E254
15 ZFEHX4 chrs F7776735
L15 ZRMIYMIAG fchrd 35827319
L1 BRCAZ chri3 32214959
E317 KRAS chriz2 25398284
£E317 NEL chri”7 29653134
L7 NEFEL chirdl7 295280383
E17 PAXE chr2 113984793
i17 TP53 chri7 577610
17 TES3 chrl?7 TS 770792
P17 TRIDMG/ chri 231293607 :
17 RiIP311 chrid Q2471631 3

= mmPCR-NGS F;G

____g___
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895/705

Chr No.:Position_Mutation

Chr No.:Position_ Mutation

Chr No.:Position_Mutation

9:163985-163985_T>C

9:5050714-5050714_T>C

17:7577587-7577587_A>T

1:17275337-17275337_C>T

9:21971111-21971111_C>T

17:7577590-7577590_A>T

123689289-23689289_T>G

9:32632175-32632175_C>T

17:7577592-7577592_C>A

126774085-26774085_G>A

9:108097968-108097968_G>A

17:7577598-7577598_A>G

:36226206-36226206_A>G

9:130931780-130931780_C>T

17:7577599-7577599_G>C

:43032078-43032078_C>T

9:141071078-141071078_A>G

17:7577604-7577604_G>T

143912067-43912067_G=>A

10:37486216-37486216_C>G

17:7578177-7578177_G>C

:64515405-64515405_C>T

10:46254776-46254776_A>C

17:7578183-7578183_G>T

:99771528-99771528_G>A

10:47207813-47207813_A>G

17:7578188-7578188_G>T

:1110173662-110173662_G>A

10:50678650-50678650_A>T

17:7578190-7578190_A>G

11156256528-115256528_A>C

10:51853633-51853633_C>T

17:7578191-7578191_T>C

11156256529-115256529 _A>G

10:72358324-72358324_C>T

17:7578196-7578196_T>A

:120458147-120458147_C>T

10:81058322-81058322_C>G

17:7578202-7578202_T=>A

:145323656-145323656_A>T

10:89624275-89624275_C>T

17:7578203-7578203_G>T

:148343792-148343792_G=>T

10:89624305-89624305_T>G

17:7578204-7578204_T>G

:151149263-151149263_A>G

10:89692790-89692790_G>A

17:7578206-7578206_A>G

:152186837-152186837_G>A

10:89692794-89692794_A>T

17:7578207-7578207_T>C

1152189016-152189016_C>T

10:89692835-89692835_G>A

17:7578208-7578208_A>G

:152328936-152328936_C>G

10:89692839-89692839_T>G

17:7578212-7578212_C>T

1157805906-157805906_G=>A

10:89692883-89692883_C>G

17:7578215-7578215_T>A

:158609792-158609792_A>T

10:89692893-89692893_C>A

17:7578216-7578216_T>C

1186276240-186276240_T1T>C

10:89692900-89692900_G>C

17:7578224-7578224_A>T

:198675866-198675866_A>C

10:89692905-89692905_G>A

17:7578225-7578225_C>A

1202699028-202699028_A>G

10:89692923-89692923_G>A

17:7578235-7578235_A>G

[ G (RN N T Y T O [ N (U N S W NS N R W R N T YO N N U N G W QRS W QR W G W (S N R N S O

1225306960-225306960_T>G

10:89692980-89692980_A>G

17:7578236-7578236_T>G

—

1227288919-227288919_C>T

10:89692998-89692998_G>T

17:7578239-7578239_G>T

FIG. 67A
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8677056

Chr No.:Position_Mutation

Chr No.:Position_Mutation

Chr No.:Position_Mutation

1:228560700-228560700_T>C

10:123258034-123258034_T>A

17:7578244-7578244_G>C

1:235884036-235884036_A>G

10:127548395-127548395_C>G

17:7578245-7578245_C>A

1:247614573-247614573_C>T

11:634288-534288_G>A

17:7578253-7578253_G>T

1:248402566-248402566_T>A

11:1093430-1093430_C>A

17:7578254-7578254_G>A

2:32820108-32820108_A>C

11:1643049-1643049_T>G

17:7578257-7578257_G>T

2:61719472-61719472_G=>A

11:1651157-1651157_A>G

17:7578259-7578259_T>G

2:107049425-107048425_T>G

11:48171648-48171648_A>T

17:7578260-7578260_G>T

2:107460402-107460402_G>A

11:49854989-49854989_G>A

17:7578262-7578262_G>C

2:118715997-118715997_C>G

11:55541605-55541605_G>A

17:7578263-7578263_C>T

2:119752091-119752091_G=>A

11:55861593-55861593_G>A

17:7578265-7578265_T>C

2:129075877-129075877_C>A

11:60666746-60666746_A>C

17:7578266-7578266_A>T

2:165986535-165986535_A>G

11:64544046-64544046_A>G

17:7578268-7578268_T=>C

2:178098803-178098803_G>A

11:66335548-66335548_T>C

17:7578269-7578269_C>T

2:179434772-179434772_C>T

11:71932638-71932638_C>T

17:7578271-7578271_A>G

2:179635206-179635206_C>G

11:94204875-94204875_T>G

17:7578272-7578272_C>T

2:197641324-197641324_C>G

11:103182692-103182692_G>A

17:7578275-7578275_C>T

2:198266834-198266834_A>G

11:108117798-108117798_C>T

17:7578280-7578280_C>T

2:198363501-198363501_G>A

11:108175462-108175462_G>A

17:7578281-7578281_C>T

2:209113113-209113113_C>T

11:108200961-108200961_G>A

17:7578284-7578284_G>T

2:238672328-238672328_C>T

12:4627253-4627253_G=>A

17:7578371-7578371_G>A

3:1269641-1269641_A>G

12:9453702-9453702_C>T

17:7578374-7578374_G>C

3:19924193-19924193_G>A

12:9574020-9574020_A>G

17:7578375-7578375_C>G

3:25832827-25832827_T>A

12:9583286-9583286_T>C

17:7578380-7578380_G>A

3:38104250-38104250_C>G

12:12630318-12630318_C>T

17:7578382-7578382_C>T

3:41266100-41266100_T=>A

12:21953991-21953991_G>A

17:7578388-7578388_G>C

3:41266101-41266101_C>G

12:22677465-22677465_G>A

17:7578389-7578389_C>T

FIG. 67B
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g7/1086

Chr No.:Position_Mutation

Chr No.:Position_Mutation

Chr No.:Position_Mutation

3:41266104-41266104_G>T

12:25380275-25380275_A>T

17:7578392-7578392_G>C

3:41266113-41266113_C>A

12:25380276-25380276_A>T

17:7578393-7578393_T>A

3:41266124-41266124_A>G

12:25380277-25380277_C=>=A

17:7578394-7578394_A>G

3:44612650-44612650_G>T

12:25398281-25398281_G>A

17:7578395-7578395_C>A

3:58191274-58191274_G>C

12:25398282-25398282_G>T

17:7578400-7578400_C>G

3:108788596-108788596_C>T

12:25398284-25398284_G>A

17:7578402-7578402_C>A

3:138022433-138022433_C>T

12:25398285-25398285_G>C

17:7578403-7578403_G>A

3:149245633-149245633_T>G

12:30888067-30888067_G>A

17:7578404-7578404_T>A

3:172533490-172533490_A>C

12:31231425-31231425_T>G

17:7578406-7578406_G=>A

3:178916854-178916854_G=>A

12:31242869-31242869_G=>A

17:7578407-7578407_C>A

3:178916876-178916876_G>A

12:50745677-50745677_A>T

17:7578409-7578409_G>A

3:178916936-178916936_G>A

12:50746243-50746243_A>C

17:7578410-7578410_A>T

3:178916941-178916941_G>A

12:52385715-52385715_C>T

17:7578413-7578413_G>T

3:178916944-178916944_A>G

12:56482341-56482341_G>T

17:7578415-7578415_T>A

3:178916946-178916946_G>C

12:91502039-91502039_G>A

17:7578416-7578416_G>A

3:178817478-178917478_G>A

12:101745882-101745882_A>T

17:7578419-7578419_G>A

3:178921548-178921548_G>A

13:28919595-28919595_G>A

17:7578420-7578420_G>A

3:178921552-178921552_A>T

13:32968854-32968854_C>A

17:7578423-7578423_G>A

3:178921553-178921553_T>A

13:36700097-36700097_C>T

17:7578428-7578428_C>T

3:178927974-178927974_G>A

13:48953760-48953760_C>T

17:7578431-7578431_C>T

3:178927980-178927980_T>C

13:49033955-49033955_A>T

17:7578433-7578433_C>G

3:178928079-178928079_G=>A

14:20215706-20215706_G>T

17:7578437-7578437_C>T

3:178936050-178936050_T>C

14:21873400-21873400_G>A

17:7578440-7578440_A>G

3:178936074- 178936074_C>G

14:44973867-44973867_C>T

17:7578442-7578442_A>C

3:178936082-178936082_G=>A

14:63784405-63784405_C>T

17:7578443-7578443_T>A

3:178936083-178936083_A>T

14:102323093-102323093_T=>C

17:7578448-7578448_C>A
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g98/7056

Chr No.:Position_Mutation

Chr No.:Position_Mutation

Chr No.:Position_Mutation

3:178936091-178936091_G>A

14:105246551-105246551_G>A|

17:7578449-7578449_G>A

3:178936092-178936092_A>C

15:22743235-22743235_A>G

17:7578452-7578452_A>G

3:178936093-178936093_G>C

15:33954810-33954810_G>A

17:7578454-7578454_C>T

3:178936094-178936094_C>A

15:66774131-66774131_G>A

17:7578455-7578455_G>C

3:178936085-178936095_A>G

15:75047325-75047325_G>A

17:7578457-7578457_G>A

3:178936097-178936097_G=>A

15:83014132-83014132_G>C

17:7578460-7578460_T>G

3:178937019-178937019_A>G

15:84909434-84909434_G>A

17:7578461-7578461_G>T

3:178938860-178938860_A>C

15:102516424-102516424_G>T

17:7578463-7578463_G>C

3:178938934-178938934_G=>A

16:1004605-1004605_T>C

17:7578464-7578464_C>G

3:178947827-178947827_G>T

16:2049640-20498640_T>C

17:7578466-7578466_C>T

3:178951957-178951957_G>A

16:3820773-3820773_C>T

17:7578467-7578467_A>C

3:178951964-178951964_G=>C

16:4432029-4432029_A>C

17:7578469-7578469_G>A

3:178952004-1789852004_C>T

16:28507445-28507445_G>C

17:7578471-7578471_C>T

3:178952013-178952013_G>T

16:29110458-29110458_T=>C

17:7578472-7578472_C>T

3:178952018-178952018_A>K

16:56782199-56782199_G>A

17:7578475-7578475_C>T

3:178952019-1789852019_C>T

16:68772218-68772218_C>T

17:7578476-7578476_C>T

3:178952020-178952020_C>T

16:68844139-68844139_G>A

17:7578478-7578478_C>A

3:178952030-178952030_G>C

17:7573982-7573982_G>T

17:7578479-7578479_C>T

3:178952072-178952072_A>G

17:7574002-7574002_G>C

17:7578480-7578490_T>A

3:178952074-178952074_G>C

17:7574003-7574003_C>T

17:7578492-7578492_G>A

3:178952075-178952075_A>T

17:7574012-7574012_G>T

17:7578493-7578493_G>A

3:178952077-178952077_T>A

17:7574017-7574017_G>T

17:7578496-7578496_T>A

3:178952081-178952081_G>A

17:7574018-7574018_C>T

17:7578498-7578498_G>T

3:178952082-178952082_C>T

17:7576855-7576855_C>T

17:7578499-7578499_A>C

3:178952084-178952084_C>T

17:7576857-7576857_T>G

17:7578500-7578500_C>T

3:178952085-178952085_A>G

17:7576883-7576883_A>G

17:7578502-7578502_T>C
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89/7056

Chr No.:Position_Mutation

Chr No.:Position_Mutation

Chr No.:Position_Mutation

3:178952088-178952088_A>G

17:7576897-7576897_C>T

17:7578506-7578506_C>A

3:178952090-178952090_G=>C

17:7577022-7577022_C>T

17:7578507-7578507_C>A

3:178952091-1789520981_G>C

17:7577036-7577036_C>A

17:7578508-7578508_G>A

3:178952100-178952100_C>A

17:7577046-7577046_G>T

17:7578509-7578509_T>C

3:192516720-192516720_C>G

17:7577052-7577052_C>A

17:7578513-7578513_G>A

3:195452649-195452649_C>T

17:7577058-7577058_G>T

17:7578514-7578514_A>G

3:195505836-195505836_C>G

17:7577069-7577069_G>A

17:7578517-7578517_C>T

3:195506597-195506597_C>T

17:7577079-7577079_G>T

17:7578518-7578518_G>A

3:195506940-195506940_C>G

17:7577081-7577081_A>C

17:7578524-7578524_C>T

3:195511945-195511945_C>T

17:7577082-7577082_G>C

17:7578525-7578525_C>G

4:11400898-11400898_G>A

17:7577085-7577085_G=>A

17:7578526-7578526_G>A

4:15443812-15443812_C>A

17:7577088-7577088_A>C

17:7578527-7578527_T>G

4:40356408-40356408_C>A

17:7577090-7577090_G=>C

17:7578528-7578528_T>G

4:46930361-46930361_A>C

17:7577091-7577091_C>T

17:7578529-7578529_T>G

4:48597671-48597671_G=>A

17:7577093-7577093_G>A

17:7578530-7578530_T>C

4:55593613-55593613_T>A

17:7577094-7577094_C>T

17:7578532-7578532_T=A

4:55593661-55593661_T>C

17:7577095-7577095_C>A

17:7578534-7578534_G>T

4:55594212-55594212_T>C

17:7577096-7577096_A>G

17:7578535-7578535_A>G

4:55594221-55594221_A>G

17:7577097-7577097_G>A

17:7578536-7578536_A>G

4:55599320-55599320_G>C

17:7577099-7577099_G>A

17:7578541-7578541_T>G

4:71469002-71469002_C>G

17:7577100-7577100_A>T

17:7578542-7578542_C>T

4:83778206-83778206_C>T

17:7577102-7577102_G>A

17:7578548-7578548_C>T

4:88537243-88537243_C>A

17:7577105-7577105_C>G

17:7578550-7578550_C>G

4:88537249-88537249_T>C

17:7577106-7577106_C>A

17:7578551-7578551_T>A

4:107845202-107845202_G=>A

17:7577107-7577107_T>G

17:7578553-7578553_A>G

4:144336805-144336805_A>G

17:7577108-7577108_G>T

17:7578554-7578554_T>G
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T00/7705

Chr No.:Position_Mutation

Chr No.:Position_Mutation

Chr No.:Position_Mutation

4:153245446-153245446_C>T

17:7577111-7577111_C>T

17:7579312-7579312_G>C

4:153247168-153247168_A>G

17:7577112-7577112_G>C

17:7579313-7579313_C>G

4:153247288-153247288_G>H

17:7577113-7577113_T1T>G

17:7579329-7579329_A>G

4:153247366-153247366_G>T

17:7577114-7577114_G>T

17:7579349-7579349_T>G

4:153249456-153249456_G>T

17:7577115-7577115_T>G

17:7579355-7579355_T>C

4:164507069-164507069_C>T

17:7577117-7577117_T>C

17:7579358-7579358_G>C

4:170321765-170321765_C>T

17:7577118-7577118_G>T

17:7579366-7579366_C>G

4:175896768-175896768_C>T

17:7577120-7577120_G>A

17:7579377-7579377_C>T

5:13762932-13762932_G>A

17:7577121-7577121_C>T

17:7579378-7579378_C>A

5:26906161-26906161_G>A

17:7577123-7577123_T>C

17:7579414-7579414_G=>A

5:67591128-67591128_G>C

17:7577124-7577124_G>T

17:7579503-7579503_G>T

5:112173917-112173917_C>T

17:7577127-7577127_G>T

17:7579521-7579521_G=>A

5:112175118-112175118_C>T

17:7577129-7577129_T1T>G

17:7579547-7579547_C>T

5:112175219-112175219_A>T

17:7577130-7577130_T>C

17:7579882-7579882_G>C

5:112175681-112175681_G>T

17:7577138-7577138_G>A

17:11554600-11554600_G>T

5:112175786-112175786_G>T

17:7577141-7577141_G>A

17:11998898-11998898_C>T

5:112176020-112176020_G>T

17:7577142-7577142_G>T

17:12011144-12011144_C>T

5:126791225-126781225_C>T

17:7577144-7577144_T>C

17:37868208-37868208_C>T

5:129030517-129030517_C>T

17:7577148-7577148_C>G

17:37880220-37880220_T>C

5:131931452-131931452_A>T

17:7577501-7577501_C>T

17:37880261-37880261_G>T

5:135394826-135394826_G>A

17:7577505-7577505_A>T

17:37881000-37881000_G>C

5:140683389-140683389_C>T

17:7577506-7577506_G>T

17:37881332-37881332_G>A

5:170239186-170239186_A>G

17:7577508-7577508_A>G

17:39240627-39240627_T>C

5:180335598-180335598_T>G

17:7577509-7577509_G>A

17:39274087-39274087_C>G

6:10756728-10756728_C>T

17:7577511-7577511_T>A

17:39274157-39274157_C>T

6:26032069-26032069_G>A

17:7577517-7577517_T>C

17:39305800-39305800_A>T
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107177105

Chr No.:Position_Mutation

Chr No.:Position_Mutation

Chr No.:Position_Mutation

6:28497279-28497279_G>A

17:7577518-7577518_A>T

17:39595484-39595484_C>T

6:29910622-29910622_C>T

17:7577520-7577520_T>C

17:39673185-38673185_G>A

6:93956553-93956553_C>G

17:7577521-7577521_A>G

17:41245274-41245274_G>C

6:112452259-112452259_G>A

17:7577524-7577524_A>C

17:45219311-45219311_A>G

6:130497111-130497111_C>T

17.7577526-7577526_T>C

17:48777241-48777241_T>A

6:150001395-150001395_C>T

17:7577529-7577529_T=>A

17:58288421-58288421_G>A

6:170871013-170871013_A>G

17:7577532-7577532_C>A

17:61958402-61958402_C>T

7:2577781-2577781_A>G

17:7577533-7577533_C>G

18:29470816-29470816_G>A

7:6426892-6426892_C>T

17:7577534-7577534_G>A

18:45368211-45368211_C>G

7:27832791-27832791_A>G

17:7577535-7577535_G>C

18:48575671-48575671_C>G

7:43591930-43591930_G>A

17:7577536-7577536_A>T

18:48604754-48604754_G>T

7:55259482-55259482_C>A

17:7577538-7577538_G=A

19:1223125-1223125_C>G

7:55259515-55259515_T>G

17:7577539-7577539_C>T

19:22836805-22836805_G>A

7:77379331-77379331_T>G

17:7577541-7577541_A>T

19:40383905-40383905_C>T

7:100643088-100643088_A>G

17:7577543-7577543_G>A

19:49926533-49926533_C>G

7:100677279-100677279_G>C

17:7577544-7577544_T>G

19:51274851-51274851_A>C

7:138268672-138268672_C>T

17:7577545-7577545_A>G

19:56369444-56369444_G>A

7:140453136-140453136_T>A

17:7577547-7577547_G>T

20:3209652-3209652_T>G

7:140453137-140453137_G>A

17:7577548-7577548_G>A

20:6751034-6751034_A>G

7:140481411-140481411_G>T

17:75775498-7577549_C>G

20:29623210-29623210_C>T

7:140481412-140481412_G>C

17:7577550-7577550_G>T

20:29623224-29623224_C>A

7:140481417-140481417_G>T

17:7577551-7577551_G>C

20:29628236-29628236_G=>C

7:140500165-140500165_T>C

17:7577552-7577552_G>C

20:29628263-29628263_A>G

7:151970859-151970859_G>A

17:7577554-7577554_A>T

20:29632643-29632643_T>C

7:151970951-151970951_G=>A

17:7577555-7577555_C>A

20:31671497-31671497_C>T

8:2796250-2796250_C>T

17:7577556-7577556_G>A

20:34242060-34242060_G>A

FIG. 667G
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10277105

Chr No.:Position_Mutation

Chr No.:Position_ Mutation

Chr No.:Position_Mutation

8:2855562-2855562_A>G

17:7577557-7577557_T>A

20:57484420-57484420_C>T

8:3009020-3009020_C>G

17:7577559-7577559_C=>A

20:57484421-57484421_G>A

8:3205603-3205603_G>A

17:7577565-7577565_A>C

21:10951281-10951281_G>A

8:3245034-3245034_G>T

17:7577566-7577566_A>G

21:32127654-32127654_G>A

8:10467948-10467948_C>T

17:7577568-7577568_G>A

22:16449539-16449539_T>C

8:77768353-77768353_C>T

17:7577569-7577569_T>A

22:22899234-22899234_T>C

8:89086854-89086854_G>A

17:7577570-7577570_G>A

22:29092948-29092948_C>T

8:101083610-101083610_T>C

17:7577571-7577571_T>A

22:30398972-30398972_G>C

8:109796543-109796543_G>A

17:7577574-7577574_A>G

23:15821891-15821891_C>G

8:116426722-116426722_G>T

17:7577575-7577575_T>A

23:66765161-66765161_A>T

8:121344960-121344960_G>A

17:7577577-7577577_A>G

23:78011285-78011285_G>A

8:144940290-144940290_G>C

17:7577580-7577580_A>G

23:105153675-105153675_C>A

8:144940331-144940331_G>A

17:7577581-7577581_T>A

17:7577586-7577586_T>G
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USPTO. - Patitionegappiicant is advised that the recurd of 8 patent ?ppn\-at:m s avallable o the & public after pu*“matmr o¥ihe
application amiess & too-publication requast in conpliance with 27 CER 1L.213(a) is made i the application) or issuanne b a
patant. Fudhermore, the record frony an sbasdonag ap,.sssabm *nsy siao be gvalable to the public i the app écaiie:r: sq
referenont in a published application oran fssued patert {eae 37 OFR 1.14). Checks and oredit rard authorization forms
FYO-2058 submitied for payment purposss arg not retadned i the sppiication Bl ant therefore are not publicly avaiabls.

LEGAL NAME OF INVENTOR

Joshua Babiarz Dinte (Optioral) ;

z:,f‘ﬁ**-t M’Z%«-;;;ﬁm

fnventon

Bignatare:

NaterAn '\;:‘pm;-simn tate sheet (FTOME o «Qm‘mtem) winloding naming the entiteiwenihee enfily, must aooompany s fom or st haee
 Soen previhsdy e Use s additionat PEQISESEH R for saeh spidiions] nvantan

5 S pm ity b e e Gand

E\; tsgw Sy ::;y &b WS awq ‘%z & f‘ '2 3 ?*{ af‘fi % 14 ‘;n«x \mgivr,!mu, B Fio ke Lirinudeio

;\ iN. sonpizted application ‘\.\?m R UBFT oo it vy rsw.wm\\g upon Hheindividus] ciss f\-?&}%

his Forvo rald suggestions & Muaw\g s burdan, o aant fo B O inforaation O P8

‘abe.mk B, U {‘ C)ﬁ;:amx,m o‘ o Corece, P Bux 1480 Alandta VA ZRR 1650 IV IND FEEN OR COMPLETED FOIRME T(\
SE?&D Ti?} Comnissioner for Patenis, 2.0 Bax 4480, Slexandria, V& 22513-1450.

§F yori rrsed agsintaroe i OOMPHEEDY The 6n, kel 80EFTO-R IS and sebat apiten

A8
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Frivacy Act Stalement

The Privacy Act of 1974 {R L. 83578 requires thal you be givensartal information it conneelion
with your subivission of the attached form related to @ patent application or patert. Accordingly,
pursuant fo the requirsmants of the Act, please be advised that (1) the general auihonty for the
cotiectinn of this information 15 95 WE.C. 22 (5 fumishing of the nformation soficitad is volumtary,
and {3) the prindpal purpose for whinh the information i used by the UE. Patent and Trademark
Office fs fo process-andior sxaming your submission rélated & & paltant application o patent. Hyou do
not fuenish the requested nfiemation, the U5 Patent antd Tradmark Dfice may not be able to
process ancior examing your subraission, which may rescll In tenminativs of proceadings or
abandonment of the applicatiin of exgiralion of the patent.

The infornation provided by you trethis form will be subjsct tn the following rautine usey:

1.

s

&

The infgrmation on this form will be freated confidardially to the axtent allowsd under the
Freeduntof information Act (5 LLE.C. 882} and the Privacy Aot (& U.B.0 8838). Reconds from
this system of revords may be disclosad i the Departrbent of Juslice to determine whather
disciosurs of these racords 18 requived by the Freadom of Information Act.

& renord from this system of records may: be disclosad, asa rouding usa, In the eourse of
presenting svidente 1o & couwst, magistrate, of adminielrative tibunal, incliding disclinsures o
opposing counselin the course of settiement negotiations,

A record in iy aystem of records may be dlecloned, 25 2 routing Use, o a Mamberof
Congrass submittinig 8 renuest nvedving an individisal, to whom the seoond pertgits, whan the
individual has requasted ausistance from the Membar with raspect fo the subject matier of the
racord,

& renord in this systen of records may be disclosed, a8 2 routing g, to a contmactor af the
Agency having need for the infarm:at'im\ rvordacto perform g contrast Reciplents of
informationyshall be required o comply wWith the requiraments of e Privacy Aot of 1874, as
amended, purstant 1o & U.S. 552a(m).

A ragord related to s Intermationgt Appligation fed ander the Patent Coopeeation Trealy i
fhis system of records may be disclvend, a8 rauting use, fo the Intemationg! Boreau of the
Warld intellectual Propesty Organizalion, pursuant fo the Patent Cooperation Trealy,

A reoord in this systemn of records may be dinclosed, ax g rouling uss, fo another federg!
agency for purposes of Natioral Sacudly ravisw (38 U.S8. 181) and for raview pursuant to
the Atornic Enargy Act (42 1LL8.C. 298¢},

& resovd fraro this syistem of rocards may be disclosad, g # routing uses 1o the Admipistrator;

Garerad Smvices, of Risdber designee, during an inapietion of records conducted by G854 as
part of that agency's respravsibifity W reconymernd Niprovamients i reconds managenent
praciices and prograros, under authonly of 44 UL8.C 2804 and 2808, Such discloguns shgl
ise mads by aocordance with the (8A regulations govering irapection of reconds for this.
purpese, and any other relevent { fa., BSA or Comrosrcs) dirgclive, Such disciosure shiaiinot
he ysad to niake determinadions about individuals.

A raobrd foun thivaystent of records may be distlosed, gs @ routine use, s the public alter
sither publication of the application pursuant to 38 UL.8.CL 132(b) or iasuance of @ patent
pursuent i 385 LS., 181, Further, & mowrd may b discloved, sublect fo the fimitalicos of 37
CFR 114, s » mouling use, o the publis Fihe record way fled i s spplivation which
hecarne ghandored or i which the procesdings were fermingted and which spplivation iy
referanced by afther 8 published application, dn applivation open o public Mepection or ah
{sauad patent,

A reoord from s systemn of records may be disclosed, gs a routine use, o a Feiforal, Siate,
ar el law anforcement agenty, £ ihe USFTO becornes aware of s vivlalion or potential
vikation of aw or ragulation.
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) FIOUAIAIDS (D8

Appranesd Sor gods o BUENRGSS. OME G&“‘ivﬁ"ﬁa

LS. Patent and Tradesman Offios 1.8, DEFARTIENT OF COMMERCE

Ulrdler e Papaaeork Ras}mwn »‘kd w1835 00 persons Bre requited R resparnd g colisdion of inforation uetees i dispbays g wabd OMR ooatiol number.

DECLARATION (37 CFR 1.83) FOR UTILITY OR DESIGN APPLICATION USING AN
APPLICATION DATA SBHEET {37 CFR 1.78)

— DETECTING MUTATIONS AND PLOIDY IN CHROMOSOMAL SEG

Invention |

Ag ihe below naned wwvanior, § hereby declarg thatt

This dediaratian - v -
s lirmolieg for ﬁ The sllachied applination, or .
@ irttad Stotes apphication or PCT intemationa! agplication number 14/692,703

Al 21, 20158

filed on

The shove-identified sppiication was rmads o autbodred 1 be made by g,

Phalieve that | arm the origingl invantor oran oiging! icint inverdor of a clalmad nisnBan in the spplication.

{ heveby scknowiadge that any williul false stetemend made in this declaration s punishiabde under 1B LS8 W00
by fine of imnprisonment of nob more than fue {5} years, of bbth,

WARNING:

Patilionetfapplicant is cautioned o avoid submmilting personal information in dotumenis fled in 8 palerd application that may
sontribote 1o idendity thell, Pavsnnad infornalion such as social sscurity numbers, bark aconurd rurnbers. or oradit card numbers
{other than & shadk or credi r\am’ authorization form PTO2038 submilted for paymerd pucposesh is never reguired by the USPTO
o support & pelifion or o appiiaticn. ¥ e ype of persongl information s inchuded in documents submied o the USPTO,
pelitionara/appliicants should consider redacting such parsonal inhxmation from- e dosuments bafors submiilling them to the
USPTO. Peltiorieriapplicant s advised hat ihe racord of a patent spplication is avalsbis to the publie after publication of the
spptication (urdess a non-publication regusst In complisnce with 37 OFR 121308 s made inthe application) o {ssuance of
patent. Fusthivmiors, e record from g0 sbandoned application may sisu be avallable o e public i the applivation s
redfpraniced it @ published applivation or an fesuad patent fsre 37 OFR-TM),. Chechs and orenft aard sudhorizetion forms
PTO-Z038 submitted for paymend plrposss are not relained in the application Rla and tsrolore ave not publicly availatle,

LEBAL NAME OF INVENTOR

Tudor Pompiliu Constantin Dite {Optional QBASBMS

inwanton

it PEelOR CORSTRAT
Sigriature’ ”

Note: &6 applicalion dale sheet (PTOSH A or sgpivalend), lnluding naming the enties Invertive eotity, must sccampany this form comust have
Hoan proviously Sisd. Use B saditons PTOMBAVTT Tou (6 danty sdlitiongl vavsor,

This sofizetion o inforpation s requred by 35 B30 118 and 7 OFR 163 Thw information f resinsd iy ablaln of relain & Senefit by he publin whid is o fie fang
by thie YRPTO © process) 51 zif‘}ﬁ?:m‘.:ms Confidesteiiy is povamed by 35 8.0 122 and ST OFR1.1Y and 144, Thik ollection is exliniated todehe § minsde Yo
comgise, fachuding galitering, preparias; e submiling e Somplefod Sotication o K98 VST Ting jary Jerding uRR NS alvious! case Aoy
SO D i sruount of M o sensine o complate ©Nis v dralice. Sz.,,;,&suunﬁfu reducing s ousdert, shauid be sent i T hief informastin Sificlr, U4
Patent and Tragoreank Offios, WA, Depariment of Totranane, PO, B 1850, Mecandrie, VA ST 1850 10 KT ABNS FERS IR DOMPLETED FORMA TR
THIS ADURESS. SEND TO: Commissionsr for Fatents, PO, Boe 1450, Alexandria, VA 223131450

¥ vou need agsisianos i comploting Bie fomn 2alf F-A00-PTO-RY08 s seisut aaition &
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Privacy Act Statement

The Privacy 8ot of 1874 (B.L, 83878 tequives thal you be given oslsi fofamativn i conrsolion
with vour submission of the altached form related o o patent goplicalion or patent. Accordingly,
gurstiant fo the raquiremends of the Aot please be advined that (T} the genseal audhodty for the
coffection of this information s 35 U810 20642} () furnishing of the iformation solicited is voluniy
and (3} e pindipal purposs for which the information is used by the LIS, Patent and Tradamark

(8

2 g 10 proosss andior exanting your subnission related v & palert spplication or patent. Hyou do

not furnish the reguestad information, the U8 Patent and Trademark Uffice may rot be ahle 1o
process gndior examing your submission, which roay resull inleringtion of procaedings or
abandonment of the apgplication o sxpdation of the patent.

Thscmiaiion provided By youinthis forinowill ba subject o s Rllowing routing sed:

§.

i

The ivioraztion on this form will be reated confidentially to the sxtent allowed under the
Freadom of hformation &t (5 L8.C §52) and the Privacy Aot (B ULS.C 583a). Records from
frin systenyof renords may be discipgad to ihe Depadment of Justion to detanmins whather
disclosurs of these racords 4g raquired by the Freasdom of infurmation Act.

A racord from this system of renards roay hedisclogad, a8 2 rouling use, in the course of
presenting svidence 1o a court, magistrale, o sdministrative tribunal, inchuding disclosures (o
uppusing counsel inthe course of selliement negoliations.

Arecord i this system of renords may be dinclosed, ag a rocting use, to g Mamber of
Gonaress subreitting 8 reguest invalving an Individugl, to whonttha record pertaing wheb the
Fdividioal has seogussied assistance foom the Mamber wittirespent to the subjact matter of the
vecord.

A raowd {n this systerof recotds may be disciosed, as a roufine uss fo s contiastor of the
Agsncy having tieed for the information in order 1o parfornt a contract. Reipienta of
wformatiors shall be reguived 1o comply with the requireamenty of the Prvacy Aol of 1574, as
amendad, pussuantto § US.C. B82aim).

Argoprd related o an intemational Application Med under the Patent Conperation Treaty In
this systern of reconds may be disclosed, a8 & routine Use, lothe nternational Bureau ot the
World intelisciual Propanty Organizalion, pursuant 1o the Fatent Cooparation Treaty.
Avacord in this system of records may be disclosed, as & routine use, o anuther federal
agency for purposes of Natlonal Secwity review (38 UL.B.C. 181] and for review pursuant fo
fhe Atoade Enargy Aot {82 U.SG. 218 ey

Arecord from Hhis system of records may be disclosed, as & routing use, {o the Adminisiraior,
Genstgl Services, ar higher designee, during an inspacion of seoords sandusted by G8A ug
part of that agency's responsibiiity to recommend improvements intecoids maragement
practices and programs, under authority of 44 UR.C. 2804 and 2808, Such disclosure shall
ba mads in sccordance with the G5A regulations governing inspechion of records for this
purpose, anid sy oifer redevent { Le. BSA o Commarge] divective. Such discliostre ahalf not
he used fo mgka detervinations about individuals, _

& record from this systern of records rmay be disclosed, as s routibe use, o the public sfter
gither publication of the application pursuant to 38 U.5.G 122(0) or issusnos of & padant
pusstant 1o 3 UB.C 181 Further, & mectwd may be disclnesd, subinct by the lmitalions of 37
CFR 1,14, a5 a rouline use, {othe public if the record was fled in ot spplication which
bscame abandoned or in which the proceedings wereterminatad and which application is
refererced by either o publishad applicaion, an application spen o public inspeation or an
isstsed patent.

A record fromy this system of reoords may be disclosad, as & rogting use; 10 a Federgl, Stats,
arfocal {aw enforcament agenay, I the USFTO bacomes aware of a violation or potenial
vitation of faw or regulation,
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BTAAGT (0892

Arovss % was Brungh DHSTI0TA. CMB 08830038

LB Palert srd Tradomark Office; U8 DEFARTRENT OF COMMERGE

Under i Repsreodt Redimion A of 1808, 1o pemons 51e required fo respond 5t & sellective of intorosetion unirse i displey s veii QM conir ol suralr,

DECLARATION (37 CFR 1.63) FOR UTILITY OR DESIGN APPLICATION USING AN
APPLICATION DATA SHEET (37 CFR 1.76)

ttoar | DETECTING MUTATIONS AND PLOIDY IN CHROMOSOMAL SEGMENTS
invention

Aa the bulow namad inventor, | herehy declars that
Thia daclaration I ow ) i
Rdacd b ﬁ The aBached apptication, o
,;@ Uinitert Biates spplication o PUT internationat spplication number
April 21, 2018

14/892,703

Sed on

The shove-idaniified spplication was mada or aothiodzel 4 be mada by me:

| balfeve that Fan the arlging! inventor or an ariging! joird inventor of a claimad invention i the application.

{ hereby acknowledgs thet any willi false slatament roade i thiy decharation s punisiable under 1§ US.C. 103
Sy e or impriacnmment of not rmors thar five (3) vears, or both

WARNING:

Pelitioner/applicant is pavtionad 1o avoid submitiing persanal information in'documients Red in g patent application thal may
ettt identiiy theft. Personal informatinn Suthi 3¢ sonial seatinity nuambers, bark gncount mumbeas, of cradit card miembers
{nther than a cheok or sredif card authorksation ko PTQ-2038 subnvted for payrnent purposas) is ngver required by the UBPTGH
1o support & pelition or an application. I tis type of parsonal information i includad in documerds subhnitied to the  USPTY,
petiticnersfappivants shuuld cunsider redacting wieh persungl informalion from he decunents before submitting them Kethe
USPTOL Peltiorayiapplicant is advisad that tha racard of 3 palant applinalion is avaliabls fothe public alter publication ofihe
applicetion {undess a non-publication requast in compliance with 37 CFR L.215(g} v made in the spplication} of issugncaof g
patenl Furthermore, the sevord fron an sbangioned application may slso b avaliable 1o the public ¥ the application s
referanced in A putlished agplicstion or an fssued patent (ses 37 CFR 1,14}, Checks and oradil card authonization forms
FTO-2038 submitted for pavment purposes are not refained i the spplication fle and thersfors are oot publiche evalable.

LESAL NAME OF INVENTOR

Lios 7. Bobank Date (Diptivtst) 8Dec2015
Lame K. Eobank 1 ,

nventor

Signatune:

Kode: A appliication dwta sheat (PTOIBEE o aguivalent), inolinding paraing the entiee inventive eatity, rust sccompany this foon o must have
feen pravidysty fited, - Usean additional PTCRIAKGT forme B esch additotal Hvaror.

N TRQREEY 10 O O SRATY & DENSHN I B e fRiCh 1980 1

T sotertinn ST donT o &8 egubad by 3 UL A, 113 and 3T GURCLSS Tha 3ol
i CFROTY ad 114, This Solfaction 13 #stimated 1 tswe 1 siinute to

By e BEPTO b process) an application: Corfdentisity s goveenad by 38 UWEC 132 and
somples, frcliding petiienig, prepasng, and Komitng the compipted apptication fem w e USPTQ, Tt wilt vary depeiding udon 1He indvidis! e, Say
carynse on the amount of me you Teguire to compize s fom andior supmisstions for reducing s burdan shoid by sent o s Shieh infarmating Dffiosr, U8
Fatent and Traddmark Office, U3 Duparmnt of Soninme B0 Boy 1950 Alixadidrie VA S3812-1480 DINOT SEND FEER 08 COMPLETER FORMS T
THIS ADDRESS. SEND TO: Commissionar foy Patends, PO, Box 1450, &levandris, YA 233134488

Ny nend aceisiance i annpeteg e R, eolf CSUSTOOTEE wid seech upon 2.
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Privacy &ct Statemeant

The Privacy Act of 1674 (P.L. 83878} requiree thal yau be giver cerlain nfwmation in sonnection
with your subroission of the attached form refated {0 & palent application or patent. Actredingly,
pursuant to the requirements of the Act, please be advised that (1) the general guthority forthe
enilection of this information iz 35 1 .8.C. 2(b)2): (2% furnishing of the information solicad ts veluntary:
and (3 the printipel purpose for which the dormation is used by he U.8. Patent and Trademark
Qffice 18 to process andior sxamine your subinission related to 8 patent spplicalion or patent. f you da
vof furmieh e requestad information; the U8, Patant and Trademark Qffice niay not beable to
process andfor examine your submission, which may restlt in ferndnation of proceedings or
shandonmant of the appl ication of expiration of the patert.

The informiation provided by you in this form will be subisot to the Tollewing routing uses:

1.

pe i

~d

(2]

The information on this form will be tresded confidentially o the exiant alfowad under the
Fraedom of Information Aot (5 UE.C, 583 and the Privacy Act {5 U.S.C 55828, Records from
this systeny of racords ey be disclosed o the Department of Justice {o defernine whethar
disclnsure of these renords s regusdred by the Fraedom of Information Act,

A rpoord frovn this systent of records niay be disclosed, 88 & routive use, in the course of
presenting evidence fo & cowt, magistrate, or adrminiatrative tribunal, including disdosures o
cppasing counsal iy the course of settisrnent negotiations,

A repord in s syslem of records inay be disclosed, as 2 routine use, 1o a Mewgber of
Congrass submitting & request irvolving an hdividual, o whon e record pertaine, when ths
individual has requested sesistaros from the Member with respect ko the subjact malier of tha
reonrd.

A record iy this system of records soay be disclosed, as & routing use, to g oonliactor of the
Agenoy having nead for the information in ordey to perform a contragt, Reciplends of
information shall be required to conply with the reguiremants of the Privacy Act of 1974, as
armended, purstiantto § UL, 582aim).

A record relgted toan intermnational Application fled under the Patent Cooperatimy Treaty in
fhe system of reonrdh may be disoloned, ax o rouling use, o the Intemationat Buresu of the
Waorld infellacioal Property Organization, pursuant 1o the Patent Copperation Traaty.

A racord in this system of records migy be dinclossd, 28 8 routive Use, I anothey federal
agery for purposes of Notional Security review{(38 .80, 181 and for review purstant ia
ihe Atonve Fnargy Act (82 U.BAS. 2184).

Aracord from s system of reconds may be disclosed, as a rouling e, 1o the Adminisirator,
Gereral Sarvices, & blafier dushpes, during ar nspechioreaf racords conducted by G8A as
part of that agenoy's rasponaibility o recommend improvements in records rosnaganent
praciicas and programs, under authority of 44 U.8.C. 2804 and 2808, Such disclosure shall
b made i gocordance with the GBA reguialions governing inspection of racords for this
purpose, and any otherrelavant { Lo, G8A or Commerce) directive, Such disclosisre shall not
be used to make delerminations about individuals.

A vecord from this gystent of records miay Se disclosed, a8 @ routine uge, to the public alter
sither putdication o the applicatitn pursuant B 35 11.8.C. 122{b} or lssuance of & patent
pursuant fo 35 WE.C. 181 Further, » record may be disclosed, sublsc o the imitations of A7
CFR 114, ax & routine ues, fo the pubilic ifthe record was fled in an appiicalion which
became abandoned orin witdch the procesdings wers terminated and which spplication s
refarencad by sither o published application, an application open to public inspection oran
{ssued patent.

A recond frony Hhis system of records may be discfosed, as & routine yse, oo Federal, Stade,
of jogal lew snforcement agenoy, § the LUSPTQ becomes aware of 2 vickation ar potential
vivlation of law or regulation,
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F"m AABTEGAR
TS, OO T-0uaR
: AENT (3R COMMERCE
mw\ avahid ORRR contel swmlier

Argiodivad 100 use Troligh §7%
238, Patent and Tredemark Offes; U SPRAR
tinger e Papenvork Redustion Act of 188K, na persuny arg sugived 3o reepond to.x oolisclorvoffafisanalion wikees |

DECLARATION {37 CFR 1.83) FOR UTILITY OR DESIGN APPLICATION USING AN
APPLICATION DATA SHEET (37 CFR 1.76)

rceccess

Title of
frvsafion

DETECTING MU%}*’-’\TEGNS AND PLOIDY IN CHROMOSOMAL SEGMENTS

&g the batow nasnesd ey, | heveby declare that

This dedlaration y
(s diractad 1o ‘:] Trie attached application, o (4592 703
8R2.703

B Urved Siaies spplioation ue PUT ivternationat application number

on RPrE21, 2{}? 5

Hlad

The above-dentifiad applisation was made or authorizad to ba made By mg.

{elevs thet am e origihal ioeentor of 39 origingl joint inventor of a clalmed inverdion in the gpplication.

{ herehy acknowledgs et any williud frdse stalament mads o this Seclaralion is purishiable under 18 USCL 1004
by fine or imprisonment of not more than five {5 years, or baihy,

WARNING:

Pefitionarfapplicant v caatiored o senid sebmiting parsonal idfonviation i doouments Hled ine palent applizatiun that may
corditinte o Menity thadt, Pavsongh information such as socialsenunity numbers, bank aocount rmmb:«ss‘ e credit Casd numbses
fothecthany & ehick or oradit card guthorzation form PTO-3038 subnited ﬁor payrhent purpnsas) is never mqu-"‘a by the USPTD
{o suppart a petiton o arvapptication. Fhis ige of persaialink Sormation is included it dosuments submitted to the USPTO,
petiicnersfapplicants should consider redacting sugh ;:srwna formation from the dosuments beforg sutunitiing them kolhe
LSFTE Polilonerfppieant s gdvised that thereriord o 8 paterd mpidication is avaiiable 1 the publis alter publication of the
apphination {unless A vos-pudinaling raquest incomplianae with 37 OFR L2 1 s reada b the Rpoiic.aimn\ m wsuance ol |
patent. Furtheraots, Tie reoord Fom an abandoned app sc:a\teo:* may alsobe avanams ot public ibe appiinslion i
referenced ing gmt\ss\h«\d apgiiosiion OF anssed ostant St:e GEOFR LR Eeoks dnd oredil carg aufmfszatsm farhs
FT-2038 submnttad o iym.aﬂ? puoses are notrelaines o the application fe and thersfors are not publicly. availahie:

LEGAL NAME OF INVENTOR

s o - ‘_,) -y
mvertor. SEOFgE Gemelos | Dt {Optisnaty Ol 2012015
(':x@fax{fé’- &~ (f;&me?{ps
Kignadure: &

Nuofa Anapplication dabd sheat IFTONS
g phsviousty e, Wes i sdditeast PTORAEAIGE farrs v 'eddh addsﬂ' ,nai zmmmo

Trisooiectinnnd idutalion i reguied B 35 LS ME A AT GER 183 T'\e m&cnmw:m & requed tootitain m retaity 3 Danal by e puble wing is v e lgad:
o e SR TO M i Erdalty S governed BY 3SR USL, 122eand @7 O*— LAY and 1AL This ooliedion s satimetad fo ke 4 et iy
complee, incding gatharing, propanng: Bud sutmiing e outsted & r:a.fm RV R »:.~F‘x i i e pendivng e e individuat osse, Any
soramsnty on m ancurt (,f times \u reouie fo complate s Rt ancion auggessons forrduding s buvdan, shos s sant o the Ghied Tnkarmation Qw e, LS
A Chaparbnen of Corarercs: PO Box 1450, Al VAZE BASE. DUINCT SEND FEES QR COMPLETED FORME TG
A a&:;m sEND Tﬂ: Gnmmﬁss:mar for Patents, 2.0 Box 1450, Aloxandria, VA 323131480, )

Fynn need SRS compRgi Wie Yonm, salt EaNRLEOFIRE TN and seient ppu £

2?
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Privacy Act Statement

The Privacy Act of 1974 (B L. 83-879} requines thal vou he given cartain information in conmisglion
with your subrnission of the atfached form refated 1o & patent application or patent. Acasrdingly.
pursuant fo the requiremends of the Act, plegss be advised et (1) the general authorlty for the
caitaction of this Informiation KI5 US.C2(0K2) (3) fumishing of the information solicied is voluntary,;
g {31 the priveinad ponsose torwidch the inforiviation {8 User by the U5, Patend ang Trageramk
Qffics s 1o process andifor examing your submissior relaled o @ patent Spplication or patent. K vou do
not furvish the requested indormatior, the U 3. Palerd and Trademark Office may not be shle to
protess andior examing your submission, which may resudlin fermination of procgsedings or
abandonment of the application or expiration of the patent.

Trie informalicn pravided by you rethis fornt witl e sitbiett 1o the fillowing raidine vses:

w

The information on this formwill helrested nonfidentially 1o the extent alfowad gnder the
Fraedom of information Aot {8 U.5.0. 588 and the Privacy Act {5 UiS £ 5528} Revords from
this systentof records may be disciosed o the Departimant of Justice fo delermine whether
disclosure-of those records s required by the Freedomr of infornation At

A repord from this systen of records may be disclosed, 25 3 roufine use, in the sourss of
presenting evidance o g vourt, magistnale, of agntinistrativs Trilsuinal, including dlsdiosures fo
apposing counset in the course of seitfement negolialions.

A racped in this system of recosds may be dischosed, a8 g routing use, 1o 8 Member of
Congress subtdtiing a reguest involving arvindividual, o wharn the fecond paenaing, whan the
ndividual has requestad assistance fromt the Member with respect 1o the subject madier of the
raonrd.

A record i this system of recardsmay b disclozed, aga rouline use, o a vontractor of e
Agenay baving nead for the information i order 1o perdorm a contraat, Reciplants of
inforation shall be required 1o comply with the reguiternants of the Privacy Actnf 1974, as
améended, pursuaniid 5 ULSC. §53aimy

Arecord related fo an Infemational Application fled under the Palent Cooparnglion Treaty in
fhis system of records may be discliosed, as a rouling ues, 1o the intwmaticnal Bursau of the
World inteflsctual Properdy Crganization, plrstant to-the Patant Cooperation Traaty.

A raoord in this systerm of records may be disgiosed, 88 a routine use, 1o ancther federal
ageroy ke pwposes of Nationa! Sexuiily review (35 U .8.C. 187} and for roview purstaint &
the Alomie Energy Aot (42 ULE.C 348

A vecond frooy s systentof records may be disclosed, a8 a rogting use, fo e Sdrdnisirator,
Genarg! Services. of bisther designae, durlng an inspectios of reomds conducted by 384w
part of that agency's rasponsibiiity to recommend Improvaments i reconde managemant
prachicoss and pragrams, uhder authonly ol 44 UL T 2804 and 2208, Such disciosure shal
b made i accordance with the GEA regulations governing inspection of records for this
purpose, and any other relavant{ Lo, B84 or Commares; dirsctive, Sush disclosire shall not
be used to make delermdnabions shout indivigiuals,

& mzosird from this systern of records may be disclosed, a8 a rottine use, tothe public after
eithar publication of the applicetion pursuant o 38 U.S0 122(0) orisstanos of » patent
pursuant o 35 UE.C. 181, Further, & racurd misy be disclosad. subsjedt to the lodtations of 37
GFR114, a5 o routing use, 1o the public fthe recorsd was Mled in an spplicatiorowhich
kecanie gbandomend g in wddch the proceedings were terminated and which apphication is
refgrenced by sither & published application, an spplication apein to public inspaction or an
issued patent.

A vacord fromt ihis system of records may be disclosed, as 2 rouling use, o & Fadeng), Siate,
or loral faw enforement agenoy, i the USPTO becomes awarg of & violation or potential
viciation of law of regudation.
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BTN € 312,
Spprouss Tor uss heough GEEEIOTE OMR GRS LY 1
U8 Patent and Trademeark Offfng: 1S REPARTRERT OF COMMPROE
Unidzr ihe Paperanth Reductinn Achof 1888, SERONS 1S requived o raspond tn & soliscian st iniormatics unicas B dispisrs & valid UMD sadntal dumbsy

DECLARATION (37 CFR 1!.&3} FOR UTILITY OR DESIGN APPLICATION USING AN
APPLICATION DATA SHEET (37 CFR 178}

DETECTING MUTATIONS AND F‘LO?DY N CHRQMOSOMALSE{BMENTQ

Title of
rvention

- As the balow nassed inventor, { hereby declare that:

' ;?‘gfrzi‘i'%’m {1 e attached sppiication, o
B W

14/892,703

@ Urites! Stales application or POT internationa! application number
April 21, 2018

#eg on

The shoves-identifiad sppdication was made w suthontzed {e e made by tue.

a2

 { helinve thatt am the sriginal inventor or an ariginel jelat inverdor of 8 daived invention i the appiication.

{ rerely acknowtedage that any wilful felse statemerd made in ts deciaralion is purishable under 18 RS0
by fing or imprisonment of not more than five {5} voars, arboth,

WARNING:

Fatitioner/applicant s coutioned to-aveld subsitting persongl iInformatinn i docamerds ad i a padent sprlication that gy
onndribals Reidentity el Pergonal iformation shoh 285008l Sentety rmbers, bank asdount simbars, Oy fradit Card numbars
{aiher tharta chenkonr cradit card suthorization forn PTO2038 submittes o payment purpnees) is never raguired by the USPTQ
o support a petition or an applination. I this type of personad information fs includad i documients submitied to the LSPTO,
petitionarsfappiicants should consiter rdagling such peraonal informations rom he documents before subnvitting thew o the
USPTO. Pettionsrfappiicant is ddvised that the o of 2 patent appiicalion s avatable fo thé peblic aftdy pubiivabion of e
application {unfeas g nan-publication requast in campliance with 37 CFR 1.313{a) i made in the application} orissuance of
palent. Fustharmors, e rected from an abandonad application may alsn be avallshie fothe public i the application s
 referdnced in & published appliication or an ausd patent {see 37 CFR 10441 Chaclis ang Credit oo mahivization forms
BYO-2038 subraited for paymand plrpuses arenal rdained in the appliceiian fle and therefure ars not - pubicly avaliable.

LEGAL NAME OF INVENTOR

Matthew Micah Hill Date (ptional) - 3&52{}'35
~ M f‘l?' 8

Fventon

Signature:

Note: An application data stiest {PTOYSRING o nquivalent), inchuding naming the ertit invenive enty, musl sooompuany s fornar miust have
perw previously filed. Ut an soditionat PTUMIAGT form tor pack andiienst ventos

This cothaion of infrati is requited i\y A5 LA S g 37 OF R 1RR. Thy tiormation i requived b abisin e reliin s iosfit by S pildic abioh it fle {famd
By the USPT o process) an sopication. Contidenfiaily s stvemad by 35 UG 122 and 87 OFR 3.1 and .34, This golieniion is malimated o fahe 4 minite o
Qopiste, olding 5.«%3*&&&@, seapatdag and submitiiag the oompiatad sfpic ,kaﬁ oy 1 s RSPTOL Tims will vary depending upon theindiiiuat eass, any
TR o e amdunt of ey peepsty B CompRels e Fomnt Sadlor SUREeStuN Yor tining BN oo, SROnd B SO 30 WM NG I Iaion LRNGEE WG, &
Fatent and Tresemark Cffies 138 Deparinent of Craseess: B0, Box- 1453, Aloxdndria, ¥A 323131480, L0 RUT BERDFPEES OR SONPLETED FORMS TS
THIS ADDRESR. SEND 1O Commissiongr for Patents, P.O. Box 1456, Alerandria, ¥A 2331344580

H yoes e 2 in e fhoon £AH -RIAWPTUAS IR 300 MNUELT 00N 2
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Privacy Act Statement

Ths Privaoy Aot of 1874 (R.L. 83.570) requires that you be given osesin information in connaction
witly your-submission of the attached form relatad t 3 patend spplication or patent. Accordingly,
prrsuant fo the reguirsmeants of the Acl please be advised that {1} the geneval suthorlty farthe
collsction of this informsation s 38 LL8.C 2(bH25; {2) furnishing of the information aolicled iy vohumtarny
and {3) the principgl gurpose for which the oformation s used by the WS Patent and Trademark
Office ito procdss andior exanting your submission ralated fo o patent application or patent. I you do
niot furnish the requasted information, e U S, Patent andd Tradesnart Offcs migy not beable to
process andior sramingvour subodsshon, which may reaull iy lerination of prasesdings or
abandormment of the gpplication or exgiration of the patent.

The irformation provided by youin this form will be subjectto the fuflowing routine uses:

1.

Tha inforemation on this form will be traated confidentially to the extent sliowsd under the
Fregdom of irformation &t (5 LL.S.C. §52) and the Privacy Act (8 U.S.C 5528). Records from
this systern of records reay be disclosad to e Depariment of Justics to delermine whether
disciosure of thess records 18 requirgd by the Fraetoy of Information Act

A revord from this systern of records may be disciosed, as a routing use, in the course of
prasenting evidence 1o a court magistrate, or administrative tbunal, including dlsslospesto
upposing counsel in the course of seitlement nagoliations,

& record in Hiis systentof records ngy be disclosed, 258 2 rouling use. o & Member of
Congress submitting a saguast involving an individual, to whor the record peaaing, when the
ndividual has requested assistance from the Mernber with raspect to the subject matter of the
regord.

& repord in this system of reconds may-be disclosad, a8 7 routine use, to g woriractyr of the
Agsnoy having need for the information nacder fo perfiorm 8 cuniract. Reciplents of
irdormation shall be required & comply with the regirements of the Privacy Act of 1874, a8
amendsd, pursiant 5 UB.C 882a{m).

& revord refated o an international Application Bled under the Patent Coopergtion Treaty in
thix system of renords may be disclosed, aga rouling use, to the Intemations! Bureau of the
World intellectusl Property Organization, pursuant to the Palent Cooperation Traaly.

Arecord in tis system of reoords may ke dissioned, 8 3 rouling use, another federal
agency for purposss of National Sacuily revisw (35 U.8C. 181} and for revisw pursuant io
e Atomic Enargy Act (42 ULS.GL218(eh.

& record from thig gysten of records may be disclosed, as 8 routine usg, B the Administrator
General Sapvicss, o histher designes, during an inspection of resords condudted By G8A as
part of that agengy’s responsibdiity o recommiend improvemanis in reconds nianagement
practises and programs, undsr suthority of 44 US.CL 2604 and 2808, Sunh disclosure shall
ba made in accordante with the G8A regudstions governing inspection of records for this
purpose, and any other rplavant {46, G8A or Cofnmerce) divectire. Stich disclnsure shiall bt
be tsed to make determinations aboul individials.

A revord frorn this sysforn of records may be disdlosed, @8 2 routide vae, i the pablic after
either publication of the application pursuant 1o 38 WLS.C. 122(b) or issuancs of @ patant
pursyant to 38 UE.C 1871, Further, & moard owy be disclossd, subjact to the Emilalions of 37
DFR 144, as 2 roufine use, fo the public Fihe revord was filed in arcapplicatior which
berarne abandoned or irwhich the proceedings were terminated and whith agplication s
referenced by ofthar a published applicaion, an application open to public nspeclion or an
insued patent.

A reoord fram this system of records may be disclosed, ay a routinguse, 1o & Fedarsd, State,
arfocat law eifsrcoment agenoy, if the USPTO becomaes awant of 8 violation ov potentiad
viclation of law or regulation.
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FIREALAO AR
L ORMB 065000

.S Hos: gﬁ;t« \“.";SASR LF COMMERDE
Linsdee e Papepaak Redueting AT af 1258, no pereons are reguired o resprunf s x:aﬁemsﬁn SHRfOMBton LRSS isoiavs & vaiid OB et nurber
DECLARATION {37 CFR 1.63) FOR UTHITY OR DESIGN APPLICATION USING AN
AFPPLICATION DATA SHEET (37 CFR 178}

rtoor | DETECTING MUTATIONS AND PLOIDY IN CHROMOSOMAL SEGMENTS

iivenition ' |

A the below namad irvénior, haraby declars thay

This declaration: {71 o ot § et atings
s diracted o Lt Thw stiachad appication, o

14/892,703

E@i Linited Statey spplicatian or PO internadional apphcation sumbsy

Aprit 21, 2018

filed orr

The abnve-identifiad splication was made o authoized 1o e roade by me.,

| beleve that Fanvite oiginal investor or anariginal ieint inventor of 2 clained invention in e applicalian.

{ heraby sckoowindie that soy Willhel false statermend made in this deglaration v punisheble under 18 UR.G 1001
by e or imprisorment of nal more than five (5] vears, wr both

WARNING:

Fatiioherapplicant is cautionad to aviid subimiiing personal Inforraation in doouments fited i & patent gpplicgtion et may
cuntribite fo identity el Personial informatinn such a8 sooial seorily numbers, bank acdount numbers, or oredit card numbers
(oo thar a shenk o cradit card suthorization farm PTOR038 subnitied for pavment purposes) s nevae roquired by the USPTG
tsuUpRon & petition oran dpplication. i ihis iyos of personat informatinnis inclurtad In documents submitted o the USRTO,
petitioneralapplicants should sonsidar redacting sugh personad Information frony the docurnents belure submilting there to'the
USPTO. Patitionerapplicant s ndvised et e record of & patent spplication is available to the puiblic after pablication of the
Lapplication {unfess & ngnwpuh&a“ian mmquest venmpiianne with 37 OFR £.213(8) fs migde in the app:.nam o igsuance of g
watent. Furthermaore, he renord fom an abisioned a;)piic&ﬁw may alss be svaliahis i e publis e spplication s
M@wr‘e}m i = pubdished 3;:; <aisfm o gt fesued patent {see 37 OFR 114}, Ghedks and sreditcard authorization foma
PTE2038 submitied for payraen purpoves are not velained i *i veapplication fle and Sarmioreare nad putiicly avaiiable.

LEGAL NAME OF INVENTOR

Huseyin Esar Kivkizlar St (Optioraly - /2015

D

invdintor

Stgrature:

fote: An applioation deta aheel (FTOSEAS o sopbalent) + ncleding nepdag the enling Inventive antity, st acoompamy e 15 or must have
s previnesly fled: s an Iw;»mﬁ CTQIAEADT T Tor s R nvehiorn.

h eﬂt\im“'ﬁm 1O
ARG ‘«E‘\“S ”"

ﬁnﬂ‘m'\\s cn mn am,wﬁ it *zm\\ gcu g 815 wrﬂpime s Sorets Srior L@gem.ﬂ *er wﬁﬁ : & 1his bunten; should s sent i{‘\ téma
St s Toadnan TR, U8 Depariment of Curmense, PO B 1450, Alexandsis, WA 223131480, BO NOT SERD FEEN OR a,vi‘eW;.f::T
TRIS AOURERS, SEND TO: Conmminsione: for Pateats, PO, Box 1488, Mexandria, Y& 23131480,

I 0 PR SESENENGE IR uRpstiog ite fuiry onl T-0DP TSR eadf et aplige &
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Privacy Act Statament

The Privacy Act oF 1974 (P 83579} requires that you be given cériaih information in Sonnection
with your submission of the attached form raigiad 10 2 patenl apptication or patent. Accordingly,
pursiant 1o the requinaments of the 4, pleass be advised that; {1} the gensral suthorty oo e
woltession of fhis information fo 35 W.EB.0. b)Y (35 fumishing of e infarmation solicked is voluntary;
4 (3) the principal purpose for which e inforoiation is uswd by the LS. Patentand Tradamark
Oftice is 10 process and/or examing your submission refatsd o a palent application or patent. Hyoude
not fumish the requasied inkemation, the UE Patent and Trademark Office yay notbaale to
procass arlior examing your submission, which tay result in termination of procesdings of
abandonmeard of the applicalicey or expiration of tha patent,

Tra informadion provided By yau i ihis fumy will be subject fo the following rouline uses:

1.

4

The information on this form will be treated confidentially (o the extent allowed under the
Fraadarn of Information Aot {8 U 8.0, 582) and the Privaay Act (8 L. .0 5826). Rucords fom
this systent of records may be distlosed o the Depariment of Justicn to delermine whether
dinclosure of those records is regudred by e Freadom of information Ast.

& record fromn this systeny of recoris may be disclossd, as 8@ routiow use, in'the onurse of
presenting svidance to g dourt, magistrate, or admidsteative tribungl Inclisding disclosires fo
opposing courssd it the coursa of settisment hegotiations.

Arecord i this system of recwds may be disclosed, as.a routine uge, 1o & Mermber of
Congress submitting g reguest nvolving an tndividual, jo whiom the record peiaing, when the
wuffvidual has requasted assistanos frotr e Mambar with respeat (o the subjentinalier of the
reaond.

A racord iy s systeroof records may be disclosed, 35 @ routine use; 1o 8 contractor of the
Agency Having nead for the information in order o pedform & contrack. Reclplents of
fnformation shall be raquired o coiply with e requiramants of the Privaoy Act of 1874, a8
anended, pursuard o S US L 552amm;.

A record retatad f'an hdemationa! Application Fedunder the Patent Quopesation Trealy in
this system of records may be disclogad, as a rouline use, o the Intermational Bureau of the
World intefleciual Froperty Orqanization, pursuant 1o the Patent Coaperation Traaly.

A racned e this system of records may ba disciosed, g5 8 routine'use, 1o snother federal
wgency for purposes of National Ssowily review (38 LL8.C 181 and for raviaw purstsntio
the Atonvis Engrgy AR (12 UB.C. 218(e)).

A recont fromn this systent ot reosrds miay be disciceed, gea rautine wae, o the Adninisirator,
General Services, of MsMer designes, during aninspection of records conducted by GR4& as
part of ihat agenoy's rasponaibdity fo epmmend improvements inreconds managsiant
practioss and programs, whderawhorly of 44 UB € 2604 and 2808, Such disclosurs shall
be made in seoordance with he G8A regulations goveming inspeclion of records for this
purpose, and-any other relsvant { Lo, G8A or Commuarce) ditestivs. Such giscivgure shal nut
be used (o make determinations about individusis,

A recard from s systarn of records may be disclosad, as a routing uss, to the publicafier
aither publication of e application pursuant i 33 UR.C. 122ibYor lesuancs of & patent
pursuant i 3544 8.0, 101, Further, a reoard may be disclosed, sulject fo the findtations of &7
CFR 1.4, as g rowiting use, to the public ¥ the reoond was fled i an application which
hecarne abandoned or irwiich the procesdings wate tenminated gnd wiich spolication is
referanced by afther a published applivalion, an applicatich spen o public inspattion or an
issuied patent.

A rreted from this systern of rexords may be disclosed, as 8 rouline use, tu 3 Federal, State,
of loval law enforcoment rgency, i the USPTO becomas gware of s viclalion or potential
viokation of baw or reguilation,
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vty s Sapanocoy R sion Ao o ism I TRAROES B FROUEE 16 raspond S e miémm cﬁ zrﬁwmﬁm m&&s‘: & m{.ﬂaga @ vl C\’m cmm mry’b&*

DECLARATION (37 CFR 1.83] FOR UTILITY OR DESIGN APPLICATION USING AN
APPLICATION DATA SHEET {37 CFR 1.78)

o |DETECTING MUTATIONS AND PLOIDY IN CHROMOSOMAL SEGMENTS
frpsntion |

A the Below named vl | hereby dedlare &

?;’:;ﬁ?g;bfm {1 The attached sppficaton, or
’ A P 9 -~ e}
@: {indtedd States appdication ar POY intemational application muirsber _1 é”i ﬁgz?{)“‘

April 21, 2015

fexd o

The shove-ddentified apolicatiotowas pwde w authonized ke be reade by wa:

i balisve that o e odging wentor oy 3 odine! foint inventor of a claimed nvention i the Spplication

{heraby ackaowlodge that any wiiltfil false slatement mads in this declaration is punishatde uoder 18 U S.C. 1001
by Brie o fnprisanrdent of not mors e flee (8] years, o bath.

WARNING:

Pﬁmmwﬁ;}ﬁﬁsmﬁf is cautinnind ko avold subriiing personal infhomaion i documeals fled i g patent application Tl may
sondibtute fo idantily e, Parsonal widrmation suoh 5% social seawity numbars, tank acoount numbens; or oredit card rusabaes
{other then 3 chrck oo oradit cand sulhoreation form PTO-038 submitted for payment purteses) s never mdlired by the USPTO
o suppont & politun uran application. ¥ Uds o of prosaod ipformation s included It documants submitied fo the URPTG,
palioners/appicanty shaud cansider renfaoting suoh personal infnmalinn fromm the docurents belors subpiitiing hem to s
 USPTO,  Petitionerapplicant s sdised hal ths slord o a palfaat application 8 available o e public ater pubication of the
- applination {untess o nor-publicatins reneest v compliance with 37 OFR L2130y s made in the application) o issuance of s
pafent. Fusthermoree, the moord fomt an abandonad spplinatiordniay also b swailabde o the public fihe spplicalion is

S cer i & published application oran vaued patand (see 37T CFR .14 Chenks ang sradi card authotization fwms
PYQ-2038 subaritind Tor payment purponss ars notretaineg in e apulication fle-and therelirs are ot publicly avallable)

LEGAL NAME OF INVENTOR

%‘ﬁaﬁhew Rasbmcw;ta i Eglionsiy DENSNS

nardor

Signatusee

Boter A appiitaton dair sheel IPTUHERMAS oy eltdvaiond), NSiding asning e endive inverthee anlity, Imust anoomgany this forg of fatsthaw
feen previously Sled. Dse ah addiionst FTOVATAMT fos Ko eschaddiional inverdor,

s cntiection of infrormtion s teuirad By 38 LLC. 918 37 OFR L84 The informatine is requied fnobisin fe matiinia bensft by e publio vaiich i Yo B fan
b e z*&PT’C}!b DIORESSY ot ApRRcsion. cmmmmz; i gavenet by 35 LLS0. 122 and ST URROLA S and 118 This oilecinn is Eeimisies fodaks 1 rins s
fate, Snckding aethwing, gspaning, 30w sebailing he eyimplieted srediomion foar Sehe LIGRTE, Time wilb vty & ding oo SR indlvidant wsae. duy
oomvents o the st of e ,«M setgive fo ool s fome antior uggestions fir sieing s dusten, Roult be sont 1 he SR Informalinn Ol (15
Fatent At Trsmemen Oifcs, WA S Depsivrnt of Doraomneie, ¥.00 Boy T8 Aexariia, W& AR VA DO RET BEND FEES R COMMETED FORRS TS
THESACURESS. SEND T0: Comndssionsr fox Patends, PO, Box 1450, Almeandris, Y& 233134480,
I ok TeeRS Boaienod i complattgy thafban, vl T-E00FTCRR 1 S0 SeRsT ptan 2
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Brivacy Adt Siaterment

The Privacy Act of 1874 (B.1L, 93579} renuires that you be glven cartaly information in cranacling
St yohr submission of te attached o wigted {o & palent applicetinon o palent. Acsordingly.
pursuant 1o the requiraroents of the At please be stised et (1) the gebenal Authority for the
ootiection of B inforrnsdion e 3B LS. 203 (2 furnishing of the infomrsating soticied s vofundany:
and {3} the pinoipasl purpnse e which the informalion it used by ihe 1.8, Pafsnt andd Trademark
Offics 18 0 provess sndior examing yi stiltdasion relsted to 2 patont application or patent. If you ds
pot frrdah the reguested information, the UG, Paterd snd Trademank Office sy not beable i

provess andior sxaniing your suboission,

which may meeol intermingtion of prosesdings or

shaidobment of the applicativg Or sxpimtion of the patent.

The infomiation provided By o iy Bhis foroowdlibe sokisct 1o the Tollowing routing Lsee:

@

ef

8.

The ideriation an s foroy il be irsated sonficerdialty toshe mtent sllowed underthe
Froedow of informaions & (8 ULE.0. §52) snd the Frivacy ACt{RUL.S.C 5524 Recsds Som
s gyatern of records may he disclossd 1o e Depardoment of Joslios to determine whether
sfsctosure of these records 15 requingd by e Fréadony of dutroadivn Act
& oot Fors this sysiens of rocords mag o disclosed: 938 roulioe ues, e coursa of
oresénding svidehre 1t a colrly magislrate, or adminiztrative inbunal, inclading disclosures i
opposing counse! in the couse of satmrent nagrtistions.
Avepad iy this systarn of records migy be disciared, &8 3 rouling use, to g Member of
Congress submiiing & reglmstinesiving an individual, to wham the recard penains, whern the
indivdcual Bas raguesiad assfstance from the Member with respectio theschied matter of the
raoond,
A venond it s spsiem ofresards thay Bedisclioned, a8'g rouline use, 1o & sootracky of g
Ageroy having need for the information in stder o parform 8 contragt. Raciplents of
Frinenating shall be revjeired o comply with the requirenienis of the Privacy Actof 1874, us
arpgndded, putEantic SUS.C. 582adm).
A revord redated dan derahions! Appiicalion lad dnderthe Patent Coopsnation Traely in
his aysten of resards ey be distloyed, as a rdoling use, 10 the irdamaiional Buress of tha
Winrdd Intelinchual Property Chganizations pursuant tn the Patent Conperalion Treaty.
A ravord i this system of records sy be discipsed, gy v raiaing use, fo gntther fetleral
agency for purposes of Natitoa! Seourity raview (33U SC 181 and for review plesuant 1o
the &forpic Energy &t (42 1L8.6. 218(eh.
A et o by systery of records mioy be dischhsed, ga @ routine use, ot Administrator
Senergl Sorvices, o Hsmey designee, Suriog sy Dspection of Tecords oonductad by 384 ax
parlof that agenay’s resoonsthility fo eoonnsnd inposssments iy meonds management
praciioes and poograrms, under authonty of 44 U 8.C. 2804 and 2908, Such disclosure shall
ba-made iy acoordancs with e G5A maguigtions govarning inapatlion of reoords for this
purpoye, ang any ofher melevart { {6, GOA o Sommerost directive. Such disclosure shali not
be tsed o pake detenninations sboutindividuals,
S rexord frony this systern of records may bedisolosid, asaroding gae, 10 e puli affer
sither pubiicatiin of the application pursuent 1o 35 LLS.C 122000 or insuance of o gatent
pursaan o 38 USIC 181, Further, sirecord owy b distiossd, sublecl o he ndations of 87
GFR 114, a5 8 muiins use, o the publin i the reoond was Siad inan applitation whish
acams abandoned oo inowidels e proceedings weve fermingted and which applicalion is
referenicnd by sither 3 published application, an application open fo public inspedtion .or an
fgaued patent. '
A mmeord From thiv system of records may be divclosed, #a afouling use, &7 % Federal, Siate
orincal aw anfroament agency, Hihe USPTO bevoross awsre of 2 wisiziion of polential
wiokslion of iow o raguilation.
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FYOMIART 0802

Approwsd foruge Seovgh 14 OB 08510002

1.8 Falemrand Tademeak Dioss LS, BEFART FOF SOMMERLE

Lot PB{J»W\‘N\ Resdustion Aot af TR, po peesong s rerpred o respond 1o 2 olectnn of inlormation unfass ‘\mvpia,f,e \eair‘ CRAR controt ntanber

DECLARATION (37 CFR '1.83) FOR UTILITY OR DESIGN APPLICATION UBING AN N
APPLICATION DATA SHEET (37 CFR 1.78} J

e

Tillsof
invantinn _

DETECTING MUTATIONS AND PLOIDY sN{SHRQMQSUM,&L SEGMENTS

As tha below navied ventor, eraby declars that

s rat ey ) : . !
This dedlaration 1 yg attaches apphcation, o

is directed to; o ¢
§ tnited States appiication or POT intemastiorat applinalion aumber 141692709

April 21, 2015

Hieg on

The shove-iderdifiad spplisation was nade o suthoifexi 1o bo made by ma,

{eliove thal am the oliginal ivantor of an wighal joint ventor of @ Sladmed inverdion it the applinatin

| heraly acknowisdae thed soy wilhd fxlen staiament mads in this dedlaration is punishabls srder TR LSG 100
by fire o imprisorment ol riot more than fve (8} years, or both,

WARNING:

Petitioneraiplicant s cauliined (o avold subnviiting personal information in docisirents Bled in 4 polent application ihal may
nontibute to iderdiy thel. Personal inforoation sch se ot senunty nambers, bank-agoourd rishers, Griredt card nuhens
{othar than  ahaok o vradit cirs authorization form PTO-2038 sulmitiad for payment pupeses)is raver requirsd by the USFTO
{0 suppart 2 pelitoror an applination: ¥ this type of persarat Inforraation 1S onfudiéntin dacumants submited i the HRPTN,
patiticnars/applicants should donsider redacling stch personal inforasation. fram e documants beforg submifiing them 1o tha
USPTO, Politionerfapplicant iz advised that ihe record of a patent :*.m"aatim is vatiable o the puklic after publication of the
appiivation {wdess & non-publicalion reguest in complianes with 370 CFR 1.2 T3} 18 made in the spplication of issuateeofa
patent. Fudheimore, the record om anabandoresd BppRCation may atso be availablis to the m uilic i e applization i
redaranced in g published applicalion or an istad paterd {see 37 CFR 114} Chacks and creditcard authorization forms
PTO-2058 subrdting for payrnant purposes are not refaingd in the appiication e ardd therefore are not pubiinly aveilable.

LEGAL NAME OF INVENTIR
Onur Sakarya Date (Optional Q&r‘ﬁ‘é‘sl&}?a

. Edveckt «S&é‘s'zﬂ.{yﬂp
Siginatule ¢

invenior

| fabe An gpplivation date shaet (PTOREMS or equivalent), inchuding naming the aatics Invenfivi eolify, s aceompany this fors ar smust ave
- boen provisusy fled. Use o aadioRal PTOMIADT formy v eaci atditnal inventor.

X6 Se S “‘x'}“&"ii‘enrg prﬁ\pa:mg, oo subhnifogy tqs corphssl Bl TR ¥ shepending upo
1 i rfcun a“z“r*"evmmqui .' i SRINH '. s ', ':' gtm Lurdien, 39 e sentis b
AR ;‘\ r(} a.\,) tmb PR c\ “w

s Cfisse b
IS ""C‘

¥# xw re,tw as&f«mm :b, cumn?susg e sonm. \"sf? Fe Bk F%Ta-@zsvs Bue sefesy vmm 2
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Privacy Ant Stalement

The Privecy &ctof 1972 (L. $3.878) regquives that you be given dertain iformatioh iy sonneciion
with your subiisaion of the attached form related to & palent appiication or patent. Acgordingly.
prsuant tothe reguirements of the A, ploase be atvisest that (1) the genseal suthority forthe
coffection of thininformation i 35 U802, 2(042) (8) fumdsidng of the inforratian solicited Is voluniang
and (3) the principal purpess for which the information is used by the U.S, Patent and Trademark
Officeds 1o process andfor examing your subndssion refaled 10 & pateit spplication of patent. ifyoudo
not st the regussted information; the U.8. Patent and Trademark Office may not be able o
process andior examing your subnussion, witich may result by teonination of procesdings or
abandonment of the applination o sxpinstion of the patant.

Tha informalion provided by vou in this form will be subject {o the following roufine uses:

1.

)

@

Tie information on this Torm will be reated confidentialy to he exient allowsd under the
Fraedom of idormation Act (5 1LS.C. §52) and the Privacy Act {6 .S L 5828} Recurds from
hia-systen of records may be disclosed o e Depariment of Justica & datarming whather
disclosure of these renords is required by the Freedom of infornation Ast.

Aczecont from i systen of renords roay b disclosad, as 2 routine use, & the coune of
presanting svidencs to g court, tagistrate, or adoministrative idbunsl, including dlsdosurss to
apppsing eaunsel i the ootrse of settiement nagotiations.

A regord in this systorn of recorsds may be disclosed, A% 8 raidine use, 108 Memberof
Congress subnifiing & reguest invelving an indisdual, 1o wharn the reosed penaing, wharncthe
individuat has regquestad assistance from the Member with respect to the suliject matter of the
renord,

A racord i this systerm of records may be disglosed, as a moutine use, o a contracior of the
Ageney having nesd for the iforaationy ivordsr to perform 2 contradt. Reciplents of
irdormation shall be requived i cormply with the requirements of the Privacy Act of 1874, 5
amandad, pursiat o S US O 88209

& record related to an intermational Apghoation fed under the Patent Couperation Traaty in
s system of resords may be disclosed, a8 a muline use. to the Internationsl Buresu of the
World intellertunt Praperty Organization, plrsuant i the Paterd Cooperation Trealy,
Acveiiord iy s systam &F reomrds may beodistdosed, ag 2 volding use toanother fedand
agency for purposas of National Securtly review (35 U.8.C, 181) and for reviaw pursuant to
the Alomin Evergy Act {42 LL.S.C. 21310

A racord from thiv systero of recorde rasy be disclosad, a8 @ routine use, iy the Adrinistrior,
General Senvices, or his/ber designse, duting an spedtion of resords vonductid by GSA ax
part of that ageney’s respunsibiity 1o monerend improvements in records management
praclices and programs, under authorily of 44 U.8.C. 2804 and 2908, Such disclosirs shalt
be made in acocordance with he GSA regulations goveming inspection of records for this
purposs, and any other refevant £ Le, BBA or Commerce) dirsclive. Stch disclosure shall
be used to make deterningtions about individuals.

Acvecord fofy hinsystem of records may b disglosed, as 3 routine use, fo the public after
sither gublicalion of the application pursuant 8 35 L.8.C. 1228(hy or wsuance of 8 patent
pursuant to 38 UE.C, 181, Further, 8 record may be disclosed, subjgol o the imitations of 37
CFR 1014, as & roulineg use, o the public ¥ the record was filed in an application which
bacame abandoned or irvwhich the proceadings were terminated and which spplication s
refevanced by sither & published application, an application.opan o public inspection or an
issuad patent.

A meoord from this system of records may be disclossd, asa routihe use! (o a Federal, Sale;
or local law anforcameant agancy, iFthe USPTO beoomes aware of & vicladion or potential
violation of lsw or reguiation.
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FTOAISDT 40812

Aproved for uss thms;gm 3 R C:i:%‘i Eeci

i t\ Patent and Trademarh Ofice; 118, DEFPARTMENT OF CIRMMERGE

ndar the Papenuork Reduetinn Aot of 1R85, rucasony are reguired (o respond (o2 wtiestine of information unbes # dplays & velid ORMEC omesral nueden

DECLARATION (37 CFR 1.83) FOR UTIITY OR DESIGN APPLICATION USING AN \“
APPLICATION DATA SHEET Q7 CFR 1.78) J

Title of BETECTING MUTATIONS AND PLOIDY IN CHROMOSOMAL SEGMENTS
invention

As the helow namad invantor, | hareby dedlare thet

Thie declaration: 171 yie stached spplication, o

i sfivscred to

14/862.703

Aprh 21, 2018

fed on

The stidve-igantifisd apglicution was mader sulhorized 1o s tade by me.

} pidiove thed am ihi orfiginal inventor 6F ar ofiging! joint inventar of & Slaimed invertion in the' applicaioh,

| heraby acknowiedas that goy willul faise statenient made s deciaration is puniahable undsr ISR oM
by fire o imprisonaent 6F ot more has five (8) years, or bolh

WARRKING:
Peitionerfappiicamt Iy caotioned i avoid submitting persongd information & documants Bled na f&‘it@!\f application net may
contrivute o identity thelt. Parsonal infoomation such as sodial seousily numbiers, bank aecourd rugabers, o oradit saed munbarg
{piher than g cheok or orodit card-cidhorization farny PTU-20238 submitted ?cas pRYMSNL DLROses) s never required by the LUEPTC
W support & petition or an appiication. I Ihis tpe of personal nformation is ofuded b documenis 8 ubrmitted fo e LUSE 10,
pelitionersiapgdicants should consider resfacting auch personal informatinn frem the docurments hefare submiting tham {m the
USPTE, Peliionerfspplicant iy sdvised that the record ¢f & patent appfication i3 svatlabls o frie pubiic alter publication of e
application funiees a nonepublicalion request in compliance with 37 OFR 1.213{8) is made Ihthe 3{3&@3&1@:’:; oF issuanoe “'>f #
patent. Huffb@rmﬁm the resoed from an shendoned application may sl be avallable i the public Hihe spudication s
referenced iy a publishad application or antissued patent (see 7 CFR 1.14). Checke and credil nard authanzation fanivs
PTO-2098 subroitted for payiment purposés ave not relained i the applicetion Beanmt therefore are riot publicly avafiable,

LEGAL NAME QF INVENTOR

{34
Styrmir Sigurjonsson  Date (Optiora B35
ek \.&f@*‘m;m}ésw«

fryenvitor

Rignature

Sates An ppplivation data shept (PTOIBRN S or aquivalent), including soming the enfirs invantive entily, siust secompany fhis fome or most hsve
Dy previously Sled. Use an sadional FTOAIRQT forn o saoh aduiiona iveni.

THiS Dilsoif s informtation i pyinel by 35 WA 118 ant 37 OFR 1
Ly e USTTY i procasst an apy . Confitentiniy 18 g oustre b X
2 ) b

semplele. IMBUGG GAHSINGE. PrepIIng. Sh KU g henumisleled sppl cs:hct‘ oy ie e Uor § 3 :-rre .w ?‘y de wdwq z..pmy %3 ‘s‘.\
FRRVRORNS P B ,um o fe wu FRRITG Yo ooty this Sy sedion supmaitions Sur seduuin this bordey, shitoil B St o e Thigl v
Pttt and ‘ué»’-. s R, N Deparineat of Durmmras, B0 Boy, 1450, Alsxegioire, VA BERIS G0 DG NOT SEND FEES O CUMPLET
THIS ADIRESE. SEND TN i-cmmssmﬁer tor Palenty, P.U. Box 1480, Alsnamiria, YA 223131480

$ v noed SSSSIACR 6 nompleting e form, Saf TE0R PTG IR and salcknafion
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Privacy Act Sigtementd

THe Rrivacy fut of 1874 (P4, 83-878) requires Hiat you be given certain infurmation i sonnention
with your submission of the sttached form related to a patentapplication or patent. Accordingly,
pursiantto e requirements of the ASL plerse be athised thaty (11 the general suthonly Torthe

colfection of this bformation Is 35 UB.C. 20X {2 Rurnishing of the information solicitad is voluptary;
angd {3} s priripal purpose for which the rformation s used by tha US Fatent and Trademark
Cifine Is to procass andfor examine your submission relatad to o palent epplication or patent, i you do
oot furnish the requested information, the U.8, Palent and Trademark Office may nothe able to
process andfor exaniing vour subrission, which oy resalt iy tepvination of procesdings or
abandonment of the appiicatinn of expitation of the patent.

The information provided by o in-this forrn will be subiect to tha following rouline uses

1.

P

e d

o3

The bformation on this form wilf be treated vonfidentialy fo the sudent allowed under the
Ersedony of Information Act (6 UL, 853) anid the Privacy AU {5 U.8.C 552%). Records from
s systenmvof records mdy be disclosed fo the Depariment of Justive o detenning whather
disclssure of theseresords v required by the Fresdaoi of infemation Aot

A-vegnorg frore this systen of recorde may be disclosad, as a rouling use, Inthe cowrse of
presenting avidence {o g court magistrate, or administrative tibunal, including disclasureg to
appusing counesl by ihs course of actiiemend negotistions.

Arecord in this system of records may be disclosed, 88 8 routine use, fo & Member of
Dangress submitting arrequest invelding anindividual, 1o whom the redord padaing, when the
migividua! has raquested agsistancs froay the Membaerwith respect to the subjedt raller of the
record

A record In s systany of reonrds gy ba displosed, 8 8 routine use, o conbracioy of the
Agerioy having naed for the information in order to perfarnya ontract. Recipisnts of
information shall be raguired to comply with the reguiramenits of the Privacy Actof 1874, 58
amended, gurstant o & LLSC, 852um).

A rerord related fo an Intermational Application Rled undsy the Fatent Cobperation Treaty i
this systeny of reconds may be disciossd, &8 8 routing use, K ihe Infemational Bursaa ofthe
World intellechial Propenty Organization, pursuant lothe Patert Couperation Traaly.

A record irvihis system of recards may be disciosed, as s mume use, 1o another federad
agency for purposes of Natfona! Sauuy ty review (35 LL8.6. 181} and for raview pursuart fo
the AtomicEnargy Aot 8 US.C 218

Arecord o fhis syndam of records mav be disclosed, asa rottine use, to the Adndnisirator,
Gereral Sarvines, o sther designes, during an Bispention of records condusted by (384 gs
part of thal agenoy' s responsitdiity to recommend improvements in records mgnagsnient
praclices abd programy, uhder authodty of 44 U .0, 2808 and 2206, Such disciosure shall
he prade in gccordanas with the 584 requilations goveming inspectivn of records for this
purpose, and aoy other reifevard { Lo, G3A or Conunercon) diractive, Such distiosure shall not
be ysed 1o make determinativns about individusis.

Arecord from this syshier o macordn may be distlosed, as 8 sutine use {othe publicafter
githier publication of the appiination pursuant fo 35 LL.8.C 123(0}) or issuanoe of & patant
pursuant io 38 11.8.C. 181, Further, aaenord sy be disclossd, suldscl b the mitations of 37
OFR 1,14, 35 8 routine use, b the public if the récord was filed in an spplication which
bavame sbandonad or in which the procesdings were tarminated and which application is
referanced by aither & pubistied spplication, an applicalion ppen o public nspaction or an
fesued patant.

A renord from this syster of records may be dinclosed, a3 rouling use, o @ Federa, State,
or local law enfoicsment agency, {the USPTO becomes aware of 8 violation or polential
violaton of {aw or regidation.
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PRGN {0832
Apgoves russ L;swgif FUIHIOT OB 1*'\.‘}52
UK. Paiew* and YeadeoaaX Cfonr UK. DR PARYMENT OF QOMMEROE
Unttetr Sy Fsgureant Reduotives Act ol TEEE o0 porssad St ragunyt i sispand. *:‘s £ t & ion unine s v ey i walid U qorirad mm?xa'

DECLARATION (37 CRR 13 FOR UTILITY Qﬁ E‘.}ﬁfﬁiﬁﬁ &F‘PL?CAT%G?@ USING AN ™
APPLICATION DATA SHEEY (37 OFR ’Eﬁ"ﬁ% J

QF’%’E{‘YENG MX}TKT?{“}%‘@ ANDPLOIDY IN CH?%QM{};‘}OMAL SEGMENTS

Tige ot
frevendtion

As the below named bwentir, | heveby fenlare tat

This declaalion {71 o .
? - Tha alached apptivati 3
is iractd to 1 T altathed apphcation, or

14/682,703

@ Uriiten Starts cappiio saxtion oo B POT internations aoptication number

fisd on OPA 21, 2015 ]

 The sbove-didentified spplination was made or aulhorizad 1o b meds dy me
Poshiove Satbam he prigingl venia or aronginal jolol inverdor oo tialmed Brenlion i thy applisation.

x

i hiprebie acknowhedge that any Wittt falve siaterent made in this deciaration is punishable under 181L8.0 108
fry-fire o hepriscornot of nol o than Tve (B years, or both.

WARNING:

Petitionadappiicant is caulivhed fo' swaid subrilling personat information b datuments Bed in g padend anpiinaiieng Hi sy
 conitihute fo identty SRt Personat idormation sugh as sonlal ssouity numbers, bard socount s, e oradt card numbers
{uthee thae s chack or oredt pard authoizalion o PTOR03E supmitied for payment puibosas) 1§ w\-‘u requined by the USETO
i supnoe 8 petiion or an spplication. 1 s ype of ;\Pmmmi informstian s nshededs fo docmants subrmilled ke B UBRTO,
 padifonarsfapplicenty shoultd conaider redacting such personal information from the documants befure sibimitting thewm to the
UISFTO, Padifvnerfapplivant is advissd that e moovd of a pednnt applicalion s svadlable o e public aiter pub Hication of the
appiivation {univss a norspulilicaling requast iy compliance with 37 OFR 1.213{) ix madte v the application) or fesuance of g
satent: Fuhantons, the reeord fram an stendoried application muy alte be avallable to the public f the application is
reforsnced g gublishod spciication or an iswied padent {see 37 QPR LK) Chacin ardd sredit card suthonzation foms
PTOZ038 sutwifled oy paymeant purposes gre rot refeined in the apalicstion e and theealon sre net. publicdy svalable.

LEGAL NSME OF RIVENTOR

— §em§}3 red Ercrnarmann ‘ Date (Options - )
sM«%’ ol o M&/EMsw
Signam_m.
Nt A applisstos it sheat (TOISRAE ar nquivalent} snauding rasing (e gnties hvenfive enfify, must accampany thie S oy emst iees

Band) prelRiine el Uk iy wddiora PTOIARO S ores Tor suely scditiong et

S and 37 OFRUEE Theddamation fs sespirss foeabinia or st 2 Lanetit ny i pah&c s
5 povamed by S LA (R a0 37 0F P 111 and 144 This conliectiver o eatiretug 10 toke ¥ wminuz i
w\u\ﬂsisfi »sg;&wm' e 3 1 UAPTR T vl vary dopeading wpan He hviding cass, Ay
EomTEeRs o e Emn o) e YOu reauine 4 vonylu iy Tores fov eaduding mu By, shondd 3 s i Oty St infanmation ORden 1S
”;sxu:t wreet Tradomank Ofde. 1S Dopaivurst ol Coammadge; £, Sscs.\ Alansmidiiy, VA 293TR-1480, DO ROT SEND FEER OR DOMPLETED FORMS ?;?
THIS AOPREES SERD T8 Coramissiones fer Patenis, B.O. Box 1250, Alexantsis, VA 203129450,
Fpou reed ponSine i wompletng the Som, ¢F {-80-FTO-I g sufeiy doline &

Thig coliectios of rdormetion i sequied iy 3NUR
A M UEFTO e provuse) s appticstion: TRy
mmmszs\ gl ;}aﬂe\m e, A SEEHRY e
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Frivacy Act Slalement

The Brivacy Actof 1974 (B.L. 93578} requires thal yourbe ghean corlain inforroation i corpechion
et your submisalon of the altanheel Reoyrefated {o e patend application oy patent. Ancordivgly,
pursuint to the mowmeants of the Aot plones be adeised that (1) the peneral aithority for e
sollection of this lnformation v 38 LLE.C, 22 (2) lumishmng of the inforragtion salitited is voluniany
and {3} the principal surpose forwhich the information 18 used by e 1.8, Potent and Tradsmark
Offics is to provess andlor sxanine yeur subraission relatert 1o 2 paterd application of patent. I yhu'de
oGt furnish the reguestid inforaaiitey the U3, Paterd and Trademerk Office may not be alile to
propses andior susening your submissiorng which taay resalt in fermdnation of procaedings or
abantonmant of the spplitation neaxpioabon of the patent,

The information provided by you inthis form will be sublest fo the foflowing routing usas’

P

3

;’;‘q

£t

Thg information on ids Rewmowill be frested sordidentiafly to e sdent alinseed nadee the
Fraadam of rdormation &ct{S .88 552) and the Privacy 8ot (5 U.C 553} Benords fram
ihhsysters of resords may be disciosed tothe Depariraetd of Justios 38 deteiming whether
dordosune of hase records is required by the Frasdor of information Aot

A record from this sestaot of seoords may be aisclpsad, 58 8 siutire Gise, i the course of
preseniing svidence ¥ g oot magivkrate, oradminintrative iribanat iatiuding disclosures o
sprosing counsel in the courst of seiltipment negotistinns, ‘

& recurtd i this system of records gy b disclosed, 29 8 routine use, 1o 2 Membor of
Corgrasy sularillingea regusal ivohing an ingividual, B whom the rmomrd paaing, wher the
indbvideal has reguastet sexistance from the Momber «ith resosel & B soliivel sty of the:
rerord.

Arsoiad I this systeny of resords sy be dischosed, 98 g uting vee: o s onnlrsatar of the
Ageney baviog need for the information iy ordine o porferm a sandracl, Paoipiants of
rfovmatioryshiall be requived to comply with the meguirmments of the Povaoy Sctof 1974, as
amended, pursuantto 5 LR.C, 853aim)

A record relgted 10 an Blomational Application fled under the Paterd Cuoperalion Tragly in
s sysinnr ol oonds may be disclosed, as g roiting use, fo the ntemational Butsau ol the
World Inteflentual Property Orgardsation, parsuant to the Palent Cooperation Treahy

& renord it systom of revords may bo dissiosed, oy & vouling ues, o anothar'federal
agency oy purposes of Nationat Segerily veview {38 LESIC. 181} and fov review purscant fo
the Afornic Energy At A2 UR S 218G

A raeird frorn this systam of records may bedisdosad, ass muiine use, o the Administeator,
Guneral Services, or hisfhiar designeg, during an nspention of records conducted by G884 as
part of thal agencys responsibility © rerommend Improvements i reconds managenient
pracioes and pmgrams, dnderanthoity of 48 USG. 3004 and 2806, Such discloswre shiall
be wrads in socordance with He S84 waidstions governing inspection of meuords oy this
purpose, and ary other relevent { Le., GRA ar Coraronred) direclive, Sush discioaurg shal not
pe used omake Seumhinalions b individuals,

A rcord fromy iy system of renords may bedisclosed, a8 g routing use, o the publicafler
eithar puldication of the application purseand © 38 U.8.0, 122(b) or issuancd of a patent
gursuant 1o 38 US048 1. Fusinern, & redord roay be distlosed; subivet to1he limitations of 37
CER 1.4, a8 asouline use 1o the pubilic e resurd was filed in an application which
Becave abandoned o in whith the procestings were minaied and whith spplication s
rofarincad by ther » published applivation, an appication ofiss o publis inspesior-(x 8n
gsund palsit

& record from s system of recands may be disclosed, 85 8 roulne wee T & Padersl, Siale,
of hseal fvw enforcerment agenny, €ihe LSPTO benomes aware &1 8 vinlation or potentisl
vigiation of lawor raguiation.
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DocCode — SCORE

SCORE Placeholder Sheet for IFW Content

Application Number: 16288351 Document Date: 02/28/2019

The presence of this form in the IFW record indicates that the following document type was received
in electronic format on the date identified above. This content is stored in the SCORE database.

Since this was an electronic submission, there is no physical artifact folder, no artifact folder is
recorded in PALM, and no paper documents or physical media exist. The TIFF images in the IFW
record were created from the original documents that are stored in SCORE.

Drawing

At the time of document entry (noted above):

e USPTO employees may access SCORE content via eDAN using the Supplemental Content
tab, or via the SCORE web page.

e External customers may access SCORE content via PAIR using the Supplemental Content
tab.

Form Revision Date: August 26, 2013
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