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METHODS FOR PLOIDY CALLING WHERETHE GENETIC SAMPLE CONTAINS
DNA FROM MULTIPLE INDIVIDUALS

RELATED APPLICATIONS

This application claims the benefit of U.S. Utility Application Serial No. 11/603,406,
filed November 28, 2006; U.S. Utility» Application Serial No. 12/076,348, filed March 17,
2008; PCT Utility Application Serial No. PCT/S09/52730, filed August 4, 2009, which are
incorporated by referénce herein in their entirety. Some of the vocabulary used in this filing
may have its antecedents in these references. Some of the concepts described herein may be

better understood in light of the concepts found in these three references.

BACKGROUND

Current methods of prenatal diagnosis can alert physicians and parents to
abnormalities in growing fetuses. Without prenatal diagnosis, one in 50 babies is born with
serious physical or mental handicap, and as many as one in 30 will have some form of
congenital malformation. Unfortunately, standard methods require invasive testing and carry a
roughly 1 per cent risk of miscarriage. These methods include amniocentesis, chorion villus
biopsy and fetal blood sampling. Of these, amniocentesis is the most common procedure; in
2003, it was performed in approximately 3% of all pregnancies, though its frequency of use
has been decreasing over the past decade and a half. A major drawback of prenatal diagnosis
is that given the limited courses of action once an abnormality has been detected, it is only
valuable and ethical to test for very serious defects. As result, prenatal diagnosis is typically
only attempted in cases of high-risk pregnancies, where the elevated chance of a defect
combined with the seriousness of the potential abnormality outweighs the risks. A need exists
for a method of prenatal diagnosis that mitigates these risks.

It has recently been discovered that cell-free fetal DNA and intact fetal cells can enter
maternal blood circulation. Consequently, analysis of these cells can allow early Non-Invasive
Prenatal Genetic Diagnosis. (NIPGD). A key challenge in using NIPGD is the task of
identifying and extracting fetal cells or nucleic acids from the mother’s blood. The fetal cell

concentration in maternal blood depends on the stage of pregnancy and the condition of the
1
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fetus, but estimates range from one to forty fetal cells in every milliliter of maternal blood, or
less than one fetal cell per 100,000 maternal nucleated cells. Current techniques are able to
isolate small quantities of fetal cells from the mother’s blood, although it is very difficult to
enrich the fetal cells to purity in any quantity. The most effective technique in this context
involves the use of monoclonal antibodies, but other techniques used to isolate fetal cells
include density centrifugation, selective lysis of adult erythrocytes, and FACS. Fetal DNA
isolation has been demonstrated using PCR amplification using primers with fetal-specific
DNA sequences. Since only tens of molecules of each embryonic SNP are available through
these techniques, the genotyping of the fetal tissue with high fidelity is not currently possible.

Much research has been done towards the use of pre-implantation genetic diagnosis
(PGD) as an alternative to classical prenatal diagnosis of inherited disease. Most PGD today
focuses on high-level chromosomal abnormalities such as aneuploidy and balanced
translocations with the primary outcomes being successful implantation and a take-home
baby. A need exists for a method for more extensive genotyping of embryos at the preQ
implantation stage. The number of known disease associated genetic alleles is currently at
389 according to OMIM and steadily climbing. Consequently, it is becoming increasingly
relevant to analyze multiple embryonic SNPs that are associated with disease phenotypes. A
clear advantage of pre-implantation genetic diagnosis over prenatal diagnosis is that it avoids
some of the ethical issues regarding possible choices of action once undesirable phenotypes
have been detected.

Many techniques exist for isolating single cells. The FACS machine has a variety of
applications; one important application is to discriminate between cells based on size, shape
and overall DNA content. The FACS machine can be set to sort single cells into any desired
container. Many different groups have used single cell DNA analysis for a number of
applications, including prenatal genetic diagnosis, recombination studies, and analysis of
chromosomal imbalances. Single-sperm genotyping has been used previously for forensic
analysis of sperm samples (to decrease problems arising from mixed samples) and for single-
cell recombination studies.

Isolation of single cells from human embryos, while highly technical, is now routine in
in vitro fertilization clinics. To date, the vast majority of prenatal diagnoses have used
fluorescent in situ hybridization (FISH), which can determine large chromosomal aberrations

(such as Down syndrome, or trisomy 21) and PCR/electrophoresis, which can determine a
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handful of SNPs or other allele calls. Both polar bodies and blastomeres have been isolated‘
with success. It is critical to isolate single blastomeres without compromising embryonic
integrity. The most common technique is to remove single blastomeres from day 3 embryos
(6 or 8 cell stage). Embryos are transferred to a special cell culture medium (standard culture
medium lacking calcium and magnesium), and a hole is introduced into the zona pellucida
using an acidic solution, laser, or mechanical drilling. The technician then uses a biopsy
pipette to remove a single visible nucleus. Clinical studies have demonstrated that this process
does not decrease implantation success, since at this stage embryonic cells are
undifferentiated.

There are three major methods available for whole genome amplification (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. Finally, 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. Of
the three methods, DOP-PCR reliably produces large quantities of DNA from small quantities
of DNA, including single copies of chromosomes. On the other hand, MDA is the fastest
method, producing hundred-fold amplification of DNA in a few hours. The major limitations '
to amplification material from a single cells are (1) necessity of using extremely dilute DNA
concentrations or extremely small volume of reaction mixture, and (2) difficulty of reliably
dissociating DNA from proteins across the whole genome. Regardless, single-cell whole
genome amplification has been used successfully for a variety of applications for a number of
years.

There are numerous difficulties in using DNA amplification in these contexts.
Amplification of single-cell DNA (or DNA from a small number of cells, or from smaller
amounts of DNA) by PCR can fail completely, as reported in 5-10% of the cases. This is
often due to contamination of the DNA, the loss of the cell, its DNA, or accessibility of the
DNA during the PCR reaction. Other sources of error that may arise in measuring the

embryonic DNA by amplification and microarray analysis include transcription errors
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introduced by the DNA polymerase where a particular nucleotide is incorrectly copied during
PCR, and microarray reading errors due to imperfect hybridization on the array. The biggest
problem, however, remains allele drop-out (ADO) defined as the failure to amplify one of the
two alleles in a heterozygous cell. ADO can affect up to more than 40% of amplifications and
has already caused PGD misdiagnoses. ADO becomes a health issue especially in the case of
a dominant disease, where the failure to amplify can lead to implantation of an affected
embryo. The need for more than one set of primers per each marker (in heterozygotes)
complicate the PCR process. Therefore, more reliable PCR assays are being developed based
on understanding the ADO origin. Reaction conditions for single-cell amplifications are under
study. The amplicon size, the amount of DNA degradation, freezing and thawing, and the
PCR program and conditions can each influence the rate of ADO.

All those techniques, however, depend on the minute DNA amount available for
amplification in the single cell. This process is often accompanied by contamination. Proper
sterile conditions and microsatellite sizing can exclude the chance of contaminant DNA as
microsatellite analysis detected only in parental alleles exclude contamination. Studies to
reliably transfer molecular diagnostic protocols to the single-cell level have been recently
pursued using first-round multiplex PCR of microsatellite markers, followed by real-time
PCR and microsatellite sizing to exclude chance contamination. Multiplex PCR allows for the
amplification of multiple fragments in a single reaction, a crucial requirement in the single-
cell DNA analysis. Although conventional PCR was the first method used in PGD,
fluorescence in situ hybridization (FISH) is now common. It is a delicate visual assay that
allows the detection of nucleic acid within undisturbed cellular and tissue architecture. It
relies firstly on the fixation of the cells to be analyzed. Consequently, optimization of the
fixation and storage condition of the sample is needed, especially for single-cell suspensions.

Advanced technologies that enable the diagnosis of a number of diseases at the single-
cell level include interphase chromosome conversion, comparative genomic hybridization
(CGH), fluorescent PCR, and whole genome amplification. The reliability of the data
generated by all of these techniques rely on the quality of the DNA preparation. PGD is also
costly, consequently there is a need for less expensive approaches, such as mini-sequencing.
Unlike most mutation-detection techniques, mini-sequencing permits analysis of very small
DNA fragments with low ADO rate. Better methods for the preparation of single-cell DNA

for amplification and PGD are therefore needed and are under study. The more novel
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microarrays and comparative genomic hybridization techniques, still ultimately rely on the
quality of the DNA under analysis.

Several techniques are in development to measure multiple SNPs on the DNA of a
small number of cells, a single cell (for example, a blastomere), a small num‘ber of
chromosomes, or from fragments of DNA. There are techniques that use Polymerase Chain
Reaction (PCR), followed by microarray genotyping analysis. Some PCR-based techniques
include whole genome amplification (WGA) techniques such as multiple displacement
amplification (MDA), and Molecular Inversion Probes (MIPS) that perform genotyping using
multiple tagged oligonucleotides that may then _be amplified using PCR with a single pair of
primers. An example of a non-PCR based technique is fluorescence in situ hybridization
(FISH). It is apparent that the techniques will be severely error-prone due to the limited
amount of genetic material which will exacerbate the impact of effects such as allele drop-
outs, imperfect hybridization, and contamination.

Many techniques exist which provide genotyping data. Tagman is a unique
genotyping technology produced and distributed by Applied Biosystems. Taqman uses
polymerase chain reaction (PCR) to amplify sequences of interest. Illumina has recently
emerged as a leader in high-throughput genotyping. Unlike Affymetrix, Illumina genotyping
arrays do not rely exclusively on hybridization. Instead, Illumina technology uses an allele-
specific DNA extension step, which is much more sensitive and specific than hybridization
alone, for the original sequence detection. Then, all of these alleles are amplified in multiplex
by PCR, and then these products hybridized to bead arrays. The beads on these arrays contain
unique "address" tags, not native sequence, so this hybridization is highly specific and
sensitive. Alleles are then called by quantitative scanning of the bead arrays. The Illlumina
Golden Gate assay system genotypes up to 1536 loci concurrently, so the throughput is better
than Tagman but not as high as Affymetrix 500k arrays. The cost of Illumina genotypes is
lower than Taqman, but higher than Affymetrix arrays. Also, the [llumina platform takes as
long to complete as the 500k Affymetrix arrays (up to 72 hours), which is problematic for IVF
genotyping. However, Illumina has a much better call rate, and the assay is quantitative, so
various types of aneuploidy are detectable with this technology. Illumina technology is much
more flexible in choice of SNPs than 500k Affymetrix arrays.

Normal humans have two sets of 23 chromosomes in every diploid cell, with one copy

coming from each parent. Aneuploidy, a cell with an extra or missing chromosomes, and
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uniparental disomy, a cell with two of a given chromosome that originate from one parent, are
believed to be responsible for a large percentage of failed implantations, miscarriages, and
genetic diseases. When only certain cells in an individual are aneuploid, the individual is said
to exhibit mosaicism. Detection of chromosomal abnormalities can identify individuals or
embryos with conditions such as Down syndrome, Klinefelter’s syndrome, and Turner
syndrome, among others, in addition to increasing the chances of a successful pregnancy.
Testing for chromosomal abnormalities is especially important as the mother’s age: between
the ages of 35 and 40 it is estimated that between 40% and 50% of the embryos are abnormal,

and above the age of 40, more than half of the embryos are abnormal.
Karyotyping, the traditional method used for the prediction of aneuploidy and

mosaicism is giving way to other higher throughput, more cost effective methods. One
method that has attracted much attention recently is Flow cytometry (FC) and fluorescence in
situ hybridization (FISH) which can be used to detect aneuploidy in any phase of the cell
cycle. One advantage of this method is that it is less expensive than karyotyping, but the cost
is significant enough that generally a small selection of chromosomes are tested (usually
chromosomes 13, 18, 21, X, Y; also sometimes 8, 9, 15, 16, 17, 22); in addition, FISH has a
low level of specificity. Using FISH to analyze 15 cells, one can detect mosaicism of 19%
with 95% confidence. The reliability of the test becomes much lower as the level of
mosaicism gets lower, and as the number of cells to analyze decreases. The test is estimated to
have a false negative rate as high as 15% when a single cell is analyzed. There is' a great

demand for a method that has a higher throughput, lower cost, and greater accuracy.

Some tests used for prenatal screening.

The triple test, also called triple screen, the Kettering test or the Bart's test, is an
investigation performed during pregnancy in the second trimester to classify a patient as either
high-risk or low-risk for chromosomal abnormalities (and neural tube defects). The term
"multiple-marker screening test" is sometimes used instead. The term “triple test” can
encompass the terms "double test", "quadruple test", “quad test” and “penta test”.

The Triple test measures serum levels of alpha-fetoprotein (AFP), unconjugated estriol
(UE3), beta human chorionic gonadotropin (beta-hCG), Invasive Trophoblast Antigen (ITA)

and/or inhibin. A positive test means having a high risk of chromosomal abnormalities (and
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neural tube defects), and such patients are then referred for more sensitive and specific
procedures to receive a definitive diagnosis, mostly invasive procedures like amniocentesis.
The triple test can be used to screen for a number of conditions, including trisomy 21 (Down
syndrome). In addition to Down syndrome, the triple and quadruple tests screen for fetal
trisomy 18 also known as Edward's syndrome, open neural tube defects, and may also detect
an increased risk of Turner syndrome, triploidy, trisomy 16 mosaicism, fetal death, Smith-
Lemli-Opitz syndrome, and steroid sulfatase deficiency.

* An estimated risk may be calculated and adjusted for the expectant mother's age; if
she's diabetic; if she's having twins or other multiples, and the gestational age of the fetus.
Weight and ethnicity may also be used in adjustments. Many of these factors affect the levels
of the substances being measured and the interpretation of the results.

The test is for screening, not for diagnosis, and does not have nearly the same
predictive power of amniocentesis or chorionic villus sampling. The screening test carries a
much lower risk to the fetus, however, and in conjunction with the age-related risk of the
patient it is useful to help determine the need for more invasive tests.

AFP is a protein secreted by the fetal liver and excreted in the mother's blood. It is
generally used for detecting neural tube defects, but it can also indicate: abdominal wall
defects esophageal and duodenal atresia, some renal and urinary tract anomalies turner
syndrome, some low birth weight fetuses, and placental complications. A low level of AFP
could also indicate Down Syndrome.

In the middle to late second trimester, the beta-HCG can be used in conjunction with
the MSAFP to screen for chromosomal abnormalities, and Down syndrome in particular. An
elevated beta-HCG coupled with a decreased MSAFP suggests Down syndrome. Very high
levels of HCG suggest trophoblastic disease (molar pregnancy). The absence of a fetus on
ultrasonography along with an elevated HCG suggests a hydatidiform mole. The HCG level
can be used to follow up treatment for molar pregnancy to make sure that no trophoblastic
disease, such as a choriocarcinoma, persists.

The amount of estriol in maternal serum is dependent upon a viable fetus, a properly
functioning placenta, and maternal well-being. The substrate for estriol begins as
dehydroepiandrosterone (DHEA) made by the fetal adrenal glands. This is further
metabolized in the placenta to estriol. The estriol crosses to the maternal circulation and is
excreted by the maternal kidney in urine or by the maternal liver in the bile. The measurement

7
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of serial estriol levels in the third trimester will give an indication of general well-being of the
fetus. If the estriol level drops, then the fetus is threatened and delivery may be necessary
emergently. Estriol tends to be lower when Down syndrome is present and when there is
adrenal hypoplasia with anencephaly.

Inhibin is secreted by the placenta and the corpus luteum. Inhibin-A can be measured
in maternal serum. An increased level of inhibin-A is associated with an increased risk for
trisomy 21. A high inhibin-A may be associated with a risk for preterm delivery.

Low levels of pregnancy-associated plasma protein A (PAPP-A) as measured in
maternal serum during the first trimester may be associated with fetal chromosomal anomalies
including trisomies 13, 18, and 21. In addition, low PAPP-A levels in the first trimester may
predict an adverse pregnancy outcome, including a small for gestational age (SGA) baby or

stillbirth. A high PAPP-A level may predict a large for gestational agé (LGA) baby.

Parental Support

Some embodiments may be used in combination with the PARENTAL SUPPORT™
(PS) method, embodiments of which are described in U.S. Application No. 11/603,406, U.S.
Application No. 12/076,348, and international application PCT/US09/52730, which are
incorporated herein by reference in their entirety. In some embodiments, the methods
disclosed herein may be considered as part of the PARENTAL SUPPORT™ method. In some
embodiments, The PARENTAL SUPPORT ™ method is a collection of methods that may be
used to determine the genetic data, with high accuracy, of one or a small number of cells,
specifically to determine disease-related alleles, other alleles of interest, and/or the ploidy
state of the cell(s). PARENTAL SUPPORT™ may refer to any of these methods.
PARENTAL SUPPORT™ is an example of an informatics based method.

The PARENTAL SUPPORT™ method makes use of known parental genetic data, i.e.
haplotypic and/or diploid genetic data of the mother and/or the father, together with the
knowledge of the mechanism of meiosis and the imperfect measurement of the target DNA,
and possible of one or more related individuals, in order to reconstruct, in silico, the genotype
at a plurality of alleles, and/or the ploidy state of an embryo or of any target cell(s), and the
target DNA at the location of key loci with a high degree of confidence. The PARENTAL
SUPPORT™ method can reconstruct not only single-nucleotide polymorphisms that were
measured poorly, but also insertions and deletions, and SNPs or whole regions of DNA that

8
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were not measured at all. Furthermore, the PARENTAL SUPPORT™ method can both
measure multiple disease-linked loci as well as screen for aneuploidy, from a single cell. In
some embodiments, the PARENTAL SUPPORT™ method may be used to characterize one
or more cells from embryos biopsied during an IVF cycle to determine the genetic condition
of the one or more cells.

The PARENTAL SUPPORT™ method allows the cleaning of noisy genetic data. This
may be done by inferring the correct genetic alleles in the target genome (embryo) using the
genotype of related individuals (parents) as a reference. PARENTAL SUPPORT™ may be
particularly relevant where only a small quantity of genetic material is available (e.g. PGD)
and where direct measurements of the genotypes are inherently noisy due to the limited
amounts of genetic material. The PARENTAL SUPPORT™ method is able to reconstruct
highly accurate ordered diploid allele sequences on the embryo, together with copy number of
chromosomes segments, even though the conventional, unordered diploid measurements may
be characterized by high rates of allele dropouts, drop-ins, variable amplification biases and
other errors. The method may employ both an underlying genetic model and an underlying
model of measurement error. The genetic model may determine both allele probabilities at
each SNP and crossover probabilities between SNPs. Allele probabilities may be modeled at
each SNP based on data obtained from the parents and model crossover probabilities between
SNPs based on data obtained from the HapMap database, as developed by the International
HapMap Project. Given the proper underlying genetic model and measurement error model,
maximum a posteriori (MAP) estimation may be used, with modifications for computationally
efficiency, to estimate the correct, ordered allele values at each SNP in the embryo.

One aspect of the PARENTAL SUPPORT™ technology is a chromosome copy
number calling algorithm that in some embodiments uses parental genotype contexts. To call
the chromosome copy number, the algorithm may use the phenomenon of locus dropout
(LDO) combined with distributions of expected embryonic genotypes. During whole genome
amplification, LDO necessarily occurs. LDO rate is concordant with the copy number of the
genetic material from which it is derived, i.e., fewer chromosome copies result in higher
LDO, and vice versa. As such, it follows that loci with certain contexts of parental genotypes
behave in a characteristic fashion in the embryo, related to the probability of allelic
contributions to the embryo. For example, if both parents have homozygous BB states, then

the embryo should never have AB or AA states. In this case, measurements on the A detection
9
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channel are expected to have a distribution determined by background noise and various
interference signals, but no valid genotypes. Conversely, if both parents have homozygous
AA states, then the embryo should never have AB or BB states, and measurements on the A
channel are expected to have the maximum intensity possible given the rate of LDO in a
particular whole genome amplification. When the underlying copy number state of the
embryo differs from disomy, loci corresponding to the specific parental contexts behave in a
predictable fashion, based on the additional allelic content that is contributed by, or is missing
from, one of the parents. This allows the ploidy state at each chromosome, or chromosome
segment, to be determined. The details of one embodiment of this method are described
elsewhere in this disclosure.

The techniques outlined above, in some cases, are able to determine the genotype of
an individual given a very small amount of DNA originating from that individual. This could
be the DNA from one or a small number of cells, or it could be from an even smaller amount
of DNA, for example, DNA found in maternal blood.

In the context of non-invasive prenatal diagnosis, the techniques described above may
not be sufficient to determine the genotype and/or the ploidy state, or the partial genotype or
partial ploidy state (meaning the genetic state of a subset of alleles or chromosomes) of an
individual. This may be especially true when the DNA of the target individual is found in
maternal blood, and the amount of maternal DNA present in the sample may be greater than
the amount of DNA from the target individual. In other cases, the amount of maternal DNA
present in the sample may be in a sufficiently great amount of DNA that it makes the

determination of the genetic state of the target individual difficult.

Definitions

SNP (Single Nucleotide Polymorphism) may refer 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.

To call a SNP may refer to the act of making a decision about the true state of a particular
base pair, taking into account the direct and indirect evidence.

Sequence may refer 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.

10
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Locus may refer 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.

Allele may refer to the genes that occupy a particular locus.

To call an allele may refer to the act of determining the genetic state at a particular locus of
DNA. This may involve calling a SNP, a plurality of SNPs, or determining whether or
not an insertion or deletion is present at that locus, or determining the number of
insertions that may be present at that locus, or determining whether some other genetic
variant is present at that locus.

Correct allele call may refer to an allele call that correctly reflects the true state of the actual
genetic material of an individual.

To clean genetic data may refer to the act of taking imperfect genetic data and correcting
some or all of the errors or fill in missing data at one or more loci. In the context of
this disclosure, this may involve using the genetic data of related individuals and the
method described herein.

To increase the fidelity of allele calls may refer to the act of cleaning genetic data with respect
to a set of alleles.

Imperfect genetic data may refer to genetic data with any of the following: allele dropouts,
uncertain base pair measurements, incorrect base pair measurements, missing base
pair measurements, uncertain measurements of insertions or deletions, uncertain
measurements of chromosome segment copy numbers, spurious signals, missing
measurements, other errors, or combinations thereof.

Noisy genetic data may refer to imperfect genetic data, also called incomplete genetic data.

Uncleaned genetic data may refer to genetic data as measured, that is, where no method has
been used to correct for the presence of noise or errors in the raw genetic data; also
called crude genetic data.

Confidence may refer to the statistical likelihood that the called SNP, allele, set of alleles,. or
determined number of chromosome segment copies correctly represents the real
genetic state of the individual.

Ploidy calling, also “chromosome copy number calling”, or “copy number calling” (CNC),
may be the act of determining the quantity and chromosomal identity of one or more
chromosomes present in a cell.
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Aneuploidy may refer to the state where the wrong number of chromosomes are 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. When referring to a single chromosome, it may refer to
the case where more or less than two homologous chromosomes are present.

Ploidy State may be the quantity and chromosomal identity of one or more chromosomes in a
cell.

Chromosomal identity may refer to the referent chromosome number. Normal humans have
22 types of numbered autosomal chromosomes, and two types of 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.

The State of the Genetic Material or simply “genetic state” may refer to the identity of a set of
SNPs on the DNA, it may refer to the phased haplotypes of the genétic material, and it
may refer to the sequence of the DNA, including insertions, deletions, repeats and
mutations. It may also refer to the ploidy state of one or more chromosomes,
chromosomal segments, or set of chromosomal segments.

Allelic Data may refer 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.

Allelic State may refer 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.

Matched copy error, also ‘matching chromosome aneuploidy’, or ‘MCA’ may be a state of
aneuploidy where one cell contains two identical or nearly identical chromosomes.
This type of aneuploidy may arise during the formation of the gametes in mitosis, and
may be referred to as a mitotié non-disjunction error.

Unmatched copy error, also “Unique Chromosome Aneuploidy” or “UCA” may be 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.
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Mosaicism may refer to a set of cells in an embryo, or other individual that are heterogeneous
with respect to their ploidy state.

Homologous Chromosomes may be chromosomes that contain the same set of genes that may
normally pair up during meiosis.

Identical Chromosomes may be chromosomes that contain the same set of genes, and for each
gene they have the same set of alleles that are identical, or nearly identical.

Allele Drop Out or “ADO” may refer to the situation where one of the base pairs in a set of
base pairs from homologous chromosomes at a given allele is not detected.

Locus Drop Out or “LDO” may refer to the situation where both base pairs in a set of base
pairs from homologous chromosomes at a given allele are not detected.

Homozygous refer to having similar alleles as corresponding chromosomal loci.

Heterozygous may refer to having dissimilar alleles as corresponding chromosomal loci.

Chromosomal Region may refer to a segment of a chromosome, or a full chromosome.

Segment of a Chromosome may refer to a section of a chromosome that can range in size from
one base pair to the entire chromosome.

Chromosome may refer to either a full chromosome, or also a segment or section of a
chromosome.

Copies may refer to the number of copies of a chromosome segment may refer to identical.
copies, or it may refer to non-ildentical, homologous copies of a chromosome segment
wherein the different copies of the chromosome segment contain é 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.

Haplotype is a combination of alleles at multiple loci that are transmitted 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 single nucleotide polymorphisms
(SNPs) on a single chromatid that are statistically associated.

Haplotypic Data also called ‘phased data’ or ‘ordered genetic data;” may refer to data from a
single chromosome in a diploid or polyploid genome, i.e., cither the segregated

maternal or paternal copy of a chromosome in a diploid genome.
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Phasing may refer to the act of détennining 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.

Phased Data may refer to genetic data where the haplotype been determined.

Phased Allele Call Data may refer to allelic data where the allelic state, including the
haplotype data, has been determined. In one embodiment, phased parental allele call
data, as determined by an informatics based method, may be used as obtained genetic
data in a ploidy calling aspect of the present disclosure. .

Unordered Genetic Data may refer to pooled data derived from measurements on two or
more chromosomes in a diploid or polyploid genome, e.g., both the maternal and
paternal copies of a particular chromosome in a diploid genome.

Genetic data ‘in’, ‘of’, ‘at’, ‘from’ or ‘on’ an individual may refer to the data describing
aspects of the genome of an individual. It may refer to one or a set of loci, partial or
entire sequences, partial or entire chromosomes, or the entire genome.

Hypothesis may refer to a set of possible ploidy states at a given set of chromosomes, or a set
of possible allelic states at a given set of loci. The set of possibilities may contain one
or more elements.

Copy number hypothesis, also ‘ploidy state hypothesis,” may refer to a hypothesis concerning
how many copies of a particular chromosome are 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.

Allelic Hypothesis may refer to a possible allelic state for a given set of alleles. A set of allelic
hypotheses may refer to a set of hypotheses that describe, together, all of the possible
allelic states in the set of alleles. 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.

Target Individual may refer to the individual whose genetic data is being determined. In one

context, only a limited amount of DNA is available from the target individual. In one
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context, the target individual is an embryo or a fetus. In some embodiments, there may
be more than one target individual. In some embodiments, each child, embryo, fetus or
sperm that originated from a pair of parents may be considered target individuals.

Related Individual may refer 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 or a grandparent.

Sibling may refer to any individual whose 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.

Parent may refer to the genetic mother or father of an individual. An individual will typically
have two parents, a mother and a father. A parent may be considered to be an
individual.

Parental context may refer to the genetic state of a given SNP, on each of the two relevant
chromosomes for each of the two parents of the target.

Develop as desired, also ‘develop normally,” may refer to a viable embryo implanting in a
uterus and resulting in a pregnancy. It may also refer to the pregnancy continuing and
resulting in a live birth. It may also refer to the born child being free of chromosomal
abnormalities. It may also refer to the born child being free of other undesired genetic
conditions such as disease-linked genes. The term ‘develop as desiréd’ encompasses
anything that may be desired by parents or healthcare facilitators. In some cases,
‘develop as desired’ may refer to an unviable or viable embryo that is useful for
medical research or other purposes.

Insertion into a uterus may refer to the process of transferring an embryo into the uterine
cavity in the context of in vitro fertilization.

Clinical Decision may refer to any decision to take an action, or not to take an action, that has
an outcome that affects the health or survival of an individual. In the context of IVF, a

clinical decision may refer to a decision to implant or not implant one or more
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embryos. In the context of prenatal diagnosis, a clinical decision may refer to a
decision to abort or not abort a fetus. A clinical decision may refer to a decision to
conduct further testing.

Platform response may refef to the mathematical characterization of the input/output
characteristics of a genetic measurement platform, and may be used as a measure of
the statistically predictable measurement differences.

Informatics based method may refer to a method designed to determine the ploidy state at one
or more chromosomes or the allelic state at one or more alleles by statistically
inferring the most likely state, rather than by directly physically measuring the state. In
one embodiment of the present disclosure, the informatics based technique may be one
disclosed in this patent. In one embodiment of the present disclosure it may be
PARENTAL SUPPORT™.

Expert Technique may refer to a method used to determine a genetic state. In one
embodiment it may refer to a method used to determine or aid in the determination of
the ploidy state of an individual. It may refer to an algorithm, a quantitative method, a
qualitative method, and/or a computer based technique.

Channel Intensity may refer to the strength of the fluorescent or other signal associated with a
given allele, base pair or other genetic marker that is output from a method that is used
to measure genetic data. It may refer to a set of outputs. In one embodiment, it may
refer to the set of outputs from a genotyping array.

Cumulative Distribution Function (CDF) curve may refer to a monotone increasing, right
continuous probability distribution of a variable, where the ‘y’ coordinate of a point on
the curve refers to the probability that the variable takes on a value less than or equél

to the ‘x’ coordinate of the point.

Parental Context

The parental context may refer to the genetic state of a given SNP, on each of the two
relevant chromosomes for each of the two parents of the target. Note that in one embodiment,
the parental context does not refer to the allelic state of the target, rather, it refers to the allelic
state of the parents. The parental context for a given SNP may consist of four base pairs, two
paternal and two maternal; they may be the same or different from one another. It is typically

written as “m;my|f,f,”, where m; and m; are the genetic state of the given SNP on the two
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maternal chromosomes, and f; and f; are the genetic state of the given SNP on the two
paternal chromosomes. In some embodiments, the parental context may be written as
“f1flmym,”. Note that subscripts “1” and “2” refer to the genotype, at the given allele, of the
first and second chromosome; also note that the choice of which chromosome is labeled “1” -
and which is labeled “2” is arbitrary.

Note that in this disclosure, A and B are often used to-generically represent base pair
identities; A or B could equally well represent C (cytosine), G (guanine), A (adenine) or T
(thymine). For example, if, at a given allele, the mother’s genotype was T on one
chromosome, and G on the homologous chromosome, and the father’s genotype at that allele
is G on both of the homologous chromosomes, one may say that the target individual’s allele
has the parental context of AB|BB. Note that, in theory, any of the four possible alleles could
occur at a given allele, and thus it is possible, for example, for the mother to have a genotype |
of AT, and the father to have a genotype of GC at a given allele. However, empirical data
indicate that in most cases only two of the four possible base pairs are observed at a given
allele. In this disclosure the discussion assumes that only two possible base pairs will be
observed at a given allele, although it should be obvious to one skilled in the art how the
embodiments disclosed herein could be modified to take into account the cases where this
assumption does not hold.

A “parental context” may refer to a set or subset of target SNPs that have the same
parental context. For example, if one were to measure 1000 alleles on a given chromosome on
a target individual, then the context AA|BB could refer to the set of all alleles in the group of
1,000 alleles where the genotype of the mother of the target was homozygous, and the
genotype of the father of the target is homozygous, but Where the maternal genotype and the
paternal genotype are dissimilar at that locus. If the parental data is not phased, and thus AB =
BA, then there are nine possible parental contexts: AAJAA, AA|AB, AA|BB, AB|AA, AB|AB,
AB|BB, BBJ|AA, BB|AB, and BB|BB. If the parental data is phased, and thus AB # BA, then
there are sixteen different possible parental contexts: AA|AA, AAJAB, AAIBA, AA[BB,
AB|AA, AB|AB, AB|BA, ABBB, BAJAA, BAJAB, BA|BA; BA|BB, BB|AA, BBJAB,
BB|BA, and BB|BB. Every SNP allele on a chromosome, excluding some SNPs on the sex
chromosomes, has one of these parental contexts. The set of SNPs wherein the parental

context for one parent is heterozygous may be referred to as the heterozygous context.
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Hypotheses

A hypothesis may refer to a possible genetic state. It may refer to a possible ploidy
state. It may refer to a possible allelic state. A set of hypotheses refers to a set of possible
genetic states. In some embodiments, a set of hypotheses may be designed such that one
hypothesis from the set will correspond to the actual genetic state of any given individual. In
some embodiments, a set of hypotheses may be designed such that every possible genetic
state may be described by at least one hypothesis from the set. In some embodiments of the
present disclosure, one aspect of the method is to determine which hypothesis corresponds to
the actual genetic state of the individual in question.

In another embodiment of the present disclosure, one step involves creating a
hypothesis. In some embodiments it may be a copy number hypothesis. In some embodiments
it may involve a hypothesis concerning which segments of a chromosome from each of the
related individuals correspond genetically to which segments, if any, of the other related
individuals. Creating a hypothesis may refer to the act of setting the limits of the variables
such that the entire set of possible genetic states that are under consideration are encompassed
by those variables. ‘

A ‘copy number hypothesis’, also called a ‘pioidy hypothesis’, or a ‘ploidy state
hypothesis’, may refer to a hypothesis concerning a possible ploidy state for a given
chromosome, or section of a chromosome, in the target individual. It may also refer to the
ploidy state at more than one of the chromosomes in the individual. A set of copy number
hypotheses may refer to a set of hypotheses where each hypothesis corresponds to a different
possible ploidy state in an individual. A normal individual contains one of each chromosome
from each parent. However, due to errors in meiosis and mitosis, it is possible for an
individual to have 0, 1, 2, or more of a given chromosome from each parent. In practice, it is
rare to see more that two of a given chromosomes from a parent. In this disclosure, the
embodiments only consider the possible hypotheses where 0, 1, or 2 copies of a given
chromosome come from a parent. In some embodiments, for a given chromosome, there are
nine possible hypotheses: the three possible hypothesis concerning 0, 1, or 2 chromosomies of
maternal origin, multiplied by the three possible hypotheses concerning 0, 1, or 2
chromosomes of paternal origin. Let (m,f) refer to the hypothesis where m is the number of a
given chromosome inherited from the mother, and f is the number of a given chromosome

inherited from the father. Therefore, the nine hypotheses are (0,0), (0,1), (0,2), (1,0), (1,1),
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(1,2), (2,0), (2,1), and (2,2). These may also be written as Hoo, Ho1, Ho2, Hio, Hi2, H20, Hai,
and Ha. The different hypotheses correspond-to different ploidy states. For example, (1,1)
refers to a normal disomic chromosome; (2,1) refers to a maternal trisomy, and (0,1) refers to
a paternal monosomy. In some embodiments, the case where two chromosomes are inherited
from one parent and one chromosome is inherited from the other parent may be further
differentiated into two cases: one where the two chromosomes are identical (matched copy
error), and one where the two chromosomes are homologous but not identical (unmatched
copy error). In these embodiments, there are sixteen possible hypotheses. It is possible to use
other sets of hypotheses, and it should be obvious for one skilled in the art how to modify the
disclosed method to take into account a different number of hypotheses.

In some embodiments of the present disclosure, the ploidy hypothesis may refer to a
hypothesis concerning which chromosome from other related individuals correspond to a
chromosome found in the target individual’s genome. In some embodiments, a key to the
method is the fact that related individuals can be expected to share haplotype blocks, and
using measured genetic data from related individuals, along with a knowledge of which
haplotype blocks match between the target individual and the related individual, it is possible
to infer the correct genetic data for a target individual with higher confidence than using the
target individual’s genetic measurements alone. As such, in some embodiments, the ploidy
hypothesis may concern not only the number of chromosomes, but also which chromosomes
in related individuals are identical, or nearly identical, with one or more chromosomes in the
target individual.

An allelic hypothesis, or an ‘allelic state hypothesis’ may refer to a hypothesis

concerning a possible allelic state of a set of alleles. In some embodiments, a key to this

" method is, as described above, related individuals may share haplotype blocks, which may

help the reconstruction of genetic data that was not perfectly measured. An allelic hypothesis
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. The theory of meiosis tells us that each chromosome in an individual is inherited
from one of the two parents, and this is a nearly identical copy of a parental chromosome.
Therefore, if the haplotypes of the parents are known, that is, the phased genotype of the
parents, then the genotype of the child may be inferred as well. (The term child, here, is
meant to include any individual formed from two gametes, one from the mother and one from
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the father.) In one embodiment of the present disclosure, the allelic hypothesis describes a
possible allelic state, at a set of alleles, including the haplotypes, as well as which
chromosomes from related individuals may match the chromosome(s) which contain the set
of alleles.

Once the set of hypotheses have been defined, when the algorithms operate on the
input genetic data, they may output a determined statistical probability for each of the
hypotheses under consideration. The probabilities of the various hypotheses may be
determined by mathematically calculating, for each of the various hypotheses, the value that
the probability equals, as stated by one or more of the expert techniques, algorithms, and/or
methods described elsewhere in this disclosure, using the relevant genetic data as input.

Once the probabilities of the different hypotheses are estimated, as determined by a
plurality of techniques, they may be combined. This may entail, for each hypothesis,
multiplying the probabilities as determined by each technique. The product of the
probabilities of the hypotheses may be normalized. Note that one ploidy hypothesis refers to
one possible ploidy state for a chromosome.

The process of ‘combining probabilities’, also called ‘combining hypotheses’, or
combining the results of expert techniques, is a concept that should be familiar to one skilled
in the art of linear algebra. One possible way to combine probabilities is as follows: When an
expert technique is used to evaluate a set of hypotheses given a set of genetic data, the output
of the method is a set of probabilities that are associated, in a one-to-one fashion, with each
hypothesis in the set of hypotheses. When a set of probabilities that were determined by a first
expert techniqué, each of which are associated with one of the hypotheses in the set, are
combined with a set of probabilities that were determined by a second expert technique, each
of which are associated with the same set of hypotheses, then the two sets of probabilities are
multiplied. This means that, for each hypothesis in the set, the two probabilities that are
associated with that hypothesis, as determined by the two expert methods, are multiplied
together, and the corresponding product is the output probability. This process may be
expanded to any number of expert techniques. If only one expert technique is used, then the
output probabilities are the same as the input probabilities. If more than two expert techniques
are used, then the relevant probabilities may be multiplied at the same time. The products may
be normalized so that the probabilities of the hypotheses in the set of hypotheses sum to

100%.
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In some embodiments, if the combined probabilities for a given hypothesis are greater
than the combined probabilities for any of the other hypotheses, then it may be considered
that that hypothesis is determined to be the most likely. In some embodiments, a hypothesis
may be determined to be the most likely, and the ploidy state, or other genetic state, may be
called if the normalized probability is greater than a threshold. In one embodiment, this may
mean that the number and identity of the chromosomes that are associated with that
hypothesis may be called as the ploidy state. In one embodiment, this may mean that the
identity of the alleles that are associated with that hypothesis may be called as the allelic state.
In some embodiments, the threshold may be between about 50% and about 80%. In some
embodiments the threshold may be between about 80% and about 90%. In some embodiments
the threshold may be between about 90% and about 95%. In some embodiments the threshold
may be between about 95% and about 99%. In some embodiments the threshold may be
between about 99% and about 99.9%. In some embodiments the threshold may be above
about 99.9%.

Platform Response

There are many methods that may be used to measure genetic data. None of the
methods currently known in the art are able to measure the genetic data with 100% accuracy,
rather there are always errors, or statistical bias, in the data. It may be expected that the
method of measurement will introduce certain statistically predictable biases into the
measurement. It may be expected that certain sets of DNA, amplified by certain methods, and
measured with certain techniques may result in measurements that are qualitatively and
quantitatively different from other sets of DNA, that are amplified by other methods, and/or
measured with different techniques. In some cases these errors may be due to the method of
measurement. In some cases this error may be due to the state of the DNA. In some cases this
bias may be due to the tendency of some types of DNA to respond differently to a given
genetic measurement method. In some cases, the measurements may differ in ways that
correlate with the number of cells used. In some cases, the measurements may differ based on
the measurement technique, for example, which sequencing technique or array genotyping
technique is used. In some cases different chromosomes may amplify to different extents. In
some cases, certain alleles may be more or less likely to amplify. In some cases, the error,

bias, or differential response may be due to a combination of factors. In many or all of these
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cases, the statistical predictability of these measurement differences, termed the ‘platform
response’, may be used to correct for these factors, and can result in data that with an
accuracy that is maximized, and where each measurement is associated with an appropriate
confidence.

The platform response may be described as a mathematical characterization of the
input/output characteristics of a genetic measurement platform, such as Tagman or Infinium.
The input to the channel is the amplified genetic material with any annealed, fluorescently
tagged genetic material. The channel outputcould be allele calls (qualitative) or raw
numerical measurements (quantitative), depending on the context. For example, in the case in
which the platform's raw numeric output is reduced to qualitative genotype calls, the platform
response may consist of an error transition matrix that describes the conditional probability of
seeing a particular output genotype call given a particular true genotype input. In one
embodiment, in which the platform's output is left as raw numeric measurements, the platform
response may be a conditional probability density function that describes the probability of
the numerical outputs given a particular true genotype input.

In some embodiments of the present disclosure, the knowledge of the platform
response may be used to statistically correct for the bias. In some embodiments of the present
disclosure, the knowledge of the platform response may be used to increase the accuracy of
the genetic data. This may be done by performing a statistical operation on the data that acts
in the opposite manner as the biasing tendency of the measuring process. It may involve
attaching the appropriate confidence to a given datum, such that when combined with other
data, the hypothesis found to be most likely is indeed most likely to correspond to the actual

genetic state of the individual in question.

Screening Maternal Blood using Free Child DNA

The methods described in this document may be used to help determine the
genotype of a child, fetus, or other target individual where the genetic material of the target is
found in the presence of a quantity of other genetic material. In this disclosure, the
discussion focuses on determining the genetic state of a fetus where the fetal DNA is found
in maternal blood, but this example is not meant to limit to possible contexts that this method
may be applied to. In addition, the method may be applicable in cases where the amount of

target DNA is in any proportion with the non-target DNA; for example, the target DNA could
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make up anywhere between 0.000001 and 99.999999% of the DNA present. In addition, the
non-target DNA does not necessarily need to be from one individual, or even from a related
individual, as long as genetic data from non-target individual(s) is known. In one embodiment
of the invention, the method can be used to determine genotypic data of a fetus from
maternal blood that contains fetal DNA. It may also be used in a case where there are
multiple fetuses in the uterus of a pregnant woman, or where other contaminating DNA may
be present in the sample, for example from other already born siblings.

This technique that makes use of the phenomenon of fetal blood cells gaining access
to maternal circulation through the placental villi. Ordinarily, only a very small number of
fetal cells enter the maternal circulation in this fashion (not enough to produce a positive
Kleihauer-Betke test for fetal-maternal hemorrhage). The fetal cells can be sorted out and
analyzed by a variety of techniques to look for particular DNA sequences, but without the
risks that these latter two invasive procedures inherently have.

In one embodiment of the invention, blood may be drawn from a pregnant woman.
Research has shown that maternal blood may contain a small amount of free floating DNA
from the fetus, in addition to free floating DNA of maternal origin. In addition, there also may
be enucleated fetal blood cells containing DNA of fetal origin, in addition to many blood cells
of maternal origin, which typically do not contain nuclear DNA. There are many methods
know in the art to isolate fetal DNA, or create fractions enriched in fetal DNA. For example,
size exclusion chromatography has been show to create certain fractions that are enriched in
fetal DNA. There are also other methods in the art to recognize and isolate fetal enucleated
blood cells, or to create samples with a greater fraction of fetal blood cells. For example,
stains may be used that preferentially stain fetal blood cells, such as stains that target
nuclear DNA. There have been reports of antibodies, in some cases monoclonal antibodies,
that recognize cell surface markers that are preferentially expressed on the surface of fetal
cells. Once the fetal cells have been stained or tagged, those distinguishing characteristics
FACS sorter, or a streptavidin column.

Once the sample of maternal blood, plasma, or other fluid, drawn in a relatively non-

invasive manner, and that contains an amount of fetal DNA, either cellular or free floating,

either enriched in its proportion to the maternal DNA, or in its original ratio, is in hand, one

may genotype the DNA found in said sample. The method described in this document can
be used to determine genotypic data of the fetus. For example, it can be used to determine
the ploidy state at one or more chromosomes, it can be used to determine the identity of one
or a set of SNPs, including insertions, deletions, and translocations. It can be used to
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determine one or more haplotypes, including the parent of origin of one or more genotypic
features.

Note that this method will work with any nucleic acids that can be used for the any
genotyping or sequencing method, such as the lllumina Infinium array platform. This includes
extracted free-floating DNA from plasma or amplifications (e.g. whole genome amplification,
PCR) of the same; genomic DNA from other cell types (e.g. human lymphocytes from whole
blood) or amplifications of the same. For preparation of the DNA, any extraction or
purification method that generates genomic DNA suitable for the one of these platforms will
work as well. In one embodiment, storage of the samples may be done in a way that will
minimize degradation (e.g. at -20 C or lower). Final concentration of DNA for the lllumina
platform is also not critical but the range used in experiments described herein is

recommended by lllumina, however, other concentrations may work just as well.

Overview of the Method:

Using each of the parent contexts, and chromosomes known to be euploid, it is
possible to estimate, by a set of simultaneous equations, the amount of DNA in the maternal
blood from the mother and the amount of DNA in the maternal blood from the fetus. These
simultaneous equations are made possible by the knowledge of the alleles present on the
father. In particular, alleles present on the father and not present on the mother provide a
direct measurement of fetal DNA. One may then look at the particular chromosomes of
interest, such as chromosome 21, and see whether the measurements on this chromosome
under each parental context are consistent with a particular hypothesis, such as H,, where
m represents the number of maternal chromosomes and p represents the number of paternal
chromosomes e.g. Hq4 representing euploid, H,; and H,, representing maternal and paternal
trisomy respectively.

This disclosure presents a method by which one may determine the ploidy state of a
gestating fetus, at one or more chromosome, in a non-invasive manner, using genetic
information determined from fetal DNA found in maternal blood. The fetal DNA may be
purified, partially purified, or not purified; genetic measurements may be made on DNA that
originated from more than one individual. Informatics type methods can infer genetic
information of the target individual, such as the ploidy state, from the bulk genotypic
measurements at a set of alleles. The set of alleles may contain various subsets of alleles,
wherein one or more subsets may correspond to alleles that are found on the target
individual but not found on the non-target individuals, and one or more other subsets may
correspond to alleles that are found on the non-target individual and are not found on the
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target individual. The method may involve using comparing ratios of measured output
intensities for various subsets of alleles to expected ratios given various potential ploidy
states. The platform response may be determined, and a correction for the bias of the

system may be incorporated into the method.

Key Assumptions of the Method:

- The expected amount of genetic material in the maternal blood from the mother is
constant across all loci.

- The expected amount of genetic material present in the maternal blood from the fetus
is constant across all loci assuming the chromosomes are euploid.

- The chromosomes that are non-viable (all excluding 13,18,21,X,Y) are all euploid in
the fetus. In one embodiment, only some of the non-viable chromosomes need be
euploid on the fetus.

General Problem Formulation:

One may write yix = gik(Xix) + vix where Xy is the quantity of DNA on the allele k =1 or
2 (1 represents allele A and 2 represents allele B), j = 1...23 denotes chromosome number
and i = 1...N denotes the locus number on the chromosome, gjx is platform response for
particular locus and allele ijk, and vix is independent noise on the measurement for that locus
and allele. The amount of genetic material is given by x = amy + Acy where a is the
amplification factor (or net effect of leakage, diffusion, amplification etc.) of the genetic
material present on each of the maternal chromosomes, my (either 0,1,2) is the copy number
of the particular allele on the maternal chromosomes, A is the amplification factor of the
genetic material present on each of the child chromosomes, and cix is the copy number
(either 0,1,2,3) of the particular allele on the child chromosomes. Note that for the first
simplified explanation, a and A are assumed to be independent of locus and allele i.e.

independent of i, j, and k. We get

Yijk = g‘ij.k(ami;k + Acijk) + Vi

Approach using an Affine Model that is Uniform across all Loci:

One may model g with an affine model, and for simplicity assume that the model is
the same for each locus and allele, although it will be obvious after reading this disclosure
how to modify the approach when the affine model is dependent on ijk. Assume the

platform response model is
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g;ik(xuk) =b+amyy + Acy

where we have used the amplification factors a and A without loss of generality, and we have
added a y-axis intercept b which defines the noise level when there is no genetic material.
Our goal is to estimate a and A. 1t is also possible to estimate b independently, but we will
assume for now that the noise level is roughly constant across loci, and only use the set of
equations based on parent contexts to estimate a and A. Our measurement at each locus is
given by

Vi = b+ amype + Ac+ vy

Assuming that the noise vy, is i.i.d. for each of the measurements within a particular parent
context, T, we can sum the signals within that parent context. The parent contexts are
represented in terms of alleles A and B, where the first two alleles represent the mother and

the second two alleles represent the father: T € {AA|BB, BB|AA, AB|AB, AA|AA, BB|BB,

AA|AB, ABJAA, AB|BB, BBJAB}. For each context T, there is a set of loci i,j where the parent

DNA conforms to that context, represented i,j e T. Hence:

1 C
YTk = 3o Z Yigk =b+ amypr + ACer + Vi
LieT
Where mt, €7 and Vit represent the means of the respective values over all the loci
conforming to the parent context T, or over all i,j e T.The mean or expected values ci7 will

depend on the ploidy status of the child. The table below describes the mean or expected
values 7 and t; for k = 1(allele A) or 2(allele B) and all the parent contexts T. We

calculate the expected values assuming different hypotheses on the child, namely euploidy
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and maternal trisomy. The hypotheses are denoted by the notation Hy;, where m refers to the

number of chromosomes from the mother and f refers to the number of chromosomes from

the father e.g. Hy, is euploid, Hy; is maternal trisomy. Note that there is symmetry between

some of the states by switching A and B, but we include all states for clarity:

Context | AABB | BB/AA | AB/AB | AA/AA | BB/IBB | AA/AB | AB/AA | AB/BB | BB/AB
M |2 0 1 2 0 2 1 1 0
Mz |0 2 1 0 2 0 1 1 2
T Ho |1 1 1 2 0 15 15 0.5 05
Tarlbey | 1 1 1 0 2 05 05 15 15
Cazifar | 2 1 15 3 0 25 2 1 05
EoalHar | 1 2 15 0 3 05 1 2 25

We have now a set of equations describing all the expected values yr,, which we cast in

matrix form, as follows:
Y=B+AyP+v

Where

P= [Z] is the matrix of parameters to estimate

B=b1 where 1 is the 18x1 matrix of ones

V= [’legg e

VB85 AB]Tis the 18x1 matrix of noise terms

v = [yAAIEB,l ¥BBlaa1 YaB|5B,1 Yaa|aa1 YBs|551 YA4|481 YArR|aa1 Yas|sB,1YBB|ABA

. T
Yaa58,2 ¥YBBlaa2 Yas|aB2 Yaalaaz Yerisn2 Yaa|a8,2 VaBlaa2 YaB|s3s.2 }’BBIAB,z]

and 4, is the matrix encapsulating the data in the table, where the values are different for

each hypothesis H on the ploidy state of the child. Below are examples of the Matrix A u for

the ploidy hyopotheses Hq, and Hy,
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2.0 1.0 2.0 2.0
0 1.0 0 1.0
10 1.0 10 15
20 2.0 20 3.0
0 0 0 0
20 15 20 25
10 15 10 20
10 05 10 1.0
0 05 0 05

Au. =0 10 Am=|0o 10
20 1.0 20 20
1.0 1.0 10 15
0 o 0o 0
20 2.0 20 3.0
0 05 0 05
10 05 1.0 1.0
10 15 10 20
20 15 2.0 25

in order to estimate a and A, or matrix P, we aggregate the data across all chromosomes
that we can assume are euploid on the child sample. This would include all chromosomésj =
1 ... 23 except those that are under test, namely j = 13, 18, 21, X and Y. (Note: we could also
apply a concordance test for the results on the individual chromosomes in order to detect
mosaic aneuploidy on the non-viable chromosomes.) In order to clarify notation, we will
define Y’ as Y measured over all the euploid chromosomes, and Y" as Y measured over a
particular chnromosome under test, such as chromosome 21, which may be aneuploid. We

apply the matrix Ay, to the euploid data in order to estimate the parameters:

-~

P = argming ||V~ B — Ap, Pll, = (4w, 4n.) 44,77
Where ¥ = ¥’ — B i.e. the measured data with the bias removed. The least-squares solution
above is only the maximume-likelihood solution if each of the terms in the noise matrix v has a
similar variance. This is not the case, most simply because the number of loci N’y used to
compute the mean measurement for each context T is different for each context. As above,
we use the Ny’ to refer to the number of loci used on the chromosomes known to be euploid,
and we use the C’ to denote the covariance matrix for mean measurements on the
chromosomes known to be euploid. There are many approachés to estimating the
covariance C’ of the noise matrix v, which we assume is distributed as v~N(0,"). Given the

covariance matrix, the maximum-likelihood estimate of P is

i; = argminp“C'_Uz(Y" - B - AH&:.P)mg = (AHs“TC’_lAHig)_1AH“'TC'-1?
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One simple approach to estimating the covariance matrix is to assume that all the terms of v
are independent (i.e. no off-diagonal terms) and invoke the Central Limit Theorem so that the
variance of each term of v scales as 1/N'y. so that we find the 18 x 18 matrix
1/N'aqss - 0
= T -, :
0 - 1/N'gpag

Once we have estimated P’, we use these parameters to determine the most likely
hypothesis on the chromosome under study, such as chromosome 21. In other words, we
choose the hypothesis:

H* = argming||c*-Y2(y"— B - fgaﬁ)uz

Having found H we can then estimate the degree of confidence that we have in the
determination of H'. Assume, for example, that we have two hypotheses under consideration:
His (euploid) and H,, (maternal trisomy). Assume that H'= H,,. We compute the distance
measures corresponding to each of the hypotheses:

dn = [[€2(y~ B - An, P,

dy = || €72 (Y~ B - 4y, P,

It can be shown that the square of these distance measures are roughly distributed as a Chi-
Squared random variable with 18 degrees of freedom. Let x5 represent the corresponding
probability density function for such a variable. We can then find the ratio in the probabilities
py of each of the hypotheses according to:

Pa,,  %18(d.")

P, B X18(d..?)

We can then compute the probabilities of each hypothesis by adding the equation

P, +Pu,, = 1. Our confidence that the chromosome is in fact euploid is given by py, .

Variations on the Method

(1) One may modify the above approach for different biases b on each of the
channels representing alleles A and B. The bias matrix B is redefined as follows:

bal = .

B= [bA T} where 1 is a 9x1 matrix of ones. As discussed above, the parameters b, and b;,

B
can either be assumed based on a-priori measurements, or can be included in the matrix P
and actively estimated (i.e. there is sufficient rank in the equations over all the contexts to do

s0).
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(2) In the general formulation, wherey,. = gy (amy, + Ay} + Vi, We can
directly measure or calibrate the function g, for every locus and allele, so that the function
(which we assume is monotonic for the vast majority of genotyping platforms) can be
inverted. We can then use the function inverse to recast the measurements in terms of the
quantity of genetic material so that the system of equations is linear i.e.
¥k = ik (Vi) = amyic + Aci + Ve This approach is particularly good when gjx is an
affine function so that the inversion does not produce amplification or biasing of the noise in
VVijier

(3) The method above may not be optimal from a noise perspective since the
modified noise term v'i = g * (\’qk) may be amplified or biased by the function inversion.
Another approach is to linearism the measurements around an operating point i.e.
Vigk = Ga(amg + Acgp) + vig may be recast as:
Vi ¥ gi(amg) + gy (amg)Acy + vy Since we expect no more than 20% of the free-
floating DNA in the maternal blood to be from the child, A « a, and the expansion is a
reasonable approximation. Alternatively, for a platform response such as that of the lllumina
Bead array, which is monotonically increasing and for which the second derivative is always

negative, we can improve  the linearization estimate according to

Yije N g’ijk(amiﬂ,;)-t— 0.5 (giik’(amﬁg() +‘g;jk’(amijk+ Atci,-k))Acﬁk+ Vi The resulting set of
equations may be solved iteratively for a and A using a method such as Newton-Raphson
optimization.

(4) Another general approach is to measure at the total amount of DNA on the test
chromosome (mother plus fetus) and compare with the amount of DNA on all other
chromosomes, based on the assumption that amount of DNA should be constant across all
chromosomes. Although this is simpler, one disadvantage is that we don’t know how much is
contributed by the child so we cannot estimate confidence bounds meaningfully. However,
we can look at standard deviation across other chromosome signals that should be euploid
to estimate the signal variance and generate a confidence bound. Another disadvantage is
that we are including measurements of maternal DNA which are not on the child DNA so
these measurements contribute nothing to the signal but do contribute directly to noise. A
further downside is we cannot calibrate out the amplification biases amongst different
chromosomes. To address this last point, we can find a regression function linking each
chromosome's mean signal level to every other chromosomes mean signal level, combine

the signal from all chromosome by weighting based on variance of the regression fit, and
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look to see whether the test chrbmosome of interest is within the acceptable range as
defined by the other chromosomes.

(5) This method may be used in conjunction with other method previously disclosed
by Gene Security Network, especially those method that are part of PARENTAL
SUPPORT™, such that one may phase the parents so that it is known what is contained on
each individual maternal and paternal chromosome. By considering the odds ratio of each of
the alleles at heterozygous loci, one may determine which haplotype of the mother is present
on the child. Then one can compare the signal level of the measurable maternal haplotype to
the paternal haplotype that is present (without background noise from the mother) and see
when that ratio of 1:1 is not satisfied due to aneuploidy which causes an imbalance between
maternal and paternal alleles.

This list of possible variations on the method is not meant to be exhaustive. Other
variation may also be employed. ‘

Combining methods of prenatal diagnosis

There are many methods that may be used for prenatal diagnosis of aneuploidy or
other genetic defects. Described elsewhere in this document, and in U.S. Utility Application
Serial No. 11/603,406, filed November 28, 2006; U.S. Utility Application Serial No.
12/076,348, filed March 17, 2008, and PCT Utility Application Serial No. PCT/S09/52730 is
one such is a method that uses the genetic data of related individuals to increase the accuracy
with which genetic data of a target individual, such as a fetus, is known, or estimated. Other
methods used for prenatal diagnosis involve measuring the levels of certain hormones in
maternal blood, where those hormones are correlated with various genetic abnormalities. An
example of this is called the triple test, a test wherein the levels of several (commonly two,
three, four or five) different hormones are measured in maternal blood. In a case where
multiple methods are used to determine the likelihood of a given outcome, where none of the
methods are definitive in and of themselves, it is possible to combine the information given
by those methods to make a prediction that is more accurate than any of the individual
methods. In the triple test, combining the information given by the three different hormones
can result in a prediction of genetic abnormalities that is more accurate than the individual

hormone levels may predict.
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Disclosed herein is an invention for making more accurate predictions about the
genetic state of a fetus, specifically the possibility of genetic abnormalities in a fetus, that
comprises combining predictions of genetic abnormalities in a fetus where those predictions
were made using a variety of methods. In a favored embodiment of the invention, one or more
of the predictions are made based on the genetic data known about the fetus, where the
genetic knowledge was determined using the PARENTAL SUPPORT method, that is, using
genetic data of individual related to the fetus to determine the genetic data of the fetus with
greater accuracy. In some embodiments the genetic data may include ploidy states of the
fetus. In some embodiments, the genetic data may refer to a set of allele calls on the genome
of the fetus. In some embodiments some of the predictions may have been made using the
triple test. In some embodiments, some of the predictions may have been made using
measurements of other hormone levels in maternal blood. In some embodiments, predictions
made by methods considered diagnoses may be combined with predictions made by methods
considered screening. In some embodiments, the method involves measuring matefnal blood
levels of alpha-fetoprotein (AFP). In some embodiments, the method involves measuring
maternal blood levels of unconjugated estriol (UE;). In some embodiments, the method
involves measuring maternal blood levels of beta human chorionic gonadotropin (beta-hCG).
In some embodiments, the method involves measuring maternal blood levels of invasive
trophoblast antigen (ITA). In some embodiments, the method involves measuring maternal
blood levels of inhibin. In some embodiments, the method involves measuring maternal blood
levels of pregnancy-associated plasma protein A (PAPP-A). In some embodiments, the
method involves measuring maternal blood levels of other hormones or maternal serum
markers. In some embodiments, some of the predictions may have been made using other
methods. In some embodiments; some of the predictions may have been made using a fully
integrated test such as one that combines ultrasound and blood test at around 12 weeks of
pregnancy and a second blood test at around 16 weeks. In some embodiments, the method
involves measuring the fetal nuchal translucency (NT). In some embodiments, the method
involves using the measured levels of the aforementioned hormones for making predictions.

In some embodiments the method involves a combination of the aforementioned methods.

Combining the predictions

There are many ways to combine the predictions, for example, one could convert the
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hormone measurements into a multiple of the median (MoM) and then into likelihood ratios
(LR). Similarly, other measurements could be transformed into LRs using the mixture model
of NT distributions. The LRs for NT and the biochemical markers could be multiplied by the
age and gestation-related risk to derive the risk for various conditions, such as trisomy 21.
Detection rates (DRs) and false-positive rates (FPRs) could be calculated by taking the
proportions with risks above a given risk threshold.

Another method could involve a situation with four measured hormone levels, where
the probability distribution around those hormones is known: p(x,, X2, X3, X4le) for the euploid
case and p(xi, X2, X3, X4[a) for the aneuploid case. Then one could measure the probability
distribution for the DNA measurements, g(y|e) and g(y|a) for the euploid and aneuploid cases
respectively. Assuming they're independent given the assumption of euploid/aneuploid, one
could combine as p(x1, X2, X3, X4|a)g(yla) and p(xi, X2, X3, Xs/e)g(yle) and then multiply each by
the prior p(a) and p(e) given the maternal age. One could then choose the one that is highest.
In one embodiment it is possible to evoke central limit theorem to assume distribution on
g(yla or €) is Gaussian, and measure mean and standard deviation by looking at multiple
samples. In another embodiment, one could assume they are not independent given the

outcome and collect enough samples to estimate the joint distribution p(xi, X2, X3, X4|a or €).

Free-floating DNA of children from previous pregnancies in maternal blood

One difficulty to non-invasive prenatal diagnosis is differentiating DNA in the
maternal blood from previous pregnancies. Some believe that genetic matter from prior
pregnancies will go away after some time, but conclusive evidence has not been shown. We
present here a solution to this problem. Using our PARENTAL SUPPORT (PS) method, and
the knowledge of the paternal genome, we can determine fetal DNA present in the maternal
blood of paternal origin (that is, DNA that the fetus inherited from the father.) PS allows us to
read a clear signal on the paternal derived fetal DNA to work out where crossovers happened.
This may require parent phase information, possible derived from grandparental genetic data
(such as measured genetic data from a sperm from the grandfather), or genetic data from other
born children, or a sample of a miscarriage. Alternately, one could do a HapMap-based
phasing, or a haplotyping of paternal cells. Successful haplotyping has been demonstrated by
arresting cells at phase of mitosis when chromosomes are tight bundles and using
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microfluidics to put separate chromosomes in separate wells.

Optionally, one could apply the less sensitive presence of homologs test to verify that
there is always one homolog present on the paternal side. This lets us see if there is DNA
from more than one child present. Also, we can determine if the fetal DNA is not from the
current dad, in which case we could use other methods such as the triple test to predict

genetic abnormalities.

3 ok ok e 3k o ok ok 3k ok ok %k %k e ok %k % ok ok %k ok k *k k

The use of linked inverted probes for genotyping repeat expansion and large deletions alleles

In one aspect of the inventioﬁ, inverted probes may be used to genotype large repeats, such as
triple repeats, or large deletions. There are a number of diseases that are characterized by
such repeats and/or deletions. Methods of amplification and genotyping that have been
described in the literature have a number of problems that preclude their use in a large scale
multiplexed fashion. Details of this invention, and the drawbacks to the known methods are
described below.

Some embodiments of the invention involve the use of ‘Linked Inverted Probes’
(LIPs), which have been previously described in the literature. LIPs is a generic term meant
to encompass technologies that involve the creation o'f a circular molecule of DNA, where the
probes are designed to hybridize to targeted region of DNA on either side of a targeted allele,
such that addition of appropriate polymerases and/or ligases, and the appropriate conditions,
buffers and other reagents, will complete complementary, inverted region of DNA across the
targeted allele to create a circular loop of DNA that captures the information found in the
targeted allele. The LIPs probe may be a linear DNA molecule between 50 and 500
nucleotides in length, and in a preferred embodiment between 70 and 100 nucleotides in
length; in some embodiments, it may be longer or shorter than described herein. Others
embodiments of the invention involve different incarnations, of the LIPs technology, such as
Padlock Probes and Molecular Inversion Probes (MIPs).

The LIPs technologies, of which MIPs and Padlock Probes are a subset, share a
common feature in that they involve a synthesized DNA fragment in which the ends are

specifically constructed to form complementary base-pairing to a target DNA under suitable
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reaction conditions, herein called ‘the probe’. Furthermore the ends of said probe are designed
in a manner such that the 5-prime (5°) and 3-prime (3°) ends of the probe are oriented towards
one another annealing of the probe, herein generally called ‘inverted-linked probes,’ to the
target DNA, herein called ‘the template’. Consequently, addition of dNTPs, polymerase,
ligase, and suitable buffers, results in polymerization from the 3° end of the probe, herein
referred to as ‘the extension,’ filling in the gap between the 3’ and 5’ ends of the probe with
nucleotides complementary to the template DNA. Once the gap is completely filled, ligase
catalyzes the formation of a covalent phosphodiester bond between the now adjacent 3' and 5'
ends of the probe creating a complete circular molecule of DNA. There is no necessary upper
limit to size of the gap between the 3’ and 5° ends of the fragment that can be filled with

complementary bases. A practical upper limit may be determined by the reaction conditions,

- the processivity of the polymerase, and the ability to amplify the fragment by subsequent PCR

based methods.

The region of interest between the original 3' and 5' ends of the fragment may be
amplified by various techniques after the circle, now intertwined with the template, has been
released from the target DNA. Release may be achieved by breakage of the template molecule
or by breakage of the now circular probe. This may be done along the backbone of the probe
as not to disturb the newly polymerized target sequence. Amplification of the target region,
herein referred to as ‘probe amplification,” may then be accomplished by various PCR

techniques or by rolling circle amplification (if the probe remains a circle).

The utility of using this technique is that it allows specific targeting and amplification of
sequences in the genome. In addition, this technique enables efficient multiplexing, i.e.
mixing in the same reaction vessel, of probes to distinct template targets. The physical linking
of the two complementary sequences into a single probe backbone has the effect of limiting
cross-reactions between unintended combinations of target sequences, as typically occurs with
multiplex PCR. All of the newly extended probes may be amplified simultaneously using
amplification primers or techniques common to all the probes. The resulting amplified
sequences may be analyzed for size, size distribution, allele constitution, or specific sequence
by various methods. Gel separation can reveal size and size distribution. Microarrays and
quantitative PCR can reveal allele constitution using either target specific hybridization or

probe specific hybridization, where probes are individually tagged with distinct sequences.
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Sequencing by methods, such as the Sanger dideoxy method, could also reveal sequence in
certain circumstances. Sequencing using other methods, such as the clonal (e.g. polony,
bridge) or single molecule sequencing methods, can reveal the sequence as well as counts of
individual molecules in the amplified pool. Furthermore, sequencing enables mixing and
sequencing multiple probe amplification pools from different individuals. One way to
accomplish this would be for each initial probe pool applied to a sample to either contain a
different synthesized sequence that could be used differentiate different samples, or a specific
distinguishing sequence could be added and covalently linked to the products of the probe
amplification. These sample specific sequences could then be detected during the sequence
process allowing disambiguation as to from which sample each particular sequence instance
was derived. The preferred method would be to add probes after amplification, although the
order and timing of addition of the various reagents and probes may be different.

One non-obvious use for these linked inverted probes is the detection of certain
disease alleles that are not easily detected using other PCR based techniques. Alleles of
certain diseases are not amenable to PCR based amplification. For example, the disease
Fragile X, an X-linked disorder, is caused by tandem expansion of a tri-nucleotide repeat of
the DNA nucleotides CGG. When the number of repeats is greater than 45 repeats become
unstable and become prone to further expansion. A chromosome with greater than 200 repeats
is considered to have the. full mutation. Both males, who only have one X chromosome, and
heterozygous females, will show characteristics of the disease at repeats greater than about
200 triplets in size. One challenge in PCR based screening techniques is that PCR, while
usually capable of amplifying the normal size range of alleles, will often fail to amplify
expanded alleles due the highly repetitive nature of the DNA. Consequently, PCR based tests
used on heterozygous individuals may yield a false negative test result when only the normal
allele is detected. Application of probes of the type discussed here in a non-obvious way can
solve this problem.

To solve this problem with these probes at least two, but also possibly three or more
distinct linked inverted probes should be constructed. The first probe may be designed so that
both ends are complementary to the DNA sequence flanking the repetitive sequence prone to
expansion, herein called the ‘spanning probe.” Upon binding this probe would thereby
straddle the entire repeat region, enabling detection and amplification of the normal allele and

some size range of expanded alleles. A second probe, herein called the ‘non-spanning probe,’
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may be designed such that one end of the probe is complementary to the non-repetitive
sequence upstream of the repeat and the other end complementary to the repeat itself.
Similarly, a second non-spanning probe may also be designed with one end complementary to
the downstream non-repetitive DNA sequence and the other end complementary to the
repetitive sequence. The spanning probe would be expected to extend and amplify in the
presence of the normal allele as well as some size range of expanded alleles. However, for the
same reasons that PCR fails at the largest size ranges of these repeat alleles, this probe may
fail at the larger size ranges of the expanded allele. However, the non-spanning probes allow
detection of these alleles. These probes bind to one side of the repeat, anchoring the probe
while the othér end of the probe is free to find to bind to numerous places within the repeat.
Extension and amplification of these probes then yields a distribution of differently sized
fragments. The size distribution can be detected through various methods including DNA
separation techniques (e.g. agarose gel), or by direct sequencing of the amplified probes any
clonal sequencing method. Collectively, the spanning and one or both of the non-spanning
probes may be used to detect the presence of all possible genotypes, by sequencing, for
example.

For an allele that can be extended and amplified by the spanning probe, the size of the
allele may be readily observed upon analysis. If in a normal individual there are two different
size normal alleles, both may be detectable by the spanning probe. If the size of one or both
alleles is abnormal, but still within the limits of detection of the spanning probe, then again
both alleles may be detectable. If the one or both of the alleles is so large such that it cannot
be extended or amplified with the spanning probe, then the data from one or both of the non-
spanning probes may be used to determine or estimate the repeat length, as both an internal
positive control and as a means to demonstrate the presence of an allele that is larger than
normal size rage. With normal PCR methods, large repeats simply fail to amplify.
Consequently, in the circumstance where an individual is heterozygous for a normal allele and
a greatly expanded allele and the expanded allele fails to amplify, then the individual will
falsely appear to be homozygous for the normal allele. However, the combination of the
spanning probe and non-spanning probes allow detection of the normal allele and observation
of the expanded allele. Even though the non-spanning probe may not extend and amplify the
largest possible fragments, the presence of any bands larger than the normal size will indicate

the presence of an abnormal allele.
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In contrast, an approach similar to the one described above cannot be used using
traditional PCR, rather than sequencing. Anchoring one PCR primer in the non-repetitive
sequence flanking the repeat and one PCR primer within the repeat is not guaranteéd, and, in
fact, usually does not result in a fragment longer than the normal allele. With each successive
round of PCR, the binding of the primer to the repetitive region will be unlikely to bind to the
very end of the previous rounds of PCR products. Consequently, the PCR product will shrink
with each successive round of PCR. This is further enhanced by the fact that shorter products
are often favored in PCR do to their increased efficiency of amplification. In contrast, the
multiplexing of both a spanning and non-spanning probes as describe here can be used to
ensure detection of both the normal and abnormal alleles.

Another non-obvious use of linked inverted probes is for the detection of large
deletions with defined or potentially poorly defined end points. Large deletions are
responsible for a number of important hur'nan disorders. For example, Hemophilia A can be
caused by large deletions of varying size in the Factor VIII gene on the X chromosome;
Duchenne and Becker Muscular Dystrophy can be caused by large deletions of varying size in
the DMD gene, also on the X chromosome). There is a challenge in detecting large mutations
using traditional PCR methods. Two PCR based approaches for detecting large deletions are
(a) to design multiple PCR within and flanking the region of the deletion and (b) design a set
of PCR assay including ones that spans the entire deletion (both endpoints) as well as each
endpoint individually. In (a) an individual that is homozygous or hemizygous for the deletion,
the PCR assays within the rﬂutation may fail to amplify while the ones flanking the mutation
may amplify. However, this method cannot be used to detect a heterozygote as all PCR assays
will amplify. In (b) if the endpoints of the deletion are known it is possible to design a PCR
assay that can yield a product that spans the breakpoint of the mutation yielding a chimeric
fragment in the presence of the mutation. In the normal allele, this PCR amplification will
likely fail due to the large distances involved (many kilobases). However, the normal allele
can be detected through the use of assays that span just one endpoint. When the exact
endpoints of the deletion are not known it can be much more challenging to design a PCR
assay capable of detecting various forms of the deletion reliably. Trial and error must
typically be employed in each instance. Because of the ability to multiplex linked inverted

probes however, a series of probes can be created that can detect deletions of any size.
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To detect deletions of any size, one may design a collection of linked inverted probes
that spanning various distances from one or both of the farthest known endpoints, in addition
to a small number of probes spaced at various intervals to detect the normal allele. Each of the
spanning probes would have one end complementary to the non-deleted region. The other end
of each distinct probe would be complementary to some region at some variable large
distance from non-deleted end. The distance between the probe ends would be too large to
extend and amplify using typical approaches, but in the presence of a large deletion a
previously distant binding site for one or more of the probes would be brought to within
distance that could be amplified and extended. The resulting product could be detected by an
array (detecting presence absence only of an amplified probe) or by sequencing as previously
described. Sequencing of the probe would reveal a chimeric fragment of DNA with the two
previously flanking DNA sequences now flanking one another. The number of probes
required would be determined by the length of the gap that could be extended, amplified, and

extended as well as the maximum possible length of the deletion.

Non-Invasive Prenatal Screening with LIPs and Sequencing

In one embodiment of the invention, the disclosed method is used to detect fetal copy
number by using genetic material found in a maternal blood sample, where the maternal blood
sample contains some free-floating fetal DNA. The fraction of fetal DNA compared to the
mother’s DNA may be unknown. In one embodiment of the invention, the ratio of the
identity of alleles can be used to determine the ploidy state of a fetus, as that ratio is
characteristic of a given ploidy state. For example, if an individual is homogenous at a given
allele, the ratio may be 1:0, if he is heterogeneous, it may be 1:1; and if he is trisomic it could
be 1:0 in the case of a homogenous allele, and 2:1 in the case of a heterogeneous allele. This’
ratio can be hard to detect if it is in the presence of a large quantity of genetic material from
another individual whose ploidy state is different from the target individual. The method
described herein is one way to accomplish the ploidy determination of such an individual in
such a situation. Some background for this method, including nomenclature, definitions,
supporting mathematics, and other details may be found in U.S. Utility Application Serial No.
11/603,406, filed November 28, 2006; U.S.. Utility Application Serial No. 12/076,348, filed
March 17, 2008, and PCT Utility Application Serial No. PCT/US09/052730.

Claimed herein is a method to determine the ploidy state of a fetus from the fetal
genetic material found in a maternal blood sample. The method may involve obtaining a
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maternal blood sample, and enriching the fetal DNA. The method may involve amplifying
and/or genotyping or sequencing the genetic material in the sample. It may involve using the
method described herein to determine said ploidy state using data taken from the list
comprising: the output of the genotyping, the sequence data, the determined allele identities,
the allelic ratios, the intensities of the individual measurements, the separately measured
haplotypic and/or diploid genetic data from the mother, the haploid and diploid genetic data
from the father, genetic data from other related individuals, and combinations thereof.

In one embodiment of the invention, the results of the ploidy determination may be
used for the purpose of making a clinical decision in the context of prenatal diagnosis, where
said decision may involve deciding to go ahead with the pregnancy, to terminate the
pregnancy, to conduct further testing, and/or to make a medical intervention. The methods
described herein could be used in other contexts as well, for example in archaeology, or
forensics, where the goal is to determine ploidy information or other genetic information,
where the genetic material from the target individual is in the presence of genetic material
from other individuals.

The methods described herein are discussed in the context of using MIPs and/or
sequencing, though any genotyping technology could equally well apply. The alleles of
interest may be SNPs, or they may be larger regions of DNA. The goal of the methods
described herein is to determine genotypic data of the target individual in the presence of
other, contaminating DNA, originating from other individuals. In one embodiment of the
invention, the genotypic data that is desired involves the ploidy state of the target individual
In one embodiment of the invention, the target DNA is fetal DNA, and thus the target
individual is a gestating fetus, and where the fetal DNA is isolated, enriched, or simply
measured in maternal blood or plasma, and where the maternal DNA is the genetic material
from other individuals. The fetal DNA may be free floating, extracellular DNA, or it may be
cellular DNA, for example, from enucleated fetal red blood cells as found in maternal blood
or plasma samples. The genetic measurements of the DNA may be done using a combination
of amplification methods, and genotyping methods, such as those described in the patent
applications listed in this document, and may also include other methods such as rolling circle

amplification, bridge sequencing, and other DNA amplification, genotyping and sequencing

methods known in the art.
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Non-Invasive Prenatal Screening with MIPS and Sequencing

Allison Ryan
May 17, 2010

1 Introduction

The goal of this algorithm is to detect fetal copy number based on a maternal blood sample which contains
some free-floating fetal DNA. The fraction of fetal DNA compared to the mother’s DNA is unknown.

2 Modeling

The combination of MIPS followed by sequencing results in a platform response that consists of the count of
observed sequences associated with each allele at each SNP. The set of possible alleles, either A/T or C/G,
is known at each SNP. Without loss of generality, the first allele will be labeled A and the second allele
will be labeled B. Thus, the measurement at each SNP consists of the number of A sequences (N,4) and
the number of B sequences (Ng). These will be transformed for the purpose of future calculations into the
total sequence count (n) and the ratio of A alleles to total (r). The sequence count for a single SNP will be
referred to as the depth of read. The fundamental principal which allows copy number identification from
this data is that the ratio of A and B sequences will reflect the ratio of A and B alleles present in the DNA
being measured.

n = Nsg+ Np

r Na/(Na+Np)

Measurements will be initially aggregated over SNPs from the same parent context based on unordered
parent genotypes. Each context is defined by the mother genotype and the father genotype, for a total of 9
contexts. For example, all SNPs where the mother’s genotype is AA and the father’s genotypes is BB are
members of the AA|BB context. The A allele is defined as present at ratio ry, in the mother genotype and
ratio ry in the father genotype. For example, the allele A is present at ratio r, = 1 where the mother is AA
and ratio r; = 0.5 where the father is AB. Thus, each context defines values for 7, and 7;. Although the
child genotypes cannot in general be predicted from the parent genotypes, the allele ratio averaged over a
large number of SNPs can be predicted based on the assumption that a parent AB genotype will contribute
A and B at equal rates.

Consider a copy number hypothesis for the child of the form (nm,ns) where n,, is the number of mother
copies and ny is the number of father copies of the chromosome. The expected allele ratio 7. in the child
(averaged over SNPs in a particular parent context) depends on the allele ratios of the parent contexts and

the parent copy numbers.
n
ro = tmTm ¥ 4TS (1)
N + Nf .
In a mixture of maternal and fetal blood, allele copies will be contributed from both the mother directly and
from the child. Assume that the fraction of child DNA present in the mixture is 4. Then in the mixture, the
ratio r of the A allele in a given context is a linear combination of the mother ratio r,;, and the child ratio
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r¢, which can be reduced to a linear combination of the mother ratio and father ratio using equation 1.

r = (1=0)ry+dr.
. é
Nim + N g N + Nf

Equation 2 predicts the expected ratio of A alleles for SNPs in a given context as a function of the copy
number hypothesis (nm,n¢). Note that the allele ratio on individual SNPs is not predicted by this equation
because these depend on random assignment where at least one parent is heterozygous. Therefore, the set
of sequences from all SNPs in a particular context will be combined. Assuming that the context contains m
SNPs, and recalling that n sequences will be produced from each SNP, the data from that context consists of
N = mn sequences. Each of the N sequences is considered an independent random trial where the theoretical
rate of A sequences is is the allele ratio 7. The measured rate of A sequences 7 is therefore known to be
Gaussian distributed with mean r and variance 0? = r(1 — r)/N.

Recall that the theoretical allele ratio is a function of the parent copy numbers (n,,,n¢). Thus, each
hypothesis h results in a predicted allele ratio 7 for the SNP in parent context i. The data likelihood
is defined as the probability of a given hypothesis producing the observed data. Thus, the likelihood of
measurement 7; from context ¢ under hypothesis h is a binomial distribution, which can be approximated
for large N as a Gaussian distribution with the following mean and variance. The mean is determined by
the context and the hypothesis as described in equation 2.

p(filh) = N(#i;p,0)
po= 1}
D
o .

The measurements on each of the nine contexts are assumed independent given the parent copy num-
bers, due to the common assumption of independent noise on each SNP. Thus, the data from a particular
chromosome consists of the sequence measurements from contexts ¢ ranging from 1 to 9. The likelihood of
the observed allele ratios {71, ...,79} from the whole chromosome is therefore the product of the individual
context likelihoods.

9

p(f1,---,7oln) = ] p(|R)

i=1

9 h h
.. h Tl —1d)
1.I;Ilj\f Ti’ri’”—Ni )

Equation 2 predicts the allele ratio as a function of parent copy number hypothesis, but also includes the
fraction & of child DNA. Therefore, the data likelihood for each chromosome is a function of § through
its effect on r*. This effect is highlighted through the notation p(#i,...,79|h;8). This parameter cannot
be predicted with high accuracy, and therefore must be estimated from the data. A number of different
approaches may be used for parameter estimation. One method involves the measurement of chromosomes
for which copy number errors are not viable at the stage of development where testing will be performed.

The other method measures only chromosomes on which errors are expected to occur.

3 Parameter estimation
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3.1 Measure some chromosomes known to be disomy

In this method, certain chromosomes will be measured which cannot have copy number errors at the state of
development when testing is performed. These chromosomes will be referred to as the training set 7. The
copy number hypothesis on these chromosomes is (1,1). Assuming that each chromosome is independent, the
data likelihood of the measurements from all chromosomes ¢ in T is the product of the individual chromosome
likelihoods. The child fraction & can be selected to maximize the data likelihood across the chromosomes in
T conditioned on the disomy hypothesis. Let R; represent the set of measurements 7; from all contexts i on
chromosome t. Then, the maximum likelihood estimate ¢* solves the following.

5" = argmin [ [ p(Relh = (1,1); 6)

teT

This optimization has only one degree of freedom constrained between zero and one, and therefore can
easily be solved using a variety of numerical methods. The solution 6* can then be substituted into equation
2 in order to calculate the likelihoods of each hypothesis on each chromosome.

3.2 Measure only chromosomes which may have copy number errors

If copy number errors are possible on all of the chromosomes being measured, the child concentration §
must be estimated in parallel with the copy number hypotheses. Note that the same copy number error
present on all measured chromosomes will be very difficult to detect. For example, maternal trisomy on all
chromosomes at a given child concentration will result in the same theoretical allele ratios as disomy on all
chromosomes at lower child concentration, because in both cases the contribution of mother alleles compared
to father alleles increases uniformly across all chromosomes and contexts.

A straight forward approach for classification of a limited set of chromosomes ¢ is to consider the joint
chromosome hypothesis H, which consists of the joint set of hypotheses for all chromosomes being tested. If
the chromosome hypotheses consist of disomy, maternal trisomy and paternal trisomy, the number of possible
joint hypotheses is 37 where T is the number of tested chromosomes. A maximum likelihood estimate §*(H)
can be calculated conditioned on each joint hypothesis. The likelihood of the joint hypothesis is thus
calculated as follows.

T
§S(H) = argmfxgp(RdH;(S)
T
p(all data|H) = Hp(RtIH;é*(H))
t=1

The joint hypothesis likelihoods p(all data|H) can be calculated for each joint hypothesis H, and the
maximum likelihood hypothesis is selected, with its corresponding estimate ¢*(H) of the child fraction.

4 Performance specifications

The ability to distinguish between parent copy number hypotheses is determined by models discussed in
the previous section. At the most general level, the difference in expected allele ratios under the different
hypotheses must be large compared to the standard deviations of the measurements. Consider the example of
distinguishing between disomy and maternal trisomy, or hypotheses Ay = (1,1) and hy = (2,1). Hypothesis
1 predicts allele ratio r! and hypothesis 2 predictions allele ratio r?, as a function of the mother allele ratio
Tm and father allele ratio 7y for the context under consideration.

0 é
1 — —_ —_
r = <1 2) Tm + 21’/
é )
r? = (1—§)rm+§rf
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R required number of measurements to detect matemal trisomy from a single context
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Figure 1: Required number of measurements as a function of child concentration

The measured allele ratio 7 is predicted to be Gaussian distributed, either with mean r! or mean 2, depending
on whether hypothesis 1 or 2 is true. The standard deviation of the measured allele ratio depends similarly
on the hypothesis, according to equation 3. In a scenario where one can expect to identify either hypothesis
1 or 2 as truth based on the measurement 7, the means !, 2 and standard deviations o, ¢? must satisfy a
relationship such as the following, which guarantees that the means are far apart compared to the standard
deviations. This criterion represents a 2 percent error rate, meaning a 2 percent chance of either false
negative or false positive.
_ |rt —r?| > 20! + 20°

Substituting the copy numbers for disomy (1,1) and maternal trisomy (2,1) for hypotheses 1 and 2 results
in the following condition.

)
'E(Tf_rm)| > 201 + 20,

(1 —r1)
N
ra(l — 12)
N

gy =
g =

The following plot shows the required number of measurements (number of snps multiplied by depth of
read) versus child concentration required to satisfy the previous condition. Two different parent contexts are
shown. In practice, measurements from multiple contexts will be combined, resulting in a smaller number
of required measurements per context.
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