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METHOD, SYSTEM AND COMPUTER READABLE MEDIUM FOR DETERMINING
BASE INFORMATION IN PREDETERMINED AREA OF FETUS GENOME

TECHNICAL FIELD
Embodiments of the present disclosure generally relate to a method of
determining base information of a predetermined region in a fetal genome, and a

system and a computer readable medium thereof.

BACKGROUND

Any discussion of the prior art throughout the specification should in no way be
considered as an admission that such prior art is widely known or forms part of
common general knowledge in the field.

Genetic diseases are one kind of diseases caused by changes of genetic
materials, having characteristics of being congenital, familial, permanent and
hereditary. The genetic diseases may be categorized into 3 classes: monogenetic
disease, polygenetic disorder and chromosome abnormality. In which the monogenetic
disease is mostly because of genetic function abnormality caused by dominant or
recessive inheritance of a single disease-causing gene; while the polygenetic disorder
is a kind of disease caused by a plurality of gene changes, which may be influenced by
external environment to some extent; and the chromosome abnormality includes
number abnormality and structure abnormality, with a most common example being as
a Down’s Syndrome resulting from Trisomy 21, of which a child patient presenting
congenital traits such as mongolism and abnormal body shape, etc. Since there are no
effective therapeutic treatments for genetic diseases so far, it can only pertinently
perform supportive treatments or drug remission with expensive cost, which may bring
heavy burdens both in economy and spirit for societies and families. Thus, it is
extremely necessary to do some preventive work by detecting pathological status with
a fetus before birth, to achieve a purpose of good prenatal and postnatal care.

However, related detection method still needs to be improved.

Pg.802
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Unless the context clearly requires otherwise, throughout the description and the
claims, the words “comprise”, “comprising”, and the like are to be construed in an
inclusive sense as opposed to an exclusive or exhaustive sense; that is to say, in the

sense of “including, but not limited to”.

SUMMARY

According to a first aspect, the invention provides a method of determining base
information of a predetermined region in a fetal genome, comprising following steps:

constructing a sequencing library based on a genomic DNA sample of a fetus;

subjecting the sequencing library to sequencing, to obtain a sequencing result of
the fetus consisting of a plurality of sequencing data; and

determining the base information of the predetermined region based on the
sequencing result of the fetus combining with genetic information of a related individual
using a hidden Markov Model,

wherein the base information of the predetermined region comprises the most
possible fetal haplotype recombination,

and the base information of the predetermined region is obtained by:
constructing a probability distribution vector of an initial state and a transition
matrix of haplotypes recombination;

constructing a probability matrix of observations;

constructing a partial probability matrix, and a reversal cursor;

determining a final state, and tracing back an optional path; and

outputting a result to analyze the DNA sequence of the fetal genome.

According to a second aspect, the invention provides a system for determining
base information of a predetermined region in a fetal genome, comprising:

a library constructing apparatus, adapted for constructing sequencing library
based on a genomic DNA sample of a fetus;

a sequencing apparatus, connected to the library constructing apparatus, and
adapted for subjecting the sequencing library to sequencing, to obtain a sequencing
result of the fetus consisting of a plurality of sequencing data; and

an analyzing apparatus, connected to the sequencing apparatus, and adapted for

determining the base information of the predetermined region based on the

1a
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sequencing result of the fetus combining with genetic information of a related individual
using a hidden Markov Model,

wherein the base information of the predetermined region comprises the most

possible fetal haplotype recombination,

and the base information of the predetermined region is obtained by:

constructing a probability distribution vector of an initial state and a transition

matrix of haplotypes recombination;

constructing a probability matrix of observations;

constructing a partial probability matrix, and a reversal cursor;

determining a final state, and tracing back an optional path; and

outputting a result to analyze the DNA sequence of the fetal genome.

According to a third aspect, the invention provides a computer readable medium

comprising a plurality of instructions, adapted for determining base information of a
predetermined region based on a sequencing result of a fetus combining with genetic
information of a related individual using a hidden Markov Model, which causes the
apparatus to perform:

constructing a sequencing library based on the genomic DNA sample of the

fetus;

subjecting the sequencing library to sequencing, to obtain a sequencing result

of the fetus consisting of a plurality of sequencing data; and

determining the base information of the predetermined region based on the

sequencing result of the fetus combining with genetic information of a related

individual using the hidden Markov Model,

wherein the base information of the predetermined region comprises the most

possible fetal haplotype recombination,

and the base information of the predetermined region is obtained by:

constructing a probability distribution vector of an initial state and a transition

matrix of haplotypes recombination;

constructing a probability matrix of observations;

constructing a partial probability matrix, and a reversal cursor;

determining a final state, and tracing back an optional path; and

outputting a result to analyze the DNA sequence of the fetal genome.

1b
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Embodiments of the present disclosure seek to solve at least one of the problems
existing in the related art to at least some extent, or to provide a useful alternative.

Embodiments of a first broad aspect of the present disclosure provide a method of
determining base information of a predetermined region in a fetal genome. According
to

1c
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embodiments of the disclosure, the method may comprise: constructing a sequencing
library based on a genomic DNA sample of a fetus; subjecting the sequencing library to
sequencing, to obtain a sequencing result of the fetus consisting of a plurality of
sequencing data; and determining the base information of the predetermined region
based on the sequencing result of the fetus combining with genetic information of a
related individual using a hidden Markov Model. A formation of offspring genome equals
to a random recombination with parental generation’s genome (i.e., an interchange of
haplotype recombination, and a random combination of gametes). For pregnant plasma,
if a fetal haplotype (a recombination of parental haplotypes) is assumed as hidden states,
sequencing data of the plasma may be used as observations (observing sequence),
transition probabilities, observation symbol probabilities and initial state distribution may
be deduced in virtue of prior data, then the most possible fetal haplotype recombination
may be determined using a hidden Markov Model based on Viterbi algorithm, so as to
obtain more information of fetus prior to birth. Thus, according to embodiments of the
present disclosure, in virtue of the hidden Markov Model, for example using the Viterbi
algorithm, and referring to genetic information of a related individual, nucleic acid
sequence of a predetermined region in a fetal genome may be determined, by which a
prenatal genetic detection may be effectively performed with genetic information of fetal
genome.

Embodiments of a second broad aspect of the present disclosure provide a system
for determining base information of a predetermined region in a fetal genome. According
to embodiments of the present disclosure, the system may comprise: a library
constructing apparatus, adapted for constructing sequencing library based on a genomic
DNA sample of a fetus; a sequencing apparatus, connected to the library constructing
apparatus, and adapted for subjecting the sequencing library to sequencing, to obtain a
sequencing result of the fetus consisting of a plurality of sequencing data; and an
analyzing apparatus, connected to the sequencing apparatus, and adapted for
determining the base information of the predetermined region based on the sequencing
result of the fetus combining with genetic information of a related individual using a
hidden Markov Model. Using the system may effectively implement the above method of
determining base information of a predetermined region in a fetal genome, which may

determine nucleic acid sequence of a predetermined region in a fetal genome may be

2 PIDC120561P
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determined in virtue of the hidden Markov Model, for example using the Viterbi algorithm,
and referring to genetic information of a related individual, by which a prenatal genetic
detection may be effectively performed with genetic information of the fetal genome.

Embodiments of a third broad aspect of the present disclosure provide a computer
readable medium. According to embodiments of the present disclosure, the computer
readable medium including a plurality of instructions is adapted for determining base
information of a predetermined region based on a sequencing result of a fetus combining
with genetic information of a related individual using a hidden Markov Model. Using the
computer readable medium of the present disclosure may effectively execute the plurality
of instructions by a processor, to determine a nucleic acid sequence of the predetermined
region in the fetal genome in virtue of the hidden Markov Model, for example using the
Viterbi algorithm based on the sequencing data of the fetus combining with genetic
information of a related individual, by which prenatal genetic detection may be effectively
performed with genetic information of the fetal genome.

Additional aspects and advantages of embodiments of present disclosure will be
given in part in the following descriptions, become apparent in part from the following
descriptions, or be learned from the practice of the embodiments of the present

disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects and advantages of embodiments of the present disclosure
will become apparent and more readily appreciated from the following descriptions made
with reference the accompanying drawings, in which:

Fig.1 is a flow chart showing an analyzing process using a hidden Markov Model
according to an embodiment of the present disclosure; and

Fig.2 is a schematic diagram showing a system for determining base information of a
predetermined region in a fetal genome according to an embodiment of the present

disclosure.

DETAILED DESCRIPTION
Reference will be made in detail to embodiments of the present disclosure. The

same or similar elements and the elements having same or similar functions are denoted

3 PIDC120561P
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by like reference numerals throughout the descriptions. The embodiments described
herein with reference to drawings are explanatory, illustrative, and used to generally
understand the present disclosure. The embodiments shall not be construed to limit the
present disclosure.

It should note that terms such as "first" and "second" are used herein for purposes of
description and are not intended to indicate or imply relative importance or significance.
Thus, features defined with “first”, “second” may explicitly or implicitly include one or more
the features. Furthermore, in the description of the present disclosure, unless otherwise
stated, “a/the plurality of” means two or more.

Method of determining base information of a predetermined region in a fetal
genome

In a first aspect of the present disclosure, there is provided a method of determining
base information of a predetermined region in a fetal genome. According to embodiments
of the present disclosure, the method may comprise:

firstly, constructing a sequencing library based on a genomic DNA sample of a fetus.
According to embodiments of the present disclosure, source of the genomic DNA sample
of the fetus is not subjected to any special restrictions. According to some embodiments
of the present disclosure, any pregnant samples containing a nucleic acid of a fetal may
be used. For example, according to embodiments of the present disclosure, the pregnant
sample may be breast milk, urine and peripheral blood from a pregnant woman. In which,
the pregnant peripheral blood is preferred. Using the pregnant peripheral blood as the
source of the genomic DNA sample of the fetus may effectively realize obtaining the
genomic DNA sample of the fetus by noninvasive sampling, by which the fetal genome
may be effectively monitored in the premise of having no influence on normal
development of fetal growth. As for methods and processes of constructing a sequencing
library for the nucleic acid sample, a person skilled in the art may appropriately select
depending on different sequencing technology. Detailed process may refer to procedure
provided by sequencer manufacturer, such as lllumina Company, for example, refer to
Multiplexing Sample Preparation Guide (Part#1005361; Feb 2010) or Paired-End
SamplePrep Guide (Part#1005063; Feb 2010) from lllumina Company, which are
incorporated herein for reference. According to embodiments of the present disclosure,

methods and devices for extracting a nucleic acid from a biological sample are not

4 PIDC120561P
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subjected to any special restrictions, which may be performed using a commercial
nucleic acid extracting Kit.

After being constructed, obtained sequencing library is applied to a sequencer, to
obtain a corresponding sequencing result consisting of a plurality of sequencing data.
According to embodiments of the present disclosure, methods and devices for
sequencing are not subjected to any special restrictions, including but not limited to
Chain Termination Method (Sanger); a high-throughput sequencing method is preferred.
Thus, using characteristics being high-throughput and deep sequencing of these
apparatus, efficiency may be further improved, by which precise and accuracy of
subsequent analysis with sequencing data, such as statistical test, may be further
improved. The high-throughput sequencing method includes but not limited to a
Next-Generation sequencing technology or a single sequencing technology. The
Next-Generation sequencing platform (Metzker ML. Sequencing technologies-the next
generation. Nat Rev Genet. 2010 Jan; 11(1):31-46) includes but not limited to
lllumina-Solexa (GATM, HiSeq2000TM, etc), ABI-Solid and Roche-454 (pyrosequencing)
sequencing platform; the single sequencing platform (technology) includes but not limited
to True Single Molecule DNA sequencing of Helicos Company, single molecule real-time
(SMRT™) of Pacific Biosciences Company, and nonapore sequencing technology of
Oxford Nanopore Technologies (Rusk, Nicole (2009-04-01). Cheap Third-Generation
Sequencing. Nature Methods 6 (4): 244-245), etc. With gradual development of
sequencing technology, a person skilled in the art may understand other sequencing
methods and apparatuses may also be used for whole genome sequencing. According to
specific examples of the present disclosure, the whole genome sequencing library may
be subjected to sequencing by at least one selected from lllumina-Solexa, ABI-SOLID,
Roche-454 and a single molecule sequencing apparatus.

Optionally, after being obtained, the sequencing result may be aligned to a reference
sequence, to determine sequencing data corresponding to the predetermined region.
Term of “predetermined region” used herein should be broadly understood, referring to
any region of a nucleic acid molecule containing a possible predetermined event. For
SNP analysis, it may be a region containing SNP site. For analyzing chromosome
aneuploidy, the predetermined region refers to entire or part of the chromosome to be

analyzed, i.e., selecting sequencing data deriving from the chromosome. Methods of

5 PIDC120561P
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selecting sequencing data deriving from a corresponding region in the sequencing result
are not subjected to any special restrictions. According to embodiments of the present
disclosure, all obtained sequencing data may be aligned to a reference sequence with a
known nucleic acid, to obtain the sequencing data deriving from the predetermined
region. In addition, according to embodiments of the present disclosure, the
predetermined region may also be a plurality of dispersal points which are not
discontinuous in a genome. According to embodiments of the present disclosure, a type
of used reference sequence may be not subjected to any special restrictions, which may
be any known sequences contained a target region. According to embodiments of the
present disclosure, the reference sequence may use a known human reference genome.
For example, according to embodiments of the present disclosure, the human reference
genome is NCBI 36.3, HG18. In addition, according to embodiments of the present
disclosure, alignment methods are not subjected to any special restrictions. According to
specific examples, SOAP may be used for alignment.

Then, determining a part of a nucleic acid sequence of the predetermined region
based on sequencing data corresponding to the predetermined region; and determining
other parts of the nucleic acid sequence based on determined part of the nucleic acid
sequence of the predetermined region using Viterbi algorithm, to obtain the nucleic acid
sequence of the predetermined region. According to embodiments of the present
disclosure, the base information of the predetermined region is determined based on the
sequencing result of the fetus combining with genetic information of a related individual
using a hidden Markov Model. According to embodiments of the present disclosure, the
base information of the predetermined region is determined using the hidden Markov
Model is performed based on Viterbi algorithm. Thus, a prenatal genetic detection may
be effectively performed with genetic information of fetal genome.

Referring to Fig.1, a principal for analysis using Viterbi algorithm in virtue of a hidden
Markov Model is descripted in details below:

In the genetic sense, term of “a related individual” refers to individuals having a
genetic relationship with a fetus. For example, according to embodiments of the present
disclosure, “a related individual” may be a rental generation of a fetus, such as parents.
Thus, a formation of offspring genome equals to a random recombination with parental
generation’s genome (i.e., an interchange of haplotype recombination, and a random
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combination of gametes). For pregnant plasma, if a fetal haplotype (a recombination of
parental haplotypes) is assumed as hidden states, sequencing data of the plasma may
be used as observations (observing sequence), transition probabilities, observation
symbol probabilities and initial state distribution may be deduced in virtue of prior data,
then the most possible fetal haplotype recombination may be determined using a hidden
Markov Model based on Viterbi algorithm, so as to obtain more information of fetus prior
to birth.
Steps of analyzing are show below in details:

Marker:

I. the number of sites to be detected is N.
Il. haplotypes of parents are respectively recorded as FH =k /I3 and

MH = {mh,, mh;}

in which
mhy, = (e P e, Ty 4 } , Jh = {ﬁ,k:---a.ﬁ,ka---:fz\r,k} ,

V-fhi,k’mhi,k E{A:C:G:T}

kefo,1} i=123..N

lll. Unknown fetal haplotype is recorded as H={h0,hl}, particularly,  and
respectively represent inheriting from mother and father.
hy={my ..om .my, } K= sy Sz}

in which % €{0.13  », €{0,13

Subscripts *: and Y: respectively present sequence pairs, and 4 ={x,-,y,-} represents
the hidden states which need to be decoded.
While, all hidden states possible presenting constitutes a set Q.

IV. Sequencing data is recorded as 8= {5500 8,500s 55

in which 5 = {uPic .16} represents sequencing information of a site, containing

the number of four bases, A, C, T and G.
V. A mean fetal concentration and a mean sequencing error rate are respectively
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recorded as ¢ and €.

Step 1, constructing a probability distribution vector of an initial state and a transition

matrix of haplotypes recombination:
I. The probability distribution of the initial states is recorded as = {7[’} (j eQ).

According to embodiments of the present disclosure, under a circumstance of having

: 1
ox " .& ‘
7 =Priq =j}&-
no reference data, it may assume that T+, i.e., possibilities of
each hidden state presenting at the first site are equal.
Il. According to embodiments of the present disclosure, a probability of haplotype

=re/N

recombination is recorded as P- , in which 7€ represents a mean times of human

gamete recombinations, with a prior data ranging from 25 to 30.
I1l. According to embodiments of the present disclosure, a transition matrix of haplotypes

recombination is recorded as 4 ={aﬁ} (7-k €Q), in which a; represents a probability

of hidden states transition, i.e.,

(1—}9,. )2 X=X LTV
a, = Pr(qx_ = k‘qi—l = ’): (l_Pr) "B X=XV F Vi OF 47 X5,0, =V
o X EX LY, E Y

Subscripts x, and y, of fetal haplotypes A,={m,.,...m_....m, } and
By = {1, 0oy Sy, 3 CONStitUte a sequence pair, ¢, = {x,,5,} constitute the hidden

states to be encoded. For example, x; = 0 represents “in a maternal chromosome, an
allele in the corresponding locus is m; "
Step 2, constructing a probability matrix of observations:

According to embodiments of the present disclosure, the probability matrix of
observations is recorded as B:{bij(si)} (i=123,..,N, je@), in which b_(s,)

represents “an observed possibility of this sequencing information in a site i, considering

maternal haplotype and fetal haplotype (state j, f={x, oy}, i.e.,
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7

in which F, ., represents “a possibility of a base in a site i, considering maternal

haplotype and fetal haplotype (state Is ={xi, ¥, i.e.,
E}m-e - Pr(base q; =j={m0='n1})
= l(1—.f;),A.(base,m,:)+lg-A(b«:ll.'i'e,mxi)+l.»;--A(base,):,f)
ko) 2 2 2 ,
l-e x=yp
> A(x,y)—{ ef3 x#y

in which, an indicator function is

Such step is to perform HMM parameter, calculating a probability distribution of
observation in each site bU(Sf), i.e., calculating a possibility presenting current
sequencing data (observations) in the pregnant plasma, assuming different fetal

haplotypes in each site.

10
Step 3, constructing a partial probability matrix, and a reversal cursor (taking an
example of constructing a one-dimensional probability matrix):
8,(a,)=(max5.(4.)-a, 4 ) b, (5,)
Definition: partial probability ’
W, (qi) =argmaxd, (qi) "%y
Definition: reversal cursor e :
J.(a.) R ACA
Terms of “partial probability ” and “reversal cursor ” used herein both
15

follow classic definitions of Viterbi algorithm. Detailed descriptions for the definition of the
parameter may refer to Lawrence R. Rabiner, PROCEEDINGS OF THE IEEE, Vol.77,
No.2, February 1989, which is incorporated herein by reference.

Step 4, determining a final state, and tracing back an optional path
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g,=argmaxd, (qy)
Determination of the final state, a2 )

The most possible fetal haplotype g, =¥, (4:) (i=12,3,...N-1y is optained by
tracing back the optional path based on the reversal curse.

Step 5, outputting a result

Thus, the sequence of the fetal genome may be effectively analyzed. Comparing to
other existing method of antenatal detection, the method of the present disclosure may
have following technical advantages, mainly embodying in accuracy and amount of
genetic information obtainable:

1) According to embodiments of the present disclosure, a site to be detected is not
limited to a parental site, for a maternal site, i.e., a maternal heterozygous site, whether a
fetus inherits a maternal pathopoiesia site may also be detected excellently, with an
accuracy up to 95% or more; and a plurality of abnormality types can be detected, which
enlarges a range of disease detection.

2) According to embodiments of the present disclosure, information of a plurality of
site and diseases may be obtained by one time of sequencing; while those gene
sequence, having a low coverage in the pregnant plasma which is not able to be
accurately determined only by enhancing sequencing depth, may be obtained by the
method of the present disclosure, with an accurate and liable result.

3. According to embodiments of the present disclosure, a plotting with a genetic
disease may be performed, some related diseases may be directly deduced with
information of other sites, with a large amount of information obtained for one time, which
has a more instructive meaning for clinical detection.

In addition, according to embodiments of the present disclosure, the method of
10 PIDC120561P
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determining base information of a predetermined region in a fetal genome, not limited to
a certain genetic polymorphic sites such as SNP or STR, is adapted for all genetic
polymorphic sites, which may be parallel used for a plurality of sites, to verify each other.
Besides applying to antenatal noninvasive detect genomic information of a fetus,
achieving a purpose of disease detection, the method of the present disclosure may also
be used in noninvasive antenatal paternity identification, i.e., determining an identity of a
fetus’ father prior birth, providing assistance for disputes involving rearing responsibilities

and obligations, property and sexual assault cases, etc.

System for determining base information of a predetermined region in a fetal
genome

In another aspect of the present disclosure, there is provided a system for
determining base information of a predetermined region in a fetal genome. According to
embodiments of the present disclosure, referring to Fig.2, the system 1000 may
comprises: a library constructing apparatus 100, a sequencing apparatus 200 and an
analyzing apparatus 400.

According to embodiments of the present disclosure, the library constructing
apparatus 100 is adapted for constructing sequencing library based on a genomic DNA
sample of a fetus. According to embodiments of the present disclosure, the sequencing
apparatus 200 is connected to the library constructing apparatus 100, and adapted for
subjecting the sequencing library to sequencing, to obtain a sequencing result of the
fetus consisting of a plurality of sequencing data. According to embodiments of the
present disclosure, the system 1000 may also comprise a DNA sample extracting
apparatus, adapted for extracting the genomic DNA sample of the fetus from pregnant
peripheral blood. Thus, the system may be adapted for noninvasive antenatal detection.

According to embodiments of the present disclosure, optionally, the system may also
comprise an aligning apparatus 300. According to embodiments of the present
disclosure, the aligning apparatus 300 is connected to the sequencing apparatus 200,
and adapted for aligning the sequencing result of the fetus to a reference sequence, to
determine sequencing result deriving from the predetermined region. According to
embodiments of the present disclosure, methods and devices for sequencing are not

subjected to any special restrictions, including but not limited to Chain Termination
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Method (Sanger); a high-throughput sequencing method is preferred. Thus, using
characteristics being high-throughput and deep sequencing of these apparatus,
efficiency may be further improved, by which precise and accuracy of subsequent
analysis with sequencing data, such as statistical test, may be further improved. The
high-throughput sequencing method includes but not limited to a Next-Generation
sequencing technology or a single sequencing technology. The Next-Generation
sequencing platform (Metzker ML. Sequencing technologies-the next generation. Nat
Rev Genet. 2010 Jan; 11(1):31-46) includes but not limited to lllumina-Solexa (GATM,
HiSeq2000TM, etc), ABI-Solid and Roche-454 (pyrosequencing) sequencing platform;
the single sequencing platform (technology) includes but not limited to True Single
Molecule DNA sequencing of Helicos Company, single molecule real-time (SMRT™) of
Pacific Biosciences Company, and nonapore sequencing technology of Oxford Nanopore
Technologies (Rusk, Nicole (2009-04-01). Cheap Third-Generation Sequencing. Nature
Methods 6 (4): 244-245), etc. With gradual development of sequencing technology, a
person skilled in the art may understand other sequencing methods and apparatuses
may also be used for whole genome sequencing. According to specific examples of the
present disclosure, the whole genome sequencing library may be subjected to
sequencing by at least one selected from lllumina-Solexa, ABI-SOLID, Roche-454 and a
single molecule sequencing apparatus. According to embodiments of the present
disclosure, a type of used reference sequence may be not subjected to any special
restrictions, which may be any known sequences contained a target region. According to
embodiments of the present disclosure, the reference sequence may use a known
human reference genome. For example, according to embodiments of the present
disclosure, the human reference genome is NCBI 36.3, HG18. In addition, according to
embodiments of the present disclosure, alignment methods are not subjected to any
special restrictions. According to specific examples, SOAP may be used for alignment.
According to embodiments of the present disclosure, the analyzing apparatus 400 is
connected to the sequencing apparatus, and adapted for determining the base
information of the predetermined region based on the sequencing result of the fetus
combining with genetic information of a related individual using a hidden Markov Model.
According to embodiments of the present disclosure, in the Viterbi algorithm, 0.25 is

used as a probability distribution of an initial status, re/N is used as a recombination
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probability, with re being 25~30, preferably re being 25, and N being a length of the

predetermined region,
.
C(-p) X =X L3 = P

Gy = Pr{g = k‘f};_i = ) = \i {1 -p.bp. X, =X_ W #V,, oOF X EFX_. V=V,
1\ 2 X FE KLY F M <

used as a recombination transition matrix with p, being re/N.
According to embodiments of the present disclosure, the aligning apparatus is
adapted for determining a base having the highest probability based on a formula of

P = 2 l(1_ g)A(hase,mk)jL%g-A(base,mxi)+%g-A(base, fyi)

kefo,1}

ettty

N l—e x=%
Alx, vi=+
(2. | €3 x=zy
wherein )

Analysis with sequencing data, which is detailed descripted above, is also adapted to
the system for determining base information of a predetermined region in a fetal genome,
which is omitted for brevity.

Thus, using the system may effectively implement the above method of determining
base information of a predetermined region in a fetal genome, which may determine
nucleic acid sequence of a predetermined region in a fetal genome may be determined in
virtue of the hidden Markov Model, for example using the Viterbi algorithm, and referring
to genetic information of a related individual, by which a prenatal genetic detection may
be effectively performed with genetic information of the fetal genome.

In addition, according to embodiments of the present disclosure, the predetermined
region is a site previously determined as having a genetic polymorphism, and the genetic
polymorphism is at least one selected from single nucleotide polymorphism and STR.

Terms of “connected” should be broadly understood, which may refer to a direct
connection or indirect connection, as long as achieving the above functional connection.

It should note that a person skilled in the art may understand that features and
advantages of the method of determining base information of a predetermined region in a
fetal genome described above may also adapted to the system for determining base

information of a predetermined region in a fetal genome, which are omitted for brevity.
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Computer readable medium

In a further aspect of the present disclosure, there is provided a computer readable
medium. According to embodiments of the present disclosure, the computer readable
medium includes a plurality of instructions, adapted for determining base information of a
predetermined region based on a sequencing result of a fetus combining with genetic
information of a related individual using a hidden Markov Model. Thus, using the
computer readable medium may effectively implement the above method of determining
base information of a predetermined region in a fetal genome, which may determine
nucleic acid sequence of a predetermined region in a fetal genome may be determined in
virtue of the hidden Markov Model, for example using the Viterbi algorithm, and referring
to genetic information of a related individual, by which a prenatal genetic detection may
be effectively performed with genetic information of the fetal genome.

According to embodiments of the present disclosure, the plurality of instructions are
adapted for determining the base information of the predetermined region using the
hidden Markov model based on Viterbi algorithm. According to embodiments of the
present disclosure, in the Viterbi algorithm, 0.25 is used as a probability distribution of an
initial status, re/N is used as a recombination probability, with re being 25~30, preferably

re being 25, and N being a length of the predetermined region,

¢ 3
(-py %= %0d = Y

= Pf{q;. = ;‘—‘ﬂ 1= ) = : {\1 - pr) e X, =X M F VL, OF X F X LY T Vg
.o X EX ¥ E Y

used as a recombination transition matrix with p, being re/N.

According to embodiments of the present disclosure, the plurality of instructions are
further adapted for determining a base having the highest probability based on based on
a formula of

P = D, l(1g)A(base,mk)+%g-A(base,mxi)+%8-A(base,fyi)

ke{O,l}

i,
Alx.y)=1
LT }\ ef3 XF v
wherein

Analysis with sequencing data, which is detailed descripted above, is also adapted to

the computer readable medium, which is omitted for brevity.
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In addition, according to embodiments of the present disclosure, the predetermined
region is a site previously determined as having a genetic polymorphism, and the genetic
polymorphism is at least one selected from single nucleotide polymorphism and STR.

As to the specification, “computer readable medium” may be any device adaptive for
including, storing, communicating, propagating or transferring programs to be used by or
in combination with the instruction execution system, device or equipment. More specific
examples of the computer readable medium comprise but are not limited to: an electronic
connection (an electronic device) with one or more wires, a portable computer enclosure
(a magnetic device), a random access memory (RAM), a read only memory (ROM), an
erasable programmable read-only memory (EPROM or a flash memory), an optical fiber
device and a portable compact disk read-only memory (CDROM). In addition, the
computer readable medium may even be a paper or other appropriate medium capable
of printing programs thereon, this is because, for example, the paper or other appropriate
medium may be optically scanned and then edited, decrypted or processed with other
appropriate methods when necessary to obtain the programs in an electric manner, and
then the programs may be stored in the computer memories.

It should be understood that each part of the present disclosure may be realized by
the hardware, software, firmware or their combination. In the above embodiments, a
plurality of steps or methods may be realized by the software or firmware stored in the
memory and executed by the appropriate instruction execution system. For example, if it
is realized by the hardware, likewise in another embodiment, the steps or methods may
be realized by one or a combination of the following techniques known in the art: a
discrete logic circuit having a logic gate circuit for realizing a logic function of a data
signal, an application-specific integrated circuit having an appropriate combination logic
gate circuit, a programmable gate array (PGA), a field programmable gate array (FPGA),
etc.

Those skilled in the art shall understand that all or parts of the steps in the above
exemplifying method of the present disclosure may be achieved by commanding the
related hardware with programs. The programs may be stored in a computer readable
storage medium, and the programs comprise one or a combination of the steps in the
method embodiments of the present disclosure when run on a computer.

In addition, each function cell of the embodiments of the present disclosure may be
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integrated in a processing module, or these cells may be separate physical existence, or
two or more cells are integrated in a processing module. The integrated module may be
realized in a form of hardware or in a form of software function modules. When the
integrated module is realized in a form of software function module and is sold or used as
a standalone product, the integrated module may be stored in a computer readable

storage medium.

Reference will be made in detail to examples of the present disclosure. It would be
appreciated by those skilled in the art that the following examples are explanatory, and
cannot be construed to limit the scope of the present disclosure. If the specific technology
or conditions are not specified in the examples, a step will be performed in accordance
with the techniques or conditions described in the literature in the art (for example,
referring to J. Sambrook, et al. (translated by Huang PT), Molecular Cloning: A
Laboratory Manual, 3rd Ed., Science Press) or in accordance with the product
instructions. If the manufacturers of reagents or instruments are not specified, the
reagents or instruments may be commercially available, for example, from lllumina
company.

General method

The method according to embodiments of the present disclosure mainly comprises
following steps:

1) noninvasive sampling a pregnant sample containing fetal genetic materials,
extracting genomic DNA therefrom;

2) extracting and purifying genomic DNA sample from family members of the fetus,
such as parents or grandparents thereof;

3) constructing a sequencing library with every genetic material in accordance with
an requirement for different sequencing platform;

4) filtering obtained sequencing data, with filtering criteria based on quality value,
adaptor contamination and etc;

5) assembling obtained high-quality sequences as required, aligning an assembled
result to a human genome reference sequence, to obtain uniquely-mapped sequences

for analyzing using the model.

Analysis model
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Marker:

I. the number of sites to be detected is N.

Il. haplotypes of parents are respectively recorded as FH = {h./l}  and
MH = {mh,, mh;}

in which

My = {1 oo Mo P} S = U seees Sipores Susd

\Ift g, mh,, {4,C,G.T}

ke{01} i=123..N

lll. Unknown fetal haplotype is recorded as H={ho’h1}, particularly, h and A

respectively represent inheriting from mother and father.

By =AMy s yyaestly, 3 o= ey Sy }
in which % €{0.13 * », €{0.1}

Subscripts *: and Y: respectively present sequence pairs, and qi={xi,):i} represents

the hidden states which need to be decoded.

While, all hidden states possible presenting constitutes a set Q.
IV. Sequencing data is recorded as S = {55850 54}

in which S = {uMe ;6163 represents sequencing information of a site, containing
the number of four bases, A, C, T and G.

V. A mean fetal concentration and a mean sequencing error rate are respectively
recorded as & and €.

Step 1, constructing a probability distribution vector of an initial state and a transition

matrix of haplotypes recombination:
I. The probability distribution of the initial states is recorded as E={”f} (j EQ).
According to embodiments of the present disclosure, under a circumstance of having
7, =Prlq = j) 2+,

no reference data, it may assume that 4 , 1.e., possibilities of
17 PIDC120561P
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each hidden state presenting at the first site are equal.

Il. According to embodiments of the present disclosure, a probability of haplotype

recombination is recorded as - ="e/N, in which e represents a mean times of human

gamete recombinations, with a prior data ranging from 25 to 30.
I1l. According to embodiments of the present disclosure, a transition matrix of haplotypes

recombination is recorded as A={aﬁ} (/-k €Q), in which a, represents a probability

of hidden states transition, i.e.,

(l_pr )Z X=X VT Vi
a; = Pr(qi = k‘qi—l = 1): (1_pr) P X, =X, .V, F ¥, OF X FX_,,V,=V,

2
o, X, FX YV, F Vi,

Subscripts x, and y, of fetal haplotypes A&,={m,,,...m_...my } and

by = {f1y o Srg s Sy} CONSitUte & sequence pair, g, ={x,,y,} constitute the hidden

states to be encoded. For example, x; = 0 represents “in a maternal chromosome, an
allele in the corresponding locus is m;o".
Step 2, constructing a probability matrix of observations:

According to embodiments of the present disclosure, the probability matrix of
observations is recorded as B:{bu(si)} (i=123,.,N,jeQ), in which b_(s,)

represents “an observed possibility of this sequencing information in a site i, considering
maternal haplotype and fetal haplotype (state j, f={x, oy}, i.e.,
bi,j (Sf) - Pr(si q; =js{mo=m1 })

= (n tnctng+n,) '(R,A )"M (ch )ﬂi,c (})!G )mﬁ (P:»T )"U

1 1 t 1 f
LU EL LT

L]

in which 7, . represents “a possibility of a base in a site i, considering maternal

haplotype and fetal haplotype (state is J={x;, yH, i.e.,
P,,. — Pr(base|g, = j,{m,,m,})
=3 G- A(base,m )+ L& A(base,m, )+ L o Abase. £,
keqout 2 2 2 ,
l-e =x=y
A(x,y)—{ e/3 x#y

in which, an indicator function is
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Step 3, constructing a partial probability matrix, and a reversal cursor (taking an

example of constructing a one-dimensional probability matrix):

51’ (qi) = (%5’ (q’_) -a‘IH‘I:) - bLQf (si)

Definition: partial probability

W, (q,) = aIgmaXé‘i (q,—) Ay a
ey g 50
Definition: reversal cursor :

Step 4, determining a final state, and tracing back an optional path

g, =argmaxd, (gy)
Determination of the final state, v g )

The most possible fetal haplotype % = Y (2:) (i=12,3,...,N-1) is optained by
tracing back the optional path based on the reversal curse.

Step 5, outputting a result

EXAMPLE 1

Sample collection and treatment

(1) collected sample included: peripheral blood extracted from a father and a
pregnant mother within a family, and fetal umbilical cord blood after birth, all of which
were collected in a tube containing EDTA for anticoagulation; saliva were collected from
four grandparents using a Oragene® DNA saliva collection/DNA purification kit OG-250.

(2) extracted saliva DNA of the four grandparents were subjected to genotyping
using Infinium® HD Human610-Quad BeadChip gene chip.

(3) the peripheral blood collected from the pregnant mother was centrifuged with
1600 g at 4°C for 10 min, to separate blood cells and plasma. Then obtained plasma was
centrifuged with 16000 g at 4°C for 10 min, to further remove residual leukocytes, to
obtain final plasma of the pregnant mother. Then genomic DNA was extracted from the
final plasma of the pregnant mother using TIANamp Micro DNA Kit (TIANGEN), to obtain
a genomic DNA mixture of mother and fetus thereof. Then maternal genomic DNA was
extracted from removed residual leukocytes. Obtained plasma DNA were subjected to

library construction based on requirement for HiSeq2000™ ®

sequencer of lllumia
sequencer. Constructed libraries were subjected to a distribution test using
Agilent®Bioanalyzer 2100 to meet a requirement for fragment ranges. Then two libraries

were subjected to quantification using Q-PCR method. Qualified libraries were subjected
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to sequencing using lllumina® HiSeq2000™ sequencer, with a sequencing cycle of
PE101index (i.e., pair-end 101 bp index sequencing), in which parameter settings and
operations were based on lllumina® specifications (obtained at
htlnwwwe iluming convsuppori/documeniation. ibmn)

(4) parental peripheral blood, leukocytes extracted from maternal peripheral blood
and fetal umbilical cord blood were extracted with their respective genomic DNA using
TIANamp Micro DNA Kit (TIANGEN).

Except for plasma DNA sample, all obtained DNA sample needed to be fragmented
using Covaris™ to have a length of 500 bp. Obtained DNA fragments and plasma DNA
sample were subjected to library construction based on the requirement for HiSeq2000™
sequencer of lllumia® sequencer, with a detailed procedure:

End-reparing reacting system:

10x T4 Polynucleotide kinase buffer 10 pL
dNTPs (10 mM) 4 uL
T4 DNA polymerase 5puL
Klenow fragments 1L
T4 Polynucleotide kinase 5uL
DNA fragments 30 pL
ddH>O up to 100 uL

After reacting at 20°C for 30 min, PCR Purification Kit (QIAGEN) was used in
recycling end-repaired products. Then the recycled end-repaired products were finally
dissolved in 34uL of EB buffer.

A reacting system for adding base A at end:

10x Klenow buffer 5 uL
dATP (1 mM) 10 puL
Klenow (3’-5’ ex0’) 3 uL
DNA 32 uL

After incubating at 37°C for 30 min, obtained products were purified by MinElute®
PCR Purification Kit (QIAGEN) and dissolved in 12 uL of EB buffer, to obtain DNA
samples added with base A at end.

Ligating adaptor reacting system:

2x Rapid DNA ligating buffer 25 pL

PEI Adapter oligo-mix (20 puM) 10 pL
20 PIDC120561P
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T4 DNA ligase 5 puL

DNA sample added with base A at end 10 yL

After reacting at 20°C for 15 min, PCR Purification Kit (QIAGEN) was used in
recycling ligated products. The ligated products were finally dissolved in 32 uL of EB
buffer.

PCR reacting system:

Ligated product 10 pL
Phusion DNA Polymerase Mix 25 uL
PCR primer (10 pmol/uL) 1 uL

Index N (10 pmol/uL) 1 pL
UltraPureTM Water 13 pL

Reacting procedure was shown as below:

98°C 30s

98°C 10s

65°C 30s 10 cycles
72°C 30s

72°C 5 min

4°C Hold

PCR Purification Kit (QIAGEN) was used in recycling PCR products, which were

finally dissolved in 50 pL of EB buffer.

Constructed libraries were subjected to a distribution test using Agilent®Bioanalyzer
2100 to meet a requirement for fragment ranges. Then two libraries were subjected to
quantification using Q-PCR method. Qualified libraries were subjected to sequencing

0™ sequencer, with a sequencing cycle of PE101index (i.e.,

using Illumina® HiSeq200
pair-end 101 bp index sequencing), in which parameter settings and operations were
based on lllumina® specifications (obtained at

hitn/fewew Hlumina. comdsunportdocumentation. mn)

(5) parental and maternal genomes sequencing genotyping

a. the sequencing data were aligned to a human reference genome (Hg19, NCBI
36.3) using SOAP2.

b. obtained data were subjected to consensus sequence (CNS) construction using
SOAPsnp (thousands of planning data were used for Southern Han (CHS) pedigree

data).
21 PIDC120561P

Pg.825



10

15

20

25

30

C. genotypes of a maker site were extracted.

(6) determination of parents’ haplotypes

a. constructing a group genotype maitrix containing ancestors’ and parents’
genotypes, i.e., extracting genotypes in the marker site of parents, ancestors and
Southern Han pedigree.

b. deducing parents’ haplotypes using BEAGLE.

(7) determination of fetal haplotype

a. aligning plasma sequencing data to a human reference genome ((Hg19, NCBI
36.3) using SOAP2;

b. constructing a probability vector of initial states, and a transition matrix of
haplotypes recombination,

constructing the probability vector of initial states: taking a model of non-reference
data, i.e., probabilities of every initial states were equal, being 0.25.

constructing the transition matrix of haplotypes recombination: conservatively,
re=25 (others were same as descriptions in “general method”);

c. calculating sequencing information of each site, and constructing a probability
matrix of observations (others were same as descriptions in “general method”);

d. constructing a partial probability matrix, and a reversal curse (others were same
as descriptions in “general method”);

e. determining a final state, and tracing back an optional path; and

f. outputting.

According to genotyping results, the accuracy thereof were shown below:

mothar
homozygosis heterozygosis
site number accurate number accuracy  site numiber accurate number accuracy site number accurate number  accuracy

hemazygosis 189,552 198552  100.00% 66,238 63,968 86.57% |265,780 263,520 898.15%

tatal

father

autesoms heterozygosis 65,408 64,735 98.87% 41,848 38,844 85.45% 107,258 104,678 97.80%
264.861 264,267 88.75%  108.087 103,812 98.14% |373.048 366,198 SB.70%
chromasomes X 4,881 4 881 100.00% 1,718 1,478 BE.G3% 6,599 6,358 88.36%

Industrial Applicability

The method of determining base information of a predetermined region in a fetal
genome, the system for determining base information of a predetermined region in a fetal
genome and a computer readable medium according to embodiments of the present
disclosure may be effectively applied in analyzing the nucleic acid sequence of the

predetermined region in the fetal genome.
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Although explanatory embodiments have been shown and described, it would be
appreciated by those skilled in the art that the above embodiments cannot be construed
to limit the present disclosure, and changes, alternatives, and modifications can be made
in the embodiments without departing from spirit, principles and scope of the present
disclosure.

Reference throughout this specification to "an embodiment,” "some embodiments”,
"one embodiment"”, "another example", "an example", "a specific examples", or "some
examples", means that a particular feature, structure, material, or characteristic
described in connection with the embodiment or example is included in at least one
embodiment or example of the present disclosure. Thus, the appearances of the phrases
such as "in some embodiments," "in one embodiment"”, "in an embodiment", "in another

in a specific examples," or "in some examples,

example, "in an example, in various
places throughout this specification are not necessarily referring to the same
embodiment or example of the present disclosure. Furthermore, the particular features,
structures, materials, or characteristics may be combined in any suitable manner in one

or more embodiments or examples.
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WHAT IS CLAIMED IS:

1. A method of determining base information of a predetermined region in a fetal
genome, comprising following steps:
constructing a sequencing library based on a genomic DNA sample of a fetus;
subjecting the sequencing library to sequencing, to obtain a sequencing result of
the fetus consisting of a plurality of sequencing data; and
determining the base information of the predetermined region based on the
sequencing result of the fetus combining with genetic information of a related individual
using a hidden Markov Model,
wherein the base information of the predetermined region comprises the most
possible fetal haplotype recombination,
and the base information of the predetermined region is obtained by:
constructing a probability distribution vector of an initial state and a transition
matrix of haplotypes recombination;
constructing a probability matrix of observations;
constructing a partial probability matrix, and a reversal cursor;
determining a final state, and tracing back an optional path; and
outputting a result to analyze the DNA sequence of the fetal genome.

2. The method of claim 1, wherein the genomic DNA sample of the fetus is

extracted from pregnant peripheral blood.

3. The method of claim 1 or claim 2, further comprising a step of aligning the
sequencing result of the fetus to a reference sequence, to determine sequencing result
deriving from the predetermined region,

wherein optionally the reference sequence is a human reference genome,

wherein the step of aligning the sequencing result of the fetal genome to the
reference sequence to determine sequencing result deriving from the predetermined
region further comprises:

determining a base having the highest probability based on a formula of

24
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ibase —

Z l(l— g)A(base, mk) +%g.A(baS€, m, ) +%g-A(base, fy[)

kef0,1}

,%
Y
wherein i

4. The method of any one of claims 1 to 3, wherein the related individual is a
parent of the fetus.

5. The method of any one of claims 1 to 4, wherein the step of determining the
base information of the predetermined region using the hidden Markov Model is
performed based on Viterbi algorithm,

wherein optionally in the Viterbi algorithm, 0.25 is used as a probability distribution
of an initial status, re/N is used as a recombination probability, with re being between
about 25 and about 30, preferably re being 25, and N being a length of the
predetermined region,

E L T XM T ¥
\

(1-p.): XX LR FY, OF X FX LN T,

P
73

used as a recombination transition matrix with p, being re/N.

6. The method of any one of claims 1 to 5, wherein the predetermined region is a
site previously determined as having a genetic polymorphism,

wherein optionally the genetic polymorphism is at least one selected from single
nucleotide polymorphism and STR.

7. A system for determining base information of a predetermined region in a fetal
genome, comprising:

a library constructing apparatus, adapted for constructing sequencing library
based on a genomic DNA sample of a fetus;

a sequencing apparatus, connected to the library constructing apparatus, and

25
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adapted for subjecting the sequencing library to sequencing, to obtain a sequencing
result of the fetus consisting of a plurality of sequencing data; and
an analyzing apparatus, connected to the sequencing apparatus, and adapted for

determining the base information of the predetermined region based on the
sequencing result of the fetus combining with genetic information of a related individual
using a hidden Markov Model,

wherein the base information of the predetermined region comprises the most

possible fetal haplotype recombination,

and the base information of the predetermined region is obtained by:

constructing a probability distribution vector of an initial state and a transition

matrix of haplotypes recombination;

constructing a probability matrix of observations;

constructing a partial probability matrix, and a reversal cursor;

determining a final state, and tracing back an optional path; and

outputting a result to analyze the DNA sequence of the fetal genome.

8. The system of claim 7, further comprising a DNA sample extracting apparatus,
adapted for extracting the genomic DNA sample of the fetus from pregnant peripheral
blood.

9. The system of claim 2 or claim 8, further comprising an aligning apparatus,
connected to the sequencing apparatus, and adapted for aligning the sequencing
result of the fetus to a reference sequence, to determine sequencing result deriving
from the predetermined region,

wherein the aligning apparatus is adapted for determining a base having the

highest probability based on a formula of

P = D, l(1_5)A(base,mk)+%$-A(base,mxi)+%$-A(base,fyi)

kef0,13

Pensomenssicy

. l—-e x=v
Alxy)= ’

H

e/3 x#y

sz

wherein
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10. The system of any one of claims 7 to 9, wherein the analyzing apparatus is
adapted for determining the base information of the predetermined region using a
hidden Markov Model based on Viterbi algorithm, wherein optionally in the Viterbi
algorithm, 0.25 is used as a probability distribution of an initial status, re/N is used as a
recombination probability, with re being between about 25 and about 30, preferably re
being 25, and N being a length of the predetermined region,

E “_p-"}i N = X ) = Vg
Q:(:Pf{f}.«:ffg-zz.f}:\ (1—}7)-:} . =X M TN, OF X T XL T My
pf X, F X .3 F ¥y .
L IS

used as a recombination transition matrix with p, being re/N.

11. A computer readable medium comprising a plurality of instructions, adapted for
determining base information of a predetermined region based on a
sequencing result of a fetus combining with genetic information of a related
individual using a hidden Markov Model, which causes the apparatus to
perform:
constructing a sequencing library based on the genomic DNA sample of the
fetus;
subjecting the sequencing library to sequencing, to obtain a sequencing result
of the fetus consisting of a plurality of sequencing data; and
determining the base information of the predetermined region based on the
sequencing result of the fetus combining with genetic information of a related
individual using the hidden Markov Model,
wherein the base information of the predetermined region comprises the most
possible fetal haplotype recombination,
and the base information of the predetermined region is obtained by:
constructing a probability distribution vector of an initial state and a transition
matrix of haplotypes recombination;
constructing a probability matrix of observations;
constructing a partial probability matrix, and a reversal cursor;
determining a final state, and tracing back an optional path; and
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outputting a result to analyze the DNA sequence of the fetal genome.

12. The computer readable medium of claim 11, wherein the plurality of
instructions are adapted for determining the base information of the predetermined
region using the hidden Markov model based on Viterbi algorithm,

wherein optionally in the Viterbi algorithm, 0.25 is used as a probability distribution
of an initial status, re/N is used as a recombination probability, with re being between
about 25 and about 30, preferably re being 25, and N being a length of the

predetermined region,

-
H
H

j (1 - P}h Ny T M T Y
Ly = Pr{q‘ - ;‘—‘Q?—I =7 } 3 (\1 - F.-“) B X=X N F Yy OF X TN LN T Vg

E fon X, XY, F Ve

b tERE i :
i IS

used as a recombination transition matrix with p, being re/N.

13. The computer readable medium of claim 11 or claim 12, wherein the plurality
of instructions are adapted for aligning the sequencing result of the fetus to a reference
sequence, to determine sequencing result deriving from the predetermined region,

wherein optionally the plurality of instructions are further adapted for determining a

base having the highest probability based on based on a formula of

= > l(l—g)A(base,mk)Jr%gA(base,mxl)Jr%gA(base,fyl)

kefo,1}

i,base

AERSES

§
3

.
§ I—¢ x=y
; e/3 x#y

wherein

28

Pg.832



{ starting ]

$

&

inputting

;

constructing a probability distribution
vector of initial status, and
a transfer probability matrix

;

constructing an observation
sequence probability matrix

:

determining a final status and
backtracking an optional path

$

parents' haplotypes

sequencing data of

maternal plasma

outputting
( finishing |
\; ////
Fig.1
1000 100 200 300 400
4 ( - . _ 7/

library constructing sequencing aligning apparat nalvzin t
| apparatus apparatus gning app us analyzing appara us

Fig.2

1/1

Pg.833



(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau =

=

\

(10) International Publication Number

WO 2017/012544 A1

26 January 2017 (26.01.2017) WIPOIPCT
(51) International Patent Classification: (74) Agent: INSIGHT INTELLECTUAL PROPERTY LIM-
C12Q 1/68 (2006.01) ITED; 19 A, Tower A, InDo Building, No. 48A Zhichun
(21) International Application Number: Road, Haidian District, Beijing 100098 (CN).
PCT/CN2016/090642 (81) Designated States (unless otherwise indicated, for every
. - ) kind of national protection available): AE, AG, AL, AM,
(22) International Filing Date: . R AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW. BY,
20 July 2016 (20.07.2016) BZ, CA. CH. CL, CN, CO, CR. CU, CZ, DE, DK, DM.
(25) Filing Language: English DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
, HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
(26) Publication Language: Enghsh KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
(30) Priority Data: MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
62/194,702 20 July 2015 (20.07.2015) Us PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
(71) Applicant: THE CHINESE UNIVERSITY OF HONG TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
KONG [CN/CN]; Office of Research and Knowledge
Transfer Services, Room 301, Pi Ch'iu Building, Shatin, (84) Designated States (unless otherwise indicated, for every
New Territorics, Hong Kong 999077 (CN). kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
(72) Inventors: LO, Yuk-Ming Dennis; 4th Floor, 7 King Tak TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
Street, Homantim, Kowloon, Hong Kong 999077 (CN). TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
CHAN, Kwan Chee; Flat C, 15th Floor, Block 5, Peak DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
One, Mei Tin Road, Shatin, New Territories, Hong Kong LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL, SK,
999077 (CN). CHIU, Rossa Wai Kwun; House 31, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
Double Haven, 52 Ma Lok Path, Shatin, New Territories, GW, KM, ML, MR, NE, SN, TD, TG).
Hong Kong 999077 (CN). JIANG, Peiyong; Flat 7 on 1st Published:

Floor of Block B of Kwong Lam Court, Nos. 62-66
(No.62) Siu Lek Yuen Road, Shatin, New Territories,
Hong Kong 999077 (CN). SUN, Kun; Rm 711, Block A,
Staff Quarters, Prince of Wales Hospital, 30-32 Ngan
Shing Street, Shatin, New Territories, Hong Kong (CN).

with international search report (Art. 21(3))

(54) Title: METHYLATION PATTERN ANALYSIS OF HAPLOTYPES IN TISSUES IN DNA MIXTURE

(57) Abstract: Systems, apparatuses, and method are provided for determining the contributions of different tissues to a biological
sample that includes a mixture of cell-free DNA molecules from various tissues types, €.g., as occurs in plasma or serum and other
body fluids. Embodiments can analyze the methylation patterns of the DNA mixture (e.g., methylation levels at particular loci) for a
particular haplotype and determine fractional contributions of various tissue types to the DNA mixture, e.g., of fetal tissue types or
tissue types of specific organs that might have a tumor. Such fractional contributions determined for a haplotype can be used in a
variety of ways.

201'7/012544 A1 [ W1 00 00000 O OO0

<

W

Pg.834



10

15

20

25

WO 2017/012544 PCT/CN2016/090642

METHYLATION PATTERN ANALYSIS OF HAPLOTYPES IN TISSUES IN DNA MIXTURE

CROSS-REFERENCES TO RELATED APPLICATIONS

[0001] The present application claims priority to U.S. Provisional Application No. 62/194,702,
entitled “Methylation Pattern Analysis Of Haplotypes In Tissues In A DNA Mixture” filed July 20,

2015, the entire contents of which is herein incorporated by reference for all purposes.
BACKGROUND

[0002] It has previously been demonstrated that through the analysis of plasma DNA of a
pregnant woman carrying a fetus, the maternal haplotypes inherited by the fetus can be deduced
using the process of relative haplotype dosage analysis (RHDO) (Lo et al. Sci Transl Med 2010; 2:
61ra91 and US Patent 8,467,976). The haplotype information for the pregnant woman can be used.
The haplotype information can be obtained using family analysis or a method for the direct
analysis of the haplotype (e.g. Fan et al. Nat Biotechnol 2011; 29: 51-57; Snyder et al. Nat Rev
Genet 2015; 16: 344-358). SNPs that are heterozygous in the mother but homozygous in the father
can be used for the RHDO analysis.

[0003] Such a use of specific SNPs can limit the loci that can be used, and therefore limit the
amount of data and accuracy. Such use of specific SNPs may also limit the clinical utility of the
method as DNA samples from additional family members may not be available, and methods for

the direct analysis of haplotypes would add costs to the analysis.
BRIEF SUMMARY

[0004] Embodiments are described for determining the contributions of different tissues to a
biological sample that includes a mixture of cell-free DNA molecules from various tissues types,
e.g., as occurs in plasma or serum and other body fluids. Embodiments can analyze the
methylation patterns of the DNA mixture (e.g., methylation levels at particular loci) for a

particular haplotype and determine fractional contributions of various tissue types to the DNA
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mixture, e.g., of fetal tissue types or tissue types of specific organs that might have a tumor. Such

fractional contributions determined for a haplotype can be used in a variety of ways.

[0005] In some embodiments, two fractional contributions of a tissue type can be determined
using methylation levels of two sets of cell-free DNA molecules from a maternal sample, each set
being for a different one of two parental haplotypes of a parent of a fetus, for a chromosomal
region being analyzed. In various implementations, the maternal sample can be the plasma or
serum sample from a woman pregnant with one or more fetuses. The two fractional contributions
can be used to identify a portion of the fetal genome. For example, a separation value between the
two fractional contributions of fetal tissue can indicate the fetal genotype at a locus and can
indicate which of the two parental haplotypes is inherited by the fetus. For instance, the higher
fractional contribution can indicate the inherited haplotype, and both can be inherited if the
separation value is less than a threshold; both haplotypes could be inherited when both parents

share the haplotype (or allele for a genotype) for the region being analyzed.

[0006] In some embodiments, only one fractional contribution of fetal tissue is determined for
one haplotype. When the one fractional contribution exceeds a reference value (e.g., as determined
from other samples), the fetus can be determined to have inherited the one haplotype for the region

being analyzed.

[0007] In some embodiments, two methylation levels can be determined for two sets of cell-free
DNA molecules from a maternal sample, each set being for a different one of two parental
haplotypes of a parent of a fetus, as part of identifying a portion of the fetal genome. The two
methylation levels can be compared to each other to identify which haplotype is inherited by the
fetus, e.g., by which methylation level is lower. For example, a fetus contributes cell-free DNA
molecules that are hypomethylated, and a measurement of a lower methylation level of one

haplotype indicates that the one haplotype is inherited by the fetus.

[0008] In some embodiments, a sequence imbalance can be detected for a target chromosomal
region of a fetus using a mixture of cell-free DNA molecules from a plurality of tissues types.
Target heterozygous loci can be identified for the target chromosomal region having a first target
haplotype and a second target haplotype having different alleles. A first target fractional
contribution of the fetal tissue type in the mixture can be determined using methylation levels at

the target heterozygous loci, where the methylation levels are determined using a target set of

2
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cell-free DNA molecules located at (i.e., covering) the loci of the first haplotype. Similarly, a first
reference fractional contribution of the fetal tissue type can be determined. A separation value of
the first target fractional contribution and the first reference fractional contribution can be
compared to a threshold value to determine whether the fetus has a sequence imbalance. If the two
fractional contributions are significantly different, then a sequence imbalance can be determined.
The specific threshold being used can depend on the specific sequence imbalance (e.g., an

amplification or a deletion) being tested.

[0009] In some embodiments, a fractional contribution of a first haplotype in a first tissue type
can be used to determine whether the first tissue type has a disease state. The first haplotype can
have a signature specific to healthy cells or to abnormal cells. Thus, the first haplotype can be not
present in healthy cells of the organism, or present in healthy cells of the organism and not present
in abnormal cells that may be in the mixture. A separation value between the first fractional
contribution and a reference fractional contribution can be compared to a threshold value to

determine a classification of whether the first tissue type has a disease state.

[0010] In some embodiments, the tissue origin of a copy number aberration can be determined
using methylation deconvolution. A first chromosomal region can be identified as exhibiting a
copy number aberration. The haplotypes in the first chromosomal region can be determined. For
each of M tissue types, a corresponding separation value between the corresponding first fractional
contribution and the corresponding second fractional contribution can be determined. The tissue

type with the highest separation value can be identified as the tissue of origin.

[0011] Other embodiments are directed to systems and computer readable media associated with

methods described herein.

[0012] A better understanding of the nature and advantages of embodiments of the present
invention may be gained with reference to the following detailed description and the

accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 is a flowchart illustrating a method of analyzing a DNA mixture of cell-free DNA
molecules to determine fractional contributions from various tissue types from methylation levels

according to embodiments of the present invention.

[0014] FIG. 2 shows a schematic diagram showing several potential applications of DNA
methylation deconvolution (e.g., using plasma) and its applications according to embodiments of

the present invention.

[0015] FIG. 3A shows a graph of percentage contributions of different organs to plasma DNA

for 15 pregnant women according to embodiments of the present invention. FIG. 3B shows a plot
350 of a correlation between the plasma DNA fractions contributed by the placenta deduced from
plasma DNA methylation deconvolution and the fetal DNA fractions deduced using fetal-specific

SNP alleles according to embodiments of the present invention.

[0016] FIG. 4 shows a table of percentage contributions determined from a plasma DNA tissue

mapping analysis among pregnant women according to embodiments of the present invention.

[0017] FIG. 5 shows plots of percentage contributions of organs other than the placenta by
plasma DNA tissue mapping and fetal DNA fractions based on fetal-specific SNP alleles

according to embodiments of the present invention.

[0018] FIG. 6 shows a table of percentage contributions from plasma DNA tissue mapping
analysis among the non-pregnant healthy control subjects according to embodiments of the present

invention.

[0019] FIG. 7 shows a table of the estimated contributions of different organs to the plasma
DNA for 11 pregnant women and 4 non-pregnant healthy subjects using the first set of markers

(with high organ specificity) according to embodiments of the present invention.

[0020] FIG. 8 shows a table of the estimated contributions of different organs to the plasma
DNA for 11 pregnant women and 4 non-pregnant healthy subjects using the second set of markers

(with low organ specificity) according to embodiments of the present invention.
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[0021] FIG. 9A is a plot showing the correlation between the estimated fetal DNA fraction
(contribution from the placenta) and the fetal DNA fraction determined by counting the fetal-

specific alleles in the maternal plasma samples.

[0022] FIG. 9B is a plot showing absolute difference between the estimation from methylation

markers and fetal DNA fraction determined by fetal-specific alleles counting.

[0023] FIG. 10A is a graph showing placental contribution to plasma DNA deduced using
markers with different selection criteria according to embodiments of the present invention. FIG.
10B is a graph showing the accuracy of plasma DNA deconvolution using markers with low

variability (category i) and high variability (category ii) in the same type of tissue.

[0024] FIG. 11A shows a first scenario where the fetus has inherited the M allele from the
mother and has a genotype of MN at a particular locus according to embodiments of the present
invention. FIG. 11B shows a second scenario where the fetus has inherited the N allele from the
mother and has the genotype of NN at a particular locus according to embodiments of the present

invention.

[0025] FIG. 12A shows a determination of a maternal haplotype inherited by a fetus using
methylation deconvolution according to embodiments of the present invention. FIG. 12B shows an
illustration of the paternal haplotype methylation analysis according to embodiments of the

present invention.

[0026] FIG. 13 is a flowchart illustrating a method 1300 of determining a portion of a fetal
genome from a maternal sample using methylation deconvolution according to embodiments of

the present invention.

[0027] FIG. 14 is a flowchart illustrating a method 1400 of determining a portion of a fetal
genome from a maternal sample using methylation levels according to embodiments of the present

invention.

[0028] FIG. 15 shows chromosomal aneuploidy detection based on haplotype deconvolution for

maternal haplotypes according to embodiments of the present invention.

[0029] FIG. 16 shows chromosomal aneuploidy detection based on haplotype deconvolution for

paternal haplotypes according to embodiments of the present invention.
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[0030] FIG. 17 is a flowchart of a method 1700 for detecting a sequence imbalance in a portion
of a fetal genome of an unborn fetus of a pregnant female using a biological sample from the

pregnant female according to embodiments of the present invention.

[0031] FIG. 18 shows an illustration of haplotype deconvolution for organ transplant monitoring

according to embodiments of the present invention.

[0032] FIG. 19 is a flowchart illustrating a method of analyzing a biological sample of an
organism to detect whether a first tissue type has a disease state associated with a first haplotype

according to embodiments of the present invention.

[0033] FIG. 20 shows a plot of copy number aberrations detected in the plasma of an HCC

patient according to embodiments of the present invention.

[0034] FIG. 21 is a flowchart illustrating a method of analyzing a biological sample of an
organism to identify an origin of a chromosomal aberration according to embodiments of the

present invention.

[0035] FIG. 22 shows a block diagram of an example computer system 10 usable with system

and methods according to embodiments of the present invention.

TERMS

[0036] A “methylome” provides a measure of an amount of DNA methylation at a plurality of
sites or loci in a genome. The methylome may correspond to all of the genome, a substantial part
of the genome, or relatively small portion(s) of the genome. Examples of methylomes of interest
are the methylomes of organs (e.g. methylomes of brain cells, bones, the lungs, the heart, the
muscles and the kidneys, etc.) that can contribute DNA into a bodily fluid (e.g. plasma, serum,
sweat, saliva, urine, genital secretions, semen, stools fluid, diarrheal fluid, cerebrospinal fluid,
secretions of the gastrointestinal tract, ascitic fluid, pleural fluid, intraocular fluid, fluid from a
hydrocele (e.g. of the testis), fluid from a cyst, pancreatic secretions, intestinal secretions, sputum,
tears, aspiration fluids from breast and thyroid, etc.). The organs may be transplanted organs. The

methylome of a fetus is another example.

[0037] A “plasma methylome™ is a methylome determined from the plasma or serum of an

animal (e.g., a human). The plasma methylome is an example of a cell-free methylome since
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plasma and serum include cell-free DNA. The plasma methylome is also an example of a mixed
methylome since it is a mixture of fetal/maternal methylome or tumor/patient methylome or DNA
derived from different tissues or organs or donor/recipient methylome in the context or organ

transplantation.

[0038] A “site” (also called a “genomic site”) corresponds to a single site, which may be a
single base position or a group of correlated base positions, e.g., a CpG site or larger group of
correlated base positions. A “locus” may correspond to a region that includes multiple sites. A

locus can include just one site, which would make the locus equivalent to a site in that context.

[0039] The “methylation index” for each genomic site (e.g., a CpG site) can refer to the
proportion of DNA fragments (e.g., as determined from sequence reads or probes) showing
methylation at the site over the total number of reads covering that site. A “read” can correspond
to information (e.g., methylation status at a site) obtained from a DNA fragment. A read can be
obtained using reagents (e.g. primers or probes) that preferentially hybridize to DNA fragments of
a particular methylation status. Typically, such reagents are applied after treatment with a process
that differentially modifies or differentially recognizes DNA molecules depending of their
methylation status, e.g. bisulfite conversion, or methylation-sensitive restriction enzyme, or
methylation binding proteins, or anti-methylcytosine antibodies, or single molecule sequencing

techniques that recognize methylcytosines and hydroxymethylcytosines.

[0040] The “methylation density” of a region can refer to the number of reads at sites within the
region showing methylation divided by the total number of reads covering the sites in the region.
The sites may have specific characteristics, e.g., being CpG sites. Thus, the “CpG methylation
density” of a region can refer to the number of reads showing CpG methylation divided by the
total number of reads covering CpG sites in the region (e.g., a particular CpG site, CpG sites
within a CpG island, or a larger region). For example, the methylation density for each 100-kb bin
in the human genome can be determined from the total number of cytosines not converted after
bisulfite treatment (which corresponds to methylated cytosine) at CpG sites as a proportion of all
CpG sites covered by sequence reads mapped to the 100-kb region. This analysis can also be
performed for other bin sizes, e.g. 500 bp, 5 kb, 10 kb, 50-kb or 1-Mb, etc. A region could be the
entire genome or a chromosome or part of a chromosome (e.g. a chromosomal arm). The

methylation index of a CpG site is the same as the methylation density for a region when the
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region only includes that CpG site. The “proportion of methylated cytosines” can refer the number
of cytosine sites, “C’s”, that are shown to be methylated (for example unconverted after bisulfite
conversion) over the total number of analyzed cytosine residues, i.e. including cytosines outside of
the CpG context, in the region. The methylation index, methylation density and proportion of
methylated cytosines are examples of “methylation levels.” Apart from bisulfite conversion, other
processes known to those skilled in the art can be used to interrogate the methylation status of
DNA molecules, including, but not limited to enzymes sensitive to the methylation status (e.g.
methylation-sensitive restriction enzymes), methylation binding proteins, single molecule
sequencing using a platform sensitive to the methylation status (e.g. nanopore sequencing
(Schreiber et al. Proc Natl Acad Sci 2013; 110: 18910-18915) and by the Pacific Biosciences
single molecule real time analysis (Flusberg et al. Nat Methods 2010; 7: 461-465)).

[0041] A “methylation profile” (also called methylation status) includes information related to
DNA methylation for a region. Information related to DNA methylation can include, but not
limited to, a methylation index of a CpG site, a methylation density of CpG sites in a region, a
distribution of CpG sites over a contiguous region, a pattern or level of methylation for each
individual CpG site within a region that contains more than one CpG site, and non-CpG
methylation. A methylation profile of a substantial part of the genome can be considered
equivalent to the methylome. “DNA methylation” in mammalian genomes typically refers to the
addition of a methyl group to the 5° carbon of cytosine residues (i.e. 5-methylcytosines) among
CpG dinucleotides. DNA methylation may occur in cytosines in other contexts, for example CHG
and CHH, where H is adenine, cytosine or thymine. Cytosine methylation may also be in the form
of 5-hydroxymethylcytosine. Non-cytosine methylation, such as N°-methyladenine, has also been

reported.

[0042] “Methylation-aware sequencing’ refers to any sequencing method that allows one to
ascertain the methylation status of a DNA molecule during a sequencing process, including, but
not limited to bisulfite sequencing, or sequencing preceded by methylation-sensitive restriction
enzyme digestion, immunoprecipitation using anti-methylcytosine antibody or methylation

binding protein, or single molecule sequencing that allows elucidation of the methylation status.

[0043] A “tissue” corresponds to a group of cells that group together as a functional unit. More

than one type of cells can be found in a single tissue. Different types of tissue may consist of
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different types of cells (e.g., hepatocytes, alveolar cells or blood cells), but also may correspond to
tissue from different organisms (mother vs. fetus) or to healthy cells vs. tumor cells. “Reference
tissues” correspond to tissues used to determine tissue-specific methylation levels. Multiple
samples of a same tissue type from different individuals may be used to determine a tissue-specific

methylation level for that tissue type.

[0044] A "biological sample" refers to any sample that is taken from a subject (e.g., a human,
such as a pregnant woman, a person with cancer, or a person suspected of having cancer, an organ
transplant recipient or a subject suspected of having a disease process involving an organ (e.g., the
heart in myocardial infarction, or the brain in stroke, or the hematopoietic system in anemia) and
contains one or more nucleic acid molecule(s) of interest. The biological sample can be a bodily
fluid, such as blood, plasma, serum, urine, vaginal fluid, fluid from a hydrocele (e.g. of the testis),
or vaginal flushing fluids, pleural fluid, ascitic fluid, cerebrospinal fluid, saliva, sweat, tears,
sputum, bronchoalveolar lavage fluid, etc. Stool samples can also be used. In various
embodiments, the majority of DNA in a biological sample that has been enriched for cell-free
DNA (e.g., a plasma sample obtained via a centrifugation protocol) can be cell-free (as opposed to
cells), e.g., greater than 50%, 60%, 70%, 80%, 90%, 95%, or 99%. The centrifugation protocol
can include 3,000 g x 10 minutes, obtaining the fluid part, and recentrifuging at 30,000 g for

another 10 minutes to remove residual cells.

[0045] The term “level of cancer” can refer to whether cancer exists (i.e., presence or absence),
a stage of a cancer, a size of tumor, whether there is metastasis, the total tumor burden of the body,
and/or other measure of a severity of a cancer (e.g. recurrence of cancer). The level of cancer
could be a number or other indicia, such as symbols, alphabet letters, and colors. The level could
be zero. The level of cancer also includes premalignant or precancerous conditions (states)
associated with mutations or a number of mutations. The level of cancer can be used in various
ways. For example, screening can check if cancer is present in someone who is not known
previously to have cancer. Assessment can investigate someone who has been diagnosed with
cancer to monitor the progress of cancer over time, study the effectiveness of therapies or to
determine the prognosis. In one embodiment, the prognosis can be expressed as the chance of a

patient dying of cancer, or the chance of the cancer progressing after a specific duration or time, or

Pg.843



10

15

20

25

30

WO 2017/012544 PCT/CN2016/090642

the chance of cancer metastasizing. Detection can mean ‘screening’ or can mean checking if

someone, with suggestive features of cancer (e.g. symptoms or other positive tests), has cancer.

[0046] The term "sequence imbalance" of a chromosomal region can refer to any significant
deviation in an amount of cell-free DNA molecules from the chromosomal region relative to an
expected value, if the organism was healthy. For example, a chromosomal region may exhibit an
amplification or a deletion in a certain tissue, thereby resulting in a sequence imbalance for the
chromosomal region in a DNA mixture containing DNA from the tissue, mixed with DNA from
other tissues. As examples, the expected value can be obtained from another sample or from
another chromosomal region that is assumed to be normal (e.g., an amount representative of two
copies for a diploid organism). A chromosomal region can be composed of multiple disjoint

subregions.

[0047] A “type” for a genomic locus {marker) corresponds to specific attributes for a locus
across tissue types. The description primarily refers to type I loci and type II loci, whose
properties are provided in detail below. A locus of a given type can have specific statistical

variation in methylation levels across tissue types. A “category” for a genomic locus (marker)

corresponds to specific variation in methylation levels for a locus across different individuals for a

same tissue type. A set of genomic loci (markers) can be composed of any number of loci of
various types and/or categories. Thus, a set of loci corresponds to loci selected for a particular

measurement and does not connote any particular properties of the loci in the set.

[0048] A “separation value” corresponds to a difference or a ratio involving two values, e.g.,
two fractional contributions or two methylation levels. The separation value could be a simple
difference or ratio. The separation value can include other factors, e.g., multiplicative factors. As
other examples, a difference or ratio of functions of the values can be used, e.g., a difference or
ratio of the natural logarithms (In) of the two values. A separation value can include a difference

and a ratio.

[0049] The term “classification” as used herein refers to any number(s) or other characters(s)

e, "M

that are associated with a particular property of a sample. For example, a “+” symbol (or the word

“positive”) could signify that a sample is classified as having deletions or amplifications. The

classification can be binary (e.g., positive or negative) or have more levels of classification (e.g., a

scale from 1 to 10 or O to 1). The term “cutoff’ and “threshold’ refer to a predetermined number
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used in an operation. A threshold value may be a value above or below which a particular

classification applies. Either of these terms can be used in either of these contexts.
DETAILED DESCRIPTION

[0050] Methylation differences among tissue types (e.g., fetal tissues, liver etc.) in a DNA
mixture (e.g., plasma) may be used to differentiate properties of haplotypes in a specific tissue
type. For example, the methylation levels of two maternal haplotypes in the plasma of a pregnant
woman can be used to determine which haplotype is inherited from the mother to the fetus. As
another example, the methylation levels of two haplotypes in fetal tissue can be used to detect a
sequence imbalance (e.g., an aneuploidy) in the fetus. Other tissue types may also be analyzed,
e.g., to detect a disease state in a specific tissue type. The tissue type from which a copy number

aberration originates may also be determined.

[0051] Some embodiments can determine percentages of cell-free DNA in plasma (or other
DNA mixture) from various tissue types using known methylation levels at certain genomic sites
for the specific tissue types. For example, methylation levels at the genomic sites can be measured
for a liver sample, and these tissue-specific methylation levels can be used to determine how much
cell-free DNA in the mixture is from the liver. Methylation levels can be measured for tissue types
that provide substantial contributions to the DNA mixture, so that a predominance (e.g., more than
90%, 95%, or 99%) of the cell-free DNA mixture can be accounted for. Such other samples can
include, but not limited to, some or all of the following: lung, colon, small intestines, pancreas,

adrenal glands, esophagus, adipose tissues, heart, and brain.

[0052] A deconvolution process can be used to determine fractional contributions (e.g.,
percentage) for each of the tissue types for which tissue-specific methylation levels are known. In
some embodiments, a linear system of equations can be created from the known tissue-specific
methylation levels and the mixture methylation levels at the specified genomic sites, and the
fractional contributions that best approximate the measured mixture methylation levels can be

determined (e.g., using least squares).

[0053] Once the fractional contributions are determined, the fractional contributions can be used
for various purposes. For example, differences in fractional contributions of fetal tissue can be

used to determine which haplotype is inherited from a parent. The alleles at one or more
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heterozygous loci can be determined for each of two parental haplotypes. Cell-free DNA at the
one or more heterozygous loci can be used to determine two fractional contributions: one for each
haplotype. For example, cell-free DNA molecules having alleles of a first haplotype can be used to
determine a first fractional contribution, and cell-free DNA molecules having alleles of a second
haplotype can be used to determine a second fractional contribution. The inherited haplotype will

correspond to the higher fractional contribution for fetal tissue.

[0054] Further, an inherited haplotype will have lower methylation levels due to the general
hypomethylation of fetal cell-free DNA. The methylation levels for the two haplotypes can be
compared, and the haplotype with lower methylation level can be identified as being the inherited

haplotype.

[0055] As another example, a sequence imbalance can be detected in a target chromosomal
region of a fetus. A target fractional contribution of the fetal tissue type in the mixture can be
determined for a first haplotype in the target chromosomal region. Similarly, a reference fractional
contribution of the fetal tissue type can be determined for a reference chromosomal region. A
separation value between the two contributions can be compared to a threshold value to determine

whether the fetus has a sequence imbalance (e.g., an aneuploidy).

[0056] As another example, a first haplotype can have a signature specific to healthy cells or to
abnormal cells. A separation value between the fractional contribution determined for the first
haplotype and a reference fractional contribution can be compared to a threshold value to
determine a classification of whether the first tissue type has a disease state. As examples, the first
haplotype can be of a transplanted organ or a tumor, or only be in healthy cells and not in a
transplanted organ or a tumor. The disease state may be whether the transplanted organ is being
rejected, or whether a tumor is increasing in size or metastasized (e.g., after a surgery did not

remove all of the tumor).

[0057] As another example, the tissue origin of a copy number aberration can be determined
using methylation deconvolution. A first chromosomal region can be identified as exhibiting a
copy number aberration. For each of M tissue types, a corresponding separation value between the
fractional contributions of the two haplotypes in the first chromosomal region can be determined.

The tissue type with the highest separation value can be identified as the tissue of origin.
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[0058] Methylation deconvolution is first described, and then the selection of methylation
markers and the accuracy of the methylation deconvolution are described. The use of the fractional

contributions to determine part of a fetal genome is then described.

L. COMPOSITION OF DNA MIXTURE BY METHYLATION DECONVOLUTION

[0059] Different tissue types can have different levels of methylation for a genomic site. These
differences can be used to determine the fractional contributions of DNA from the various tissue
types in a mixture. Thus, the composition of a DNA mixture can be determined by a tissue-
specific methylation pattern analysis. The examples below discuss methylation densities, but other

methylation levels can be used.

A. Single Genomic Site

[0060] The principle of methylation deconvolution can be illustrated using a single methylation
genomic site (methylation marker) to determine a composition of a DNA mixture from an
organism. Assume that tissue A is completely methylated for the genomic site, i.e. methylation
density (MD) of 100% and tissue B is completely unmethylated, i.e. MD of 0%. In this example,
methylation density refers to the percentage of cytosine residues with the context of CpG

dinucleotides being methylated in the region of interest.

[0061] If the DNA mixture C is composed of tissue A and tissue B and the overall methylation
density of the DNA mixture C is 60%, we can deduce the proportional contribution of tissues A

and B to the DNA mixture C according to the following formula:
MD, =MD, Xxa+ MDy X b,

where MD,, MDg, MD, represent the MD of tissues A, tissue B and the DNA mixture C,
respectively; and a and b are the proportional contributions of tissues A and B to the DNA mixture
C. In this particular example, it is assumed that tissues A and B are the only two constituents of
the DNA mixture. Therefore, a + b = 100%. Thus, it is calculated that tissues A and B contribute

60% and 40%, respectively, to the DNA mixture.

[0062] The methylation densities in tissue A and tissue B can be obtained from samples of the

organism or from samples from other organisms of the same type (e.g., other humans, potentially
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of a same subpopulation). If samples from other organisms are used, a statistical analysis (e.g.,
average, median, geometric mean) of the methylation densities of the samples of tissue A can be

used to obtain the methylation density MD,, and similarly for MDj.

[0063] Genomic site can be chosen to have minimal inter-individual variation, for example, less
than a specific absolute amount of variation or being within a lowest portion of genomic sites
tested. For instance, for the lowest portion, embodiments can select only genomic sites having the
lowest 10% of variation among a group of genomic sites tested. The other organisms can be taken
from healthy persons, as well as those with particular physiologic conditions (e.g. pregnant
women, or people with different ages or people of a particular sex), which may correspond to a

particular subpopulation that includes the current organism being tested.

[0064] The other organisms of a subpopulation may also have other pathologic conditions (e.g.
patients with hepatitis or diabetes, etc.). Such a subpopulation may have altered tissue-specific
methylation patterns for various tissues. The methylation pattern of the tissue under such disease
condition can be used for the deconvolution analysis in addition to using the methylation pattern
of the normal tissue. This deconvolution analysis may be more accurate when testing an organism
from such a subpopulation with those conditions. For example, a cirrhotic liver or a fibrotic kidney
may have a different methylation pattern compared with a normal liver and normal kidney,
respectively. Thus, if a patient with liver cirrhosis was screened for other diseases, it can be more
accurate to include a cirrhotic liver as one of the candidates contributing DNA to the plasma DNA,

together with the healthy tissues of other tissue types.

b. Multiple Genomic Sites

[0065] More genomic sites (e.g., 10 or more) may be used to determine the constitution of the
DNA mixture when there are more potential candidate tissues. The accuracy of the estimation of
the proportional composition of the DNA mixture is dependent on a number of factors including
the number of genomic sites, the specificity of the genomic sites (also called “sites™) to the
specific tissues, and the variability of the sites across different candidate tissues and across
different individuals used to determine the reference tissue-specific levels. The specificity of a site
to a tissue refers to the difference in the methylation density of the genomic sites between the

particular tissue and other tissue types.
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[0066] The larger the difference between their methylation densities, the more specific the site
to the particular tissue would be. For example, if a site is completely methylated in the liver
(methylation density = 100%) and is completely unmethylated in all other tissues (methylation
density = 0%), this site would be highly specific for the liver. Whereas, the variability of a site
across different tissues can be reflected by, for example, but not limited to, the range or standard
deviation of methylation densities of the site in different types of tissue. A larger range or higher
standard deviation would allow a more precise and accurate determination of the relative
contributions of the different organs to the DNA mixture mathematically. The effects of these
factors on the accuracy of estimating the proportional contribution of the candidate tissues to the

DNA mixture are illustrated in the later sections of this application.

[0067] Here, we use mathematical equations to illustrate the deduction of the proportional
contribution of different organs to the DNA mixture. The mathematical relationship between the
methylation densities of the different sites in the DNA mixture and the methylation densities of the

corresponding sites in different tissues can be expressed as:
MD; = ¥i(pr X MDy),

where MD; represents the methylation density of the site i in the DNA mixture; p represents the
proportional contribution of tissue k to the DNA mixture; MDj, represents the methylation density
of the site i in the tissue k. When the number of sites is the same or larger than the number of
organs, the values of individual p; can be determined. The tissue-specific methylation densities
can be obtained from other individuals, and the sites can be chosen to have minimal

inter-individual variation, as mentioned above.

[0068] Additional criteria can be included in the algorithm to improve the accuracy. For

example, the aggregated contribution of all tissues can be constrained to be 100%, i.e.
Y Pr = 100%.
Furthermore, all the organs’ contributions can be required to be non-negative:
pr = 0VEk

[0069] Due to biological variations, the observed overall methylation pattern may not be

completely identical to the methylation pattern deduced from the methylation of the tissues. In
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such a circumstance, mathematical analysis would be required to determine the most likely
proportional contribution of the individual tissues. In this regard, the difference between the
observed methylation pattern in the DNA and the deduced methylation pattern from the tissues is

denoted by W.

W=0- (pe x My)
k

where O is the observed methylation pattern for the DNA mixture and M, is the methylation
pattern of the individual tissue k. py, is the proportional contribution of tissue k to the DNA
mixture. The most likely value of each p; can be determined by minimizing W, which is the
difference between the observed and deduced methylation patterns. This equation can be resolved
using mathematical algorithms, for example by, but not limited to, using quadratic programming,
linear/non-linear regression, expectation-maximization (EM) algorithm, maximum likelihood

algorithm, maximum a posteriori estimation, and the least squares method.

C. Method of Methylation Deconvolution

[0070] As described above, a biological sample including a mixture of cell-free DNA molecules
from an organism can be analyzed to determine the composition of the mixture, specifically the
contributions from different tissue types. For example, the percentage contribution of the cell-free
DNA molecules from the liver can be determined. These measurements of the percentage
contributions in the biological sample can be used to make other measurements of the biological

sample, e.g., identifications of where a tumor is located, as is described in later sections.

[0071] FIG. 1 is a flowchart illustrating a method 100 of analyzing a DNA mixture of cell-free
DNA molecules to determine fractional contributions from various tissue types from methylation
levels according to embodiments of the present invention. A biological sample includes a mixture
of cell-free DNA molecules from M tissues types. The biological sample can be any one of
various examples, e.g., as mentioned herein. The number M of tissue types is greater than two. In
various embodiments, M can be 3, 7, 10, 20, or more, or any number in between. Method 100 can

be performed at least partially using a computer system, as can other methods described herein.

[0072] Atblock 110, N genomic sites are identified for analysis. The N genomic sites can have

various attributes, e.g., as described in more detail in section II, which describes type I and type 11
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genormic sites. As examples, the N genomic sites can include type I or type II sites only, or a
combination of both. The genomic sites can be identified based on analyses of one or more other
samples, e.g., based on data obtained from databases about methylation levels measured in various

individuals.

[0073] Specific genomic sites can be selected to provide a desired level of accuracy. For
example, loci that have at least a threshold variability can be used, as opposed to just using loci
that are specific to one tissue type. A first set (e.g., 10) of the genomic sites can be selected such
that each have a coefficient of variation of methylation levels of at least 0.15 across M tissue types
and such that each has a difference between a maximum and a minimum methylation level for the
M tissue types that exceeds 0.1 for one or more other samples. This first set of genomic sites may
not have a specific methylation signature for a specific tissue type, e.g., only or predominantly
methylated in the specific tissue type. Such a first set is referred to as type Il sites. These genomic
sites can be used in combination with genomic sites that do have a specific signature, which are

referred to as type I sites.

[0074] Using the type Il sites can ensure that the full space of methylation levels across the
tissue types is spanned by the genomic sites, thereby providing increased accuracy over the type |
sites. Just using more type I sites provides redundant basis vectors for the methylation space (i.e.,
more genomic sites that have the same pattern as other sites), while adding other genomic sites
whose methylation levels have various values across different tissues adds new basis vectors for

discriminating fractional contributions via the linear system of equations.

[0075] In some embodiments, at least 10 of the N genomic sites each have a coefficient of
variation of methylation levels of at least 0.15 across the M tissue types. The at least 10 genomic
sites can also each have a difference between a maximum and a minimum methylation level for
the M tissue types that exceeds 0.1. These methylation properties of the genomic loci can be
measured for one sample or a set of samples. The set of samples may be for a subpopulation of
organisms that includes the instant organism being tested, e.g., a subpopulation having a particular
trait that is shared with the instant organism. These other samples can be referred to as reference

tissues, and different reference tissues may be used from different samples.

[0076] Atblock 120, N tissue-specific methylation levels are obtained at the N genomic sites for

each of M tissue types. N is greater than or equal to M, so that the tissue-specific methylation
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levels can be used in the deconvolution to determine the fractional percentages. The tissue-
specific methylation levels can form a matrix A of dimensions N by M. Each column of the matrix
A can correspond to a methylation pattern for a particular tissue type, where the pattern is of

methylation levels at the N genomic sites.

[0077] In various embodiments, the tissue-specific methylation patterns can be retrieved from
public database(s) or previous studies. In examples herein, the methylation data for neutrophils

and B cells were downloaded from the Gene Expression Omnibus (Hodges et al. Mol Cell
2011;44:17-28). Methylation patterns for other tissues (hippocampus, liver, lung, pancreas, atrium,
colon (including its various parts, e.g. sigmoid colon, transverse colon, ascending colon,
descending colon), adrenal gland, esophagus, small intestines and CD4 T cell) were downloaded
from the RoadMap Epigenomics project (Ziller et al. Nature 2013;500:477-81). The methylation
patterns for the buffy coat, placenta, tumor and plasma data were from published reports (Lun et al.
Clin Chem. 2013;59:1583-94; Chan et al. Proc Natl Acad Sci U S A. 2013;110:18761-8). These
tissue-specific methylation patterns can be used to identify the N genomic sites to be used in the

deconvolution analysis.

[0078] At block 130, the biological sample including a mixture of cell-free DNA molecules
from the M tissues types is received. The biological sample may be obtained from the patient
organism in a variety of ways. The manner of obtaining such samples may be non-invasive or
invasive. Examples of non-invasively obtained samples include certain types of fluids (e.g. plasma
or serum or urine) or stools. For instance, plasma includes cell-free DNA molecules from many

organ tissues, and is thus useful for analyzing many organs via one sample.

[0079] At block 140, cell-free DNA molecules from the biological sample are analyzed to
identify their locations in a reference genome corresponding to the organism. For example, the
cell-free DNA molecules can be sequenced to obtain sequence reads, and the sequence reads can
be mapped (aligned) to the reference genome. If the organism was a human, then the reference
genome would be a reference human genome, potentially from a particular subpopulation. As
another example, the cell-free DNA molecules can be analyzed with different probes (e.g.,
following PCR or other amplification), where each probe corresponds to a genomic location,

which may cover a heterozygous and one or more CpG sites, as is described below.
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[0080] A statistically significant number of cell-free DNA molecules can be analyzed so as to
provide an accurate deconvolution for determining the fractional contributions from the M tissue
types. In some embodiments, at least 1,000 cell-free DNA molecules are analyzed. In other
embodiments, at least 10,000 or 50,000 or 100,000 or 500,000 or 1,000,000 or 5,000,000 cell-free
DNA molecules or more can be analyzed. The total number of molecules to analyze can depend
on M and N, and the desired precision (accuracy). In various examples, the total number of cell-
free DNA analyzes can be less than 500,000, one million, two million, five million, ten millsion,

20 million, or 50 million.

[0081] At block 150, N mixture methylation levels are measured at the N genomic sites using
cell-free DNA molecules that are each located at any one of N genomic sites of the reference
genome. A DNA molecule can be identified as located at a genomic site or a locus by one or more
bases of the DNA molecule corresponding to one or more base positions of the genomic site or
locus. Thus, the sequence of the DNA molecule would cover one or more base positions of the
genomic site or locus. This information can be determined based on the locations determined in
block 140. Such an identification of a DNA molecule located at a site of a locus can be used for

any similar block of methods described herein.

[0082] The N mixture methylation levels refer to methylation levels in the mixture of the
biological sample. As an example, if a cell-free DNA molecule from the mixture is located at one
of the N genomic sites, then a methylation index for that molecule at the site can be included in an
overall methylation density for that site. The N mixture methylation levels can form a methylation
vector b of length N, where b corresponds to observed values from which the fractional

contribution of each corresponding tissue type can be determined.

[0083] In one embodiment, the methylation levels for the genomic sites in the DNA mixture can
be determined using whole genome bisulfite sequencing. In other embodiments, the methylation
levels for the CpG sites can be determined using methylation microarray analysis, such as the
IIlumina HumanMethylation450 system, or by using methylation immunoprecipitation (e.g. using
an anti-methylcytosine antibody) or treatment with a methylation-binding protein followed by
microarray analysis or DNA sequencing, or by using methylation-sensitive restriction enzyme
treatment followed by microarray or DNA sequencing, or by using methylation aware sequencing

e.g. using a single molecule sequencing method (e.g. by a nanopore sequencing (Schreiber et al.
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Proc Natl Acad Sci 2013; 110: 18910-18915) or by the Pacific Biosciences single molecule real
time analysis (Flusberg et al. Nat Methods 2010; 7: 461-465)). Tissue-specific methylation levels
can be measured in a same way. In yet other embodiments, other methods, for example, but not
limited to targeted bisulfite sequencing, methylation-specific PCR, non-bisulfite based
methylation-aware sequencing {e.g. by single molecule sequencing platforms (Powers et al.
Efficient and accurate whole genome assembly and methylome profiling of E. coli. BMC
Genomics. 2013;14:675)) can be used for the analysis of the methylation level of the plasma DNA

for plasma DNA methylation deconvolution analysis.

[0084] Atblock 160, M values of a composition vector are determined. Each M value
corresponds to a fractional contribution of a particular tissue type of the M tissue types to the

DNA mixture. The M values of the composition vector can be solved to provide the N mixture
methylation levels (e.g., methylation vector b) given the matrix A composed of NxM tissue-
specific methylation levels (i.e. N tissue-specific methylation levels for each of the M tissue types).
The M fractional contributions can correspond to a vector x that is determined by solving Ax=b.
When N is greater than M, the solution can involve a minimization of errors, e.g., using least-

squares.

[0085] At block 170, the composition vector is used determine an amount of each of the M
tissue types in the mixture. The M values of the composition vector may be taken directly as the
fractional contributions of the M tissue types. In some implementations, the M values can be

converted to percentages. Error terms can be used to shift the M values to higher or lower values.

D. Applications

[0086] As mentioned above, the fractional contributions can be used in further measurements of
the biological sample and other determinations, e.g., whether a particular chromosomal region has
a sequence imbalance, whether a particular tissue type is diseased, and to determine which

haplotype of two parental haplotypes is inherited by the fetus of a pregnant female from which the

sample was obtained.

[0087] FIG. 2 shows a schematic diagram showing several potential applications of DNA
methylation deconvolution (e.g., using plasma) according to embodiments of the present invention.

In FIG. 2, a biological sample 205 is subjected to genome-wide bisulfite sequencing at 210. At
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230, plasma DNA tissue mapping uses tissue-specific methylation profiles 220 to determine tissue
contribution percentages. Example tissue-specific methylation profiles are shown as liver, blood
cells, adipose tissues, lungs, small intestines, and colon. The contribution percentages can be
determined as described above and elsewhere, e.g., solving Ax=b. Examples of applications
include prenatal testing 241, cancer detection and monitoring 242, organ transplant monitoring,

and organ damage assessment 244.

[0088] A list of methylation markers (genomic sites) that are useful for determining the
contributions of different organs to the plasma DNA can be identified by comparing the
methylation profiles (FIG. 2) of different tissues, including the liver, lungs, esophagus, heart,
pancreas, sigmoid colon, small intestines, adipose tissues, adrenal glands, colon, T cells, B cells,
neutrophils, brain and placenta. In various examples, whole genome bisulfite sequencing data for
the liver, lungs, esophagus, heart, pancreas, colon, small intestines, adipose tissues, adrenal glands,
brain and T cells were retrieved from the Human Epigenome Atlas from the Baylor College of
Medicine (www.genboree.org/epigenomeatlas/index.rhtml). The bisulfite sequencing data for B
cells and neutrophils were from the publication by Hodges et al. (Hodges et al; Directional DNA
methylation changes and complex intermediate states accompany lineage specificity in the adult
hematopoietic compartment. Mol Cell 2011; 44: 17-28). The bisulfite sequencing data for the
placenta were from Lun et al (Lun et al. Clin Chem 2013; 59:1583-94). In other embodiments,
markers can be identified from datasets generated using microarray analyses, €.g. using the

Ilumina Infinium HumanMethylation450 BeadChip Array.

II. SELECTION OF METHYLATION MARKERS

[0089] Above, we have described the principle of using methylation analysis to determine the
composition of a DNA mixture. In particular, the percentage contribution of different organs (or
tissues) to the plasma DNA can be determined using methylation analysis. In this section, we

further describe the method for the selection of methylation markers and clinical applications of

this technology.
[0090] The results of determining the composition of the DNA mixture by methylation analysis

are affected by the methylation markers used for the deconvolution of the composition of the DNA
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mixture. Thus, the selection of appropriate genomic methylation markers can be important for the

accurate determination of the constitution of the DNA mixture.

A. Criteria for a Methylation Marker for Deconvolution

[0091] For marker selection, the following three attributes may be considered. (i) It is desirable
for a methylation marker to have a low variability in the methylation level measured in the same
tissue type across different individuals. As the determination of the composition of the DNA
mixture is dependent on the recognition of the tissue-specific methylation patterns, the low
variability in methylation level in the same tissue type across different individuals would be useful
for accurate identification of the tissue-specific patterns in the DNA mixture. In embodiments
where the tissue-specific methylation levels are obtained from samples of other organisms (e.g.,
from a database), the low variability means that the methylation levels from the other samples are

similar to the tissue-specific methylation levels for the current organism being tested.

[0092] (i) It is desirable for a methylation marker to have a high variability in methylation
levels across different tissues. For a particular marker, a higher difference in the methylation levels
across different tissues can provide a more precise determination of the contribution of different
tissues to the DNA mixture. In particular, an improvement in precision can be obtained by using

one set of markers having attribute (ii) and another set of markers having attribute (iii).

[0093] (i) It is desirable for a methylation marker to have a particularly different methylation
level in a particular tissue when compared with those from most or all of the other tissues. In
contrast to point (ii) above, a marker can have low variability in the methylation level of most
tissues but its methylation level in one particular tissue is different from most of the other tissues.
This marker would be particularly useful for the determination of the contribution of the tissue that

has a different methylation level from other tissues.

B. Example

[0094] A principle of marker selection is illustrated in the following hypothetical examples in

table 1.

Marker 1 Marker 2 Marker 3 Marker 4 Marker 5 Marker 6

Liver 1 20% 69% 9% 9% 10% 90%
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Liver 2 50% 70% 10% 10% 10% 90%
Liver 3 90% 71% 11% 11% 10% 90%
Heart 20% 20% 30% 13% 12% 12%
Lung 30% 30% 60% 17% 14% 84%
Colon 40% 40% 90% 20% 80% 80%

Table 1. Methylation densities in different tissues for 6 hypothetical methylation markers.

[0095] In this hypothetical example, marker 2 has lower variability in methylation density in the
liver from three individuals when compared with marker 1. Therefore, marker 2 is superior to

marker 1 as a signature for determining the contribution of the liver in a DNA mixture.

[0096] Compared with marker 4, marker 3 has a higher variability in methylation density across
different tissue types. The same level of change in the estimated contribution from the different

tissues would provide a bigger change in the deduced methylation density of the DNA mixture for
marker 3 than for marker 4 according to the mathematical relationship discussed above. Therefore,

the estimation of the contribution of each tissue can be more precise with marker 3.

[0097] Marker 5 has a low variability in methylation density across the liver, heart and lung.
Their methylation densities vary from 10% to 14%. However, the methylation density of colon is
80%. This marker would be particularly useful for determining the contribution of the colon in the
DNA mixture. Similarly, the heart is hypomethylated compared with the other tissues for marker 6.
Therefore, the contribution of the heart can be accurately determined by marker 6. Thus, the
combination of markers 5 and 6 would be able to accurately determine the contributions of the
colon and the heart. The addition of markers 2 and 3 would then be sufficient to deduce the

contribution of each of the four organs, including the liver, heart, lung and colon.

C. Different Types of Markers

[0098] A methylation marker may not necessarily need to have all of the above three attributes.
A type I methylation marker would typically have attribute (iii) above. A number of such markers
may also have attribute (i). On the other hand, a type II methylation marker would typically have

attribute (ii) above. A number of such markers may also have attribute (i). It is also possible that a

particular marker may have all three attributes.
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[0099] In some embodiments, markers are broadly divided into two types (type I and type II).
Type I markers have tissue specificity. The methylation level of these markers for a particular
group of one or more tissues is different from most of the other tissues. For example, a particular
tissue can have a significant methylation level compared with the methylation level of all the other
tissues. In another example, two tissues (e.g., tissue A and tissue B) have similar methylation
levels, but the methylation levels of tissues A and B are significantly different from those of the

remaining tissues.

[0100] Type II markers have a high inter-tissue methylation variability. The methylation levels
of these markers are highly variable across different tissues. A single marker in this category may
not be sufficient to determine the contribution of a particular tissue to the DNA mixture. However,
a combination of type Il markers, or in combination with one or more type I markers can be used
collectively to deduce the contribution of individual tissues. Under the above definition, a
particular marker can be a type I marker only, a type 11 marker only, or be simultaneously both a

type I and type Il marker.

1. Type I Markers

[0101] In one embodiment, a type I marker can be identified by comparing the methylation
density of the marker with the mean and standard deviation (SD) of methylation densities of this
particular marker for all candidate tissues. In one implementation, a marker is identified if its
methylation density in one tissue is different from the mean of all the tissues by 3 standard

deviations (SD).

[0102] The methylation profiles of 14 tissues obtained from sources mentioned above were
studied to select markers. In one analysis, a total of 1,013 type I markers were identified (markers
labeled type I in Table S1 of Appendix A of U.S. Provisional Application No. 62/158,466) using
the above criteria. In other embodiments, other cutoffs between the particular tissues and the mean
methylation densities can be used, for example, but not limited to 1.5 SD, 2 SD, 2.5 SD, 3.5 SD
and 4 SD. In yet another embodiment, a type I marker can identified through the comparison of

the methylation density of the particular tissue to the median methylation density of all tissues.

[0103] In other embodiments, the type I markers can be obtained when more than one tissue (for

example, but not limited to two, three, four or five tissues) show significantly different
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methylation densities than the mean methylation density of all the candidate tissues. In one
implementation, a cutoff methylation density can be calculated from the mean and SD of the
methylation densities of all the candidate tissues. For illustration purpose, the cutoff can be
defined as 3 SD higher or lower than the mean methylation densities. A marker is selected when
the methylation densities of more than one (for example, but not limited to two, three, four, five,
or more than five) tissues are more than 3 SD higher than the mean methylation density or more

than 3 SD lower than the mean methylation density of the tissues.

2. Type II Markers

[0104] For identification of type II markers, the mean and SD of methylation densities across all
14 candidate tissues were calculated and the ratio of SD to the mean was denoted as the coefficient
of variation (CV). In this illustrative example, we used a cutoff of >0.25 for the CV to identify the
qualified type II markers, as well as the difference between the maximum and minimum
methylation densities for the group of tissues exceeding 0.2. Using these criteria, 5820 type 11
markers were identified (markers labeled type Il in Table S1 of Appendix A). In other
embodiments, other cutoffs for the CV, for example but not limited to 0.15, 0.2, 0.3 and 0.4, can
be used. In yet other embodiments, other cutoffs for the difference between the maximum and
minimum methylation densities, for example, but not limited to 0.1, 0.15, 0.25, 0.3, 0.35, 0.4, 0.45

and 0.5, can be used.

[0105] In other embodiments, the average values across multiple samples of the same tissue
type can be used to measure a variation of the methylation levels across different tissues. For
example, 10 methylation levels of a same genomic site from 10 samples can be averaged to obtain
a single methylation level for the genomic site. A similar process can be performed to determine
average methylation levels for other tissue types for the genomic site. The average values across
tissue types can then be used for determining whether the genomic site has significant variation
across tissue types. Other statistical values can be used besides an average, e.g., a median or a

geometric mean. Such statistical values can be used to identify type I and/or type II markers.

[0106] The different samples of a same tissue type (e.g., from different individuals) can be used
to determine a variation of methylation levels across the different samples. Thus, if there are

multiple samples of the same tissue type, embodiments can further measure the variation of a
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particular marker amongst such samples of the same tissue type. A marker with a low variation
across samples would be a more reliable marker than one with a high variation. Further details of
markers and deconvolution can be found in commonly-owned U.S. Patent Publication
2016/0017419, entitled “Methylation Pattern Analysis Of Tissues In A DNA Mixture,” by Chiu et
al., and PCT Publication W02014/043763 entitled “Non-Invasive Determination Of Methylome

Of Fetus Or Tumor From Plasma.”

D. Different Categories of Markers

[0107] A “category” for a genomic locus (methylation marker) corresponds to specific variation
in methylation levels for a locus across different individuals for a same tissue type. Different
categories can have different ranges of variation among a particular tissue type across individuals.
A first category of methylation markers might have a difference of 10% in the methylation levels
or lower among the individuals tested. A second category of methylation markers might have a
difference of more than 10% in the methylation levels among the individuals tested. The use of
methylation markers with low inter-individual variations (first category markers) would
potentially improve the accuracy of determining the contribution of the particular organ in the

DNA mixture.

E. Identification of Potential Methylation Markers

[0108] In some embodiments, potential methylation markers were identified in the following
manner. Such potential methylation markers can then be subjected to the above criteria to identify
type I and type II markers. In other embodiments, an identification of type I or type Il is not
needed. And, other embodiments may use other techniques to identify potential methylation

markers.

[0109] In some embodiments, all CpG islands (CGls) and CpG shores on autosomes were
considered for potential methylation markers. CGIs and CpG shores on sex chromosomes were
not used so as to minimize variation in methylation levels related to the sex-associated
chromosome dosage difference in the source data. CGIs were downloaded from the University of
California, Santa Cruz (UCSC) database (genome.ucsc.edu/, 27,048 CpG islands for the human
genome) (Kent et al., The human genome browser at UCSC, Genome Res. 2002;12(6):996-1006)
and CpG shores were defined as 2 kb flanking windows of the CpG islands (Irizarry et al. The
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human colon cancer methylome shows similar hypo- and hypermethylation at conserved tissue-
specific CpG island shores. Nat Genet 2009; 41(2):178 - 186). Then, the CpG islands and shores
were subdivided into non-overlapping 500 bp units and each unit was considered as a potential

methylation marker.

[0110] The methylation densities (i.e., the percentage of CpGs being methylated within a 500 bp
unit) of all the potential loci were compared between the 14 tissue types. As previously reported
(Lun et al. Clin Chem. 2013; 59: 1583-94), the placenta was found to be globally hypomethylated
when compared with the remaining tissues. Thus, the methylation profile of the placenta was not
included at the marker identification phase. Using the methylation profiles of the remaining 13
tissue types, the two types of methylation markers were identified. For example, type I markers
can refer to any genomic sites with methylation densities that are 3 SD below or above in one
tissue when compared with the mean level of the 13 tissue types. Type 1I markers can considered
highly variable when (A) the methylation density of the most hypermethylated tissue is at least
20% higher than that of the most hypomethylated one; and (B) the SD of the methylation densities
across the 13 tissue types when divided by the mean methylation density (i.e. the coefficient of
variation) of the group is at least 0.25. Lastly, in order to reduce the number of potentially
redundant markers, only one marker may be selected in one contiguous block of two CpG shores

flanking one CpG island.

F. Selection based on Application

[0111] The set of methylation markers chosen for particular applications can be varied
depending on the parameters of the desired applications. For example, for applications focusing on
haplotype or allele analysis, useful markers would be those located on the same cell-free DNA
molecules as one of the heterozygous alleles. As cell-free DNA molecules (e.g., plasma DNA) are
usually less than 200 bp, useful markers can be CpG sites within 200 bp of a heterozygous locus
(e.g., a SNP). As another example, for applications in which the release of DNA from a particular
tissue into plasma is of special significance, one can select a preferentially larger number of
methylation markers that are differentially methylated in this tissue type (e.g. type I marker) when

compared with the others in the marker set.
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[0112] The number and choice of methylation markers in the deconvolution analysis can be
varied according to the intended use. If the fractional contribution of the liver is of particular
interest, e.g. in a patient who has received a liver transplant, more type I liver specific markers can
be used in the deconvolution analysis to increase the precision of the quantification of the

contribution of the transplanted liver to the plasma DNA.

1. COMPOSITION ACCURACY

[0113] As described above, embodiments can identify the tissue contributors of plasma DNA. In
various examples, genome-wide bisulfite sequencing of plasma DNA was performed and analyzed
with reference to methylation profiles of different tissues. Using quadratic programming as an
example, the plasma DNA sequencing data were deconvoluted into proportional contributions
from different tissues. Embodiments were tested for pregnant women, patients with hepatocellular,

Iung and colorectal carcinoma, and subjects following bone marrow and liver transplantation.

[0114] In most subjects, white blood cells were the predominant contributors to the circulating
DNA pool. The placental contributions in pregnant women correlated with the proportional
contributions as revealed by fetal-specific genetic markers. The graft-derived contributions to the
plasma in the transplant recipients correlated with those determined using donor-specific genetic
markers. Patients with hepatocellular, lung or colorectal cancer showed elevated plasma DNA
contributions from the organ with the tumor. The liver contributions in hepatocellular carcinoma

patients also correlated with measurements made using tumor-associated copy number aberrations.

[0115] In cancer patients and in pregnant women exhibiting copy number aberrations in plasma,
methylation deconvolution pinpointed the tissue type responsible for the aberrations. In a pregnant
woman diagnosed as having follicular lymphoma during pregnancy, methylation deconvolution
indicated a grossly elevated contribution from B-cells into the plasma DNA pool and localized B-
cells (instead of the placenta) as the origin of the copy number aberrations observed in plasma.
Accordingly, embodiments may serve as a powerful tool for assessing a wide range of
physiological and pathological conditions based on the identification of perturbed proportional

contributions of different tissues into plasma.
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A. Contribution of Different Types of Blood Cells

[0116] As an example of the methylation deconvolution, we determined the contribution of
different tissues and cell types to the circulating DNA. Two blood samples were collected from
two patients suffering from systemic lupus erythematosus (SLE). After collection, the venous
blood samples were centrifuged at 1,500 g for 10 minutes. After centrifugation, the blood cells and
the plasma were separated. DNA was then extracted from the blood cells. The DNA was bisulfite
converted and sequenced using one lane of a flow cell in a HiSeq2000 sequencer. Two blood cell
samples were analyzed using the cell-type-specific methylation pattern analysis. The methylation
patterns of neutrophils, lymphocytes, the esophagus, colon, pancreas, liver, lung, heart, adrenal
glands and hippocampus were included as potential candidates of the blood cell DNA. 609
methylation markers were selected for the analysis. The whole blood samples of the two subjects
were also sent for cell counting to determine the fractional composition of the neutrophils and

Ilymphocytes of the blood cells.

Blood sample 1 Blood sample 2
Cell typ.e—spemflc Blood cell Cell typ.e—spemflc Blood cell
methylation pattern . methylation pattern .
. counting . counting
analysis analysis
Neutrophils 90.5% 93.6% 89.4% 89.9%
Lymphocytes 9.5% 6.4% 10.6% 10.1%
Esophagus 0% - 0% -
Colon 0% - 2% -
Pancreas 0% - 0% -
Liver 0% - 1% -
Lung 1% - 1% -
Heart 0% - 3% -
Adrenal gland 0% - 0% -
Hippocampus 0% - 0% -

Table 2. Blood tissue contributions by deconvolution pattern analysis and cell counting

[0117] For methylation pattern analysis, neutrophils and lymphocytes were determined as the
major components constituting the blood cell DNA. The relative proportion of the contribution of
neutrophils and lymphocytes resemble their relative abundance in the blood samples according to

the cell counting analysis.
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B. Pregnant Women

[0118] The contributions of different tissues, including the liver, lung, pancreas, colon,
hippocampus, small intestines, blood cells, heart, adrenal gland, esophagus and placenta, were
analyzed using methylation analysis of the plasma DNA of pregnant women. As the placental
genotype is in general identical to the fetus’s genotype but different from the pregnant woman’s
genotype, the precise contribution of the placenta to the maternal plasma can be accurately

determined by counting the number of fetal specific-alleles in the sample.

1. Composition and Correlation to Fetal DNA Percentage

[0119] Genome-wide bisulfite sequencing of plasma DNA was performed for 15 pregnant
women, five from each of first, second and third trimesters. Methylation deconvolution was
performed and the percentage contributions from different tissues were deduced. The contributions
of different organs were determined based on the methylation levels (such as methylation densities)

of all the type 1 and type 1l markers in table S1 using quadratic programming analysis.

[0120] FIG. 3A shows a graph 300 of percentage contributions of different organs to plasma
DNA for 15 pregnant women according to embodiments of the present invention. Each bar
corresponds to the results of one sample. The different colors represent the contributions of
different organs into plasma. These results show that the white blood cells (i.e. neutrophils and
lymphocytes) are the most important contributors to the plasma DNA pool. This observation is
consistent with those previously obtained following bone marrow transplantation (Lui YY et al.

Clin Chem 2002; 48: 421-7).

[0121] FIG. 4 shows a table 400 of percentage contributions determined from a plasma DNA
tissue mapping analysis among pregnant women according to embodiments of the present
invention. These results also show that the placenta is another key contributor of the plasma DNA

in pregnant women, with fractional concentrations from 9.9% to 38.4%.

[0122] We also measured the placental contributions using paternally-inherited fetal single
nucleotide polymorphism (SNP) alleles that were not possessed by the pregnant women as
previously described (31). To analyze the fetal-specific SNP alleles, the genotypes of the fetuses

were determined by analyzing the chorionic villus samples or the placenta. The genotypes of the
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pregnant women were determined by analyzing the blood cells. The SNP-based results show the

independent validation of the methylation deconvolution results.

[0123] FIG. 3B shows a plot 350 of a correlation between the plasma DNA fractions contributed
by the placenta deduced from plasma DNA methylation deconvolution and the fetal DNA
fractions deduced using fetal-specific SNP alleles according to embodiments of the present
invention. Plot 350 shows that the placental contributions determined by methylation
deconvolution have a strong correlation with the fetal DNA fractions measured using SNPs (r =
0.99, p < 0.001, Pearson correlation). Accordingly, a good positive correlation is observed
between the values of the two parameters, suggesting that the plasma DNA methylation
deconvolution accurately determines the contribution of the placenta to the maternal plasma

samples.

[0124] FIG. 5 shows plots of percentage contributions of organs other than the placenta by
plasma DNA tissue mapping and fetal DNA fractions based on fetal-specific SNP alleles
according to embodiments of the present invention. The X-axis represents the fetal DNA fractions
estimated by SNP-based analysis and the Y-axis represents the percentage contribution deduced
by plasma tissue DNA mapping analysis. Plasma DNA contributions of the neutrophils show a
reverse correlation. This is likely due to the fact that neutrophils are a major contributor to the
plasma DNA pool and hence, as the placental contribution increases, the relative contribution from
the neutrophils would by necessity decrease. The methylation deconvolution results of the

remaining tissues show no correlation with the fetal DNA fraction.

[0125] FIG. 6 shows a table 600 of percentage contributions from plasma DNA tissue mapping
analysis among the non-pregnant healthy control subjects according to embodiments of the present
invention. When the process was applied to plasma of non-pregnant healthy controls, placental

contribution was absent in most samples (median: 0%; interquartile range: 0% to 0.3%).

2, Comparison of Selected Markers vs. Random Markers

[0126] The accuracy of the percentage contributions was tested with select markers relative to
random markers. Different composition calculations were done for different sets of markers. One

set was chosen based on criteria mention above, and the other was a random set. The results show
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that it is important to judicially choose the methylation markers (genomic loci) use, in order to

obtain accurate results.

[0127] Eleven pregnant women and four healthy non-pregnant subjects were recruited for this
analysis. Their plasma DNA was bisulfite converted and sequenced using the Illumina HiSeq2000
sequencer. Each plasma sample was sequenced with one lane of a sequencing flow cell. The
sequence reads were then analyzed using a bioinformatic program, Methy-Pipe (Jiang P. PLoS
One 2014; 9: €100360). This program can align the bisulfite-converted sequence reads to the
reference genome and determine the methylation status of each CpG site on each sequenced

fragment.

[0128] The first set of markers have high specificity for identifying the different tissues in the
plasma DNA. For each tissue type, markers that have the biggest difference in methylation density
compared with the other tissues were selected. The markers were determined from genomic
regions containing at least one CpG dinucleotide. In this example, CpG islands (CGlIs) were used
as potential markers, having a high frequency of CpG sites in a particular stretch of DNA. CGlIs in
this particular example are downloaded from the University of California, Santa Cruz (UCSC)
database: (genome.ucsc.edu). In total, we obtained 27,048 CpG islands from the human genome.
The median size of a CpG island is 565 bp (range: 200 bp to 45 kb). 90% of the islands are less
than 1.5 kb.

[0129] For each methylation marker, the difference in methylation density between the tissue-
of-interest and the other tissues was determined. The difference is then expressed as the number of
standard deviations (SDs) across the other tissues. For the tissue-of-interest, all the markers were
ranked according to this difference in methylation density. The 20 markers with the biggest
difference above (10 markers) and below (10 markers) the mean methylation densities of the other
tissues were selected. The number of markers can vary, for example, but not limited to 3, 15, 20,

30, 40, 50, 100 and 200.

[0130] In addition, markers with a high variability across all the different tissues were also
selected. In this example, markers with >50% difference between the tissues with the highest and
lowest methylation densities were selected. In other applications, other values, for example, but
not limited to 20%, 30%, 40%, 60%, 70% and 80%, can be used. Furthermore, the variability of

methylation densities across different tissues was also calculated based on the mean and SD. In
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this example, a marker was also selected if the value of SD is more than two times the mean. In
other applications, other cutoff values, for example, but not limited to 1, 1.5, 2.5 and 3, can also be

used. Based on these selection criteria, 344 methylation markers were selected for the first set.

[0131] For the second set, 341 markers were randomly selected from the 27,048 CGlIs discussed
above. All the CGIs were first numbered from 1 to 27,048. Then a random number (between 1 and
27,048) was generated by a computer for marker selection. This process was then repeated until a
total of 341 markers were selected. If a random number generated had been used, another one
would be generated. This set of markers is expected to have a much lower specificity in
identifying the tissue-specific methylation patterns. Thus, the accuracy of determining the

composition of the plasma DNA is expected to be reduced.

[0132] FIG. 7 shows a table 700 of the estimated contributions of different organs to the plasma
DNA for 11 pregnant women and 4 non-pregnant healthy subjects using the first set of markers
(with high organ specificity) according to embodiments of the present invention. The fetal DNA
fractions were determined by counting fetal-specific alleles and are shown in the bottom row. In
each of the four non-pregnant control subjects, the contribution of the placenta to the plasma was

determined to be close to 0%. This indicates the specificity of this approach.

[0133] FIG. 8 shows a table 800 of the estimated contributions of different organs to the plasma
DNA for 11 pregnant women and 4 non-pregnant healthy subjects using the second set of markers
(with low organ specificity) according to embodiments of the present invention. The fetal DNA
fractions determined by counting fetal-specific alleles are shown in the bottom row. Using these
less specific markers, a relatively non-concordant percentage of contribution from the placenta
was observed, and considerable contributions from the placenta were observed in the four
non-pregnant control subjects. This indicates that the tissue specificity of the markers is important

in this approach.

[0134] FIG. 9A is a plot 900 showing the correlation between the estimated fetal DNA fraction
(contribution from the placenta) and the fetal DNA fraction determined by counting the fetal-
specific alleles in the maternal plasma samples. The results from the two techniques have good
correlation using the first set of methylation markers. However, using the second set of
methylation markers, the estimation by using the methylation analysis showed significant

deviation from the true values determined using fetal-specific alleles counting.
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[0135] FIG. 9B is a plot 950 showing absolute difference between the estimation from
methylation markers and fetal DNA fraction determined by fetal-specific alleles counting. The
median error of the estimation using methylation analysis were 4% and 8% using the first set of

markers and the second set of markers, respectively.

C. Effect of Different Criteria

[0136] As described above, various criteria can be used to identify markers of different types.
For example, a type I marker can be identified by a methylation level in a particular tissue that is
different from the mean methylation level for all tissues, e.g., at least by a specific threshold, such
as 3 SD. And, for type II markers, criteria of a certain variation and maximum difference are used.

Sections below show accuracy of different criteria for identifying markers.

1. Performance of Markers with Less Stringent Criteria

[0137] We compared the performance of methylation deconvolution analysis using markers
with different variability across different tissues. The placental contributions to plasma DNA were
determined for 15 pregnant women based on two sets of markers with different selection criteria.
Both sets of markers include all the type I markers as described in previous sections. However, the

selection criteria of type Il markers are different for the two sets of markers.

[0138] Set I markers include all the 5,820 type II markers fulfilling the criteria of having
methylation density CV >0.25 and the difference between the maximum and minimum
methylation densities for the groups of tissues exceeding 0.2. For Set II markers, the CV
requirement was >0.15 and the difference between the maximum and minimum methylation
densities for the groups of tissues exceeded 0.1. There were 8,511 type 1l markers in this set of

markers.

[0139] FIG. 10A is a graph 1000 showing placental contribution to plasma DNA deduced using
markers with different selection criteria according to embodiments of the present invention. The
vertical axis corresponds to placental contribution deduced using the set I markers. The horizontal
axis corresponds to placental contribution deduced using the set I markers. There was a good
correlation between the placental contribution results based on the two sets of markers with

different selection criteria (r=0.99, Pearson correlation). Accordingly, good accuracy can be
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obtained using the requirements of CV >0.15 and of the difference between the maximum and

minimum methylation densities for the groups of tissues exceeding 0.1.

2. Effect of Methylation Level Variation within Same Type of Tissue

[0140] To investigate if the variation in methylation level of markers between the same type of
tissues (e.g. from different individuals) would affect the performance of deconvolution analysis,

we analyzed placental tissues from two pregnant cases. Two categories of methylation markers

were identified. Specifically, the two categories were identified based on their similarity in
methylation levels in two placental tissues. Markers of category i have a methylation density of 10%
or lower. Markers of category ii have high variability between the two placental tissues (difference

in methylation density of more than 10%).

[0141] FIG. 10B is a graph 1050 showing the accuracy of plasma DNA deconvolution using
markers with low variability (category i) and high variability (category ii) in the same type of
tissue. Plasma DNA deconvolution was performed to determine the placental contribution to the
plasma DNA for 15 pregnant women. For each marker, the mean of the methylation densities of
the two placental tissues were used to represent the methylation level of the placenta in the
analysis. For each of the deconvolution analysis using the category i and category ii markers, a

total of 1,024 markers were used.

[0142] The amount of placentally-derived DNA in plasma was further determined based on the
proportion of the fetal-specific SNP alleles. The percentage contribution deduced by the
methylation deconvolution analysis based on category i and category ii markers were then
compared with the results based on fetal-specific SNP alleles. The median deviation of the derived
placental contribution from the value estimated based on fetal-specific alleles was 2.7% and 7.1%
using category i and category ii markers, respectively. Thus, the use of category i markers which
had lower inter-individual variation in the tissue methylation level gave better accuracy in the

methylation deconvolution analysis.

[0143] Significantly higher difference between the results from methylation deconvolution and
fetal-specific allele analysis was observed when markers with high variability within the same
type of tissue (category ii) were used (P<0.0001, Wilcoxon sign-rank test). In other words, the use

of markers with low variability within the same type of tissue would increase the accuracy of
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methylation deconvolution analysis. Accordingly, markers can be selected based on the variability
within the same type of tissues, for example, but not limited to the value of CV and the difference

between the maximum and minimum methylation density for the same type of tissues.

IV.  DECONVOLUTION OF FETAL SIGNATURES

[0144] If a genomic signature (e.g., a particular SNP allele) is known, embodiments can
determine which tissue is the origin of such signatures. Thus, if a particular signature is
representative of a fetus (e.g., a paternal allele at a particular locus), then the fractional

contribution for the signature would be substantial for the placental tissue.

[0145] To illustrate that single nucleotide alteration can also be used to determine the tissue of
origin that the alteration is derived from, we analyzed the plasma DNA of a pregnant woman. The
placenta and the maternal buffy coat were genotyped to identify the SNPs that the mother was
homozygous and the fetus was heterozygous. We denote the allele shared by the fetus and the
mother as A and the fetal-specific allele as B. Therefore, the mother had a genotype of AA and the
fetus had a genotype of AB at each of these SNPs.

[0146] After bisulfite sequencing of the maternal plasma DNA, all DNA fragments carrying the
fetal-specific allele (B allele) and at least one CpG site were selected and used for downstream
analysis. A total of 1.31 billion fragments were sequenced and 677,140 fragments carrying the
fetal-specific allele (B allele) were used for the deconvolution analysis. All CpG sites that were
covered by at least 10 DNA fragments were used for deconvolution analysis. Other numbers of
DNA fragments covering a site can be used, such as 5, 15, 20, 25, or 30. As the B allele was fetal

specific, these DNA fragments were expected to be derived from the placenta.

Tissue Contribution (%)
Liver 0.9
Lung 0.0
Colon 0.0
Small intestines 0.0
Pancreas 0.5
Adrenal glands 0.0
Esophagus 3.1
Adipose tissues 0.0
Heart 0.0
Brain 0.3
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T cells 0.0

B cells 0.0

Neutrophil 0.0
Placenta 95.2

Table 3. Methylation deconvolution analysis using fetal-specific allele.

[0147] In Table 3, from the methylation deconvolution analysis, it was shown that the placenta
was deduced to be the major contributor for these DNA fragments carrying fetal-specific SNP
alleles. These results suggest that the methylation deconvolution analysis accurately identified the

tissue origin of these DNA fragments carrying fetal-specific alleles.

[0148] This shows that a particular allele can be attributed to a fetus. Such a technique is
described in more detail below for determining genotypes and haplotypes of a fetus using

methylation deconvolution analysis.

V. DETERMINATION OF FETAL GENOME (MUTATIONAL ANALYSIS)

[0149] For noninvasive prenatal testing, the analysis of the inheritance of a maternal mutation
using maternal plasma DNA is a challenging task. For example, if a pregnant woman is
heterozygous for a mutation, the analysis on the mutational status of the fetus using maternal
plasma DNA analysis would be technically difficult because both the mutant and the normal
alleles would be present in her plasma, regardless of the mutational status of her fetus. Previously,
a number of different approaches have been developed to address this problem (Lun et al. Proc
Natl Acad Sci U S A. 2008;105:19920-5; Lo et al. Sci Transl Med. 2010;2:61ra91; Lam et al. Clin
Chem. 2012;58:1467-75). The principle of these previous approaches involves the comparison
between the relative amounts of the mutation and the normal allele in maternal plasma. To
enhance the statistical power of the comparisons, some of these approaches further involve the
comparisons of the relative amounts of SNP alleles linked to the mutation and those linked to the
normal allele. As an alternative or in addition, some embodiments of the present invention can

deduce the mutational status of the fetus by methylation deconvolution analysis.

A. Contribution for Alleles using Methylation Deconvolution

[0150] In this example, a genotype of the fetus is determined. Assume the genotypes of the

father and mother are NN and MN at a particular locus, respectively. M and N denote the mutant
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and normal alleles, respectively. In this scenario, the fetus can inherit either the M allele or the N
allele from the mother. Therefore, there are two possible genotypes for the fetus, namely MN and
NN. In maternal plasma, DNA carrying the fetal genotype is actually derived from the placenta.

Thus, these DNA fragments would exhibit the placental methylation profile.

[0151] FIG. 11A shows a first scenario where the fetus has inherited the M allele from the
mother and has a genotype of MN at a particular locus according to embodiments of the present
invention. In the top part of FIG. 11A (labeled Genotypes), the father is shown as having genotype
NN, the mother is shown as having genotype MN, and the fetus is shown as having genotype MN.
The DNA fragments that exhibit the placental methylation profile are marked with a P, where are
shown on the fetal genotype. For example, the placental methylation profile can correspond to
certain methylation levels at genomic sites near the particular locus. DNA fragments that align to
the particular locus can also include genomic sites near the locus (e.g., within 200 bp of the locus),
and thus can be used to measure methylation levels for the methylation deconvolution analysis.
Considering the genotypes of the parents, the M allele is specific for the mother and the N allele is

shared between the father and the mother.

[0152] In the bottom part of FIG. 11A (labeled Maternal plasma), instances of the two alleles M
and N are shown, with each instance representing a different DNA molecule in the plasma at the
locus of interest. Only a small number of DNA molecules are shown for illustration purposes. In
this example, the fetal DNA percentage is assumed to be 25%, as shown by 25% of the DNA

molecules being marked with a P.

[0153] In the maternal plasma sample, we selectively analyzed the DNA fragments carrying the
M allele and performed the methylation deconvolution analysis. Because the fetus has a genotype
of MN, the placenta would contribute both M and N alleles to the maternal plasma DNA.
Therefore, some of the DNA fragments carrying the M allele would also carry the placenta-
specific methylation profile at genomic sites near the locus. The methylation deconvolution
analysis would indicate that some of the DNA fragments carrying the M allele would be derived

from the placenta, and thus the fetal genotype does include the M allele.

[0154] FIG. 11B shows a second scenario where the fetus has inherited the N allele from the
mother and has the genotype of NN at a particular locus according to embodiments of the present

invention. In this situation, only the DNA fragments carrying the N allele would exhibit the
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placental methylation profile in maternal plasma. Thus, the selective analysis of the DNA
fragments carrying the M allele with methylation deconvolution would indicate that these DNA
fragments do not have significant contribution from the placenta. Accordingly, it can be

determined that the fetus does not have M, and thus has a genotype of NN.

[0155] In some embodiments, the placental contribution for the M and N alleles can be
compared. Here, we assume that the fetal DNA accounts for approximately 10% of the total
maternal plasma DNA. The selective deconvolution of the M and N alleles would be useful to
indicate which allele the fetus has inherited from the mother. The expected results are shown in

Table 4 below:

Fetal genotype

MN NN
Placental contribution for Approximately Insignificant
plasma DNA carrying the 10% (close to zero)
M allele
Placental contribution for Approximately Approximately
plasma DNA carrying the 10% 20%
N allele
Ratio of placental I:1 0:2
contribution for M and N
alleles (M:N)

Table 4. Placental contributions for M and N alleles for NN paternal genotype.

[0156] In Table 4, the percentage placental contribution of the M and N alleles can be compared.

An approximately equal placental contribution for the two alleles (e.g., within a threshold of each
other) suggests that the fetal genotype is MN. On the other hand, a significantly higher placental

contributions for the N allele compared with the M allele would indicate a fetal genotype of NN.

[0157] In another embodiment, the paternal genotype does not need to be taken into account. In

this situation, the possible genotypes of the fetus include MM, MN, and NN.

Fetal genotype

MN NN MM
Placental contribution for Approximately Insignificant Approximately
plasma DNA carrying the 10% (close to zero) 20%
M allele
Placental contribution for Approximately Approximately Insignificant
plasma DNA carrying the 10% 20% (close to zero)
N allele
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Ratio of placental 1:1 0:2 2:0
contribution for M and N
alleles (M:N)

Table 5. Placental contributions for M and N alleles for unknown paternal genotype.

[0158] Intable 5, the placental contribution for the DNA fragments carrying the M and N alleles
for different fetal genotypes are shown. When the fetus has a genotype of MM, the placental
contribution for the M allele would be significantly higher than that for the N allele. When the
fetus has a genotype of NN, the placental contribution for the N allele would be significantly
higher than that for the N allele. When the fetus has a genotype of NM, the placental contribution

for the M allele would be approximately equal to the placental contribution for the N allele.

[0159] Accordingly, where the paternal genotype is not known, fractional contributions can be
determined for both alleles. That is, a first fractional contribution can be determined using a first
set of cell-free DNA molecules that align to the locus and include N. Methylation levels of the
first set of cell-free DNA molecules can be measured at K genomic sites near the locus. And, a
second fractional contribution can be determined using a second set of cell-free DNA molecules
that align to the locus and include M. Methylation levels of the second set of cell-free DNA
molecules can be measured at the K genomic sites near the locus. For the first scenario of the fetal
genotype being MN, the fractional contributions determined for either allele would be about the
same, as can be tested to by determining whether the fractional contributions are within a

threshold value of each other.

[0160] To illustrate the feasibility of this approach, we analyzed the plasma DNA of a pregnant
woman. The plasma DNA was bisulfite converted and analyzed using massively parallel
sequencing. In addition, the placenta and blood cells were analyzed to determine the genotype of
the fetus and the mother. For illustration purposes, a SNP located within the KLF2 gene was
analyzed. For this SNP, the genotypes of the mother and the fetus were CG and CC, respectively.
With this genotype combination, the placenta would contribute the C allele to the maternal plasma,

but all the G alleles in the maternal plasma would be derived from the maternal tissues.

[0161] In the sequencing data, there were 24 fragments carrying the G allele and 55 fragments
carrying the C allele. The CpG sites within these DNA fragments were used for methylation

deconvolution. In this analysis, an objective is to determine the placental contribution of the two
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alleles. To illustrate the principle, only the placenta and the blood cells were considered as
candidate tissues for the methylation deconvolution analysis. In another embodiment, three or
more types of tissues can be used as candidates. In yet another embodiment, tissues expected to
have significant contribution, for example blood cells, liver, lung, intestines and placenta, can be

used as candidates.

C allele G allele C/G ratio
Placenta 62.6% 1.8% 34
Blood cells 37.4% 98.2%

Table 6. Placental contributions for C and G alleles for unknown paternal genotype.

[0162] In Table 6, the contribution from the placenta was deduced to be 62.6% and 1.8% for the
C allele and the G allele, respectively. The ratio of placental contribution for C/G is 34. These
results suggest that the genotype of the fetus would be CC. This is consistent with the genotyping

result of the placental tissue.

[0163] This embodiment is different from and potentially has more utility than a previous
method for noninvasive prenatal testing based on the analysis of allelic ratio for DNA with a
specific methylation pattern (Tong et al. Clin Chem 2006; 52: 2194-202). In this previous method,
tissue-specific DNA is first identified from a DNA mixture (e.g. plasma DNA) based on
methylation pattern. For example, a particular gene is completely unmethylated in the blood cells
and methylated in the placenta. The identification is performed using an enzyme that leaves the

methylated placental DNA intact.

[0164] Thus, all the methylated DNA molecules remaining in the plasma would be derived from
the placenta rather than from the blood cells. Then, the allelic ratio for a SNP located on the
placenta-derived DNA molecules can be determined by measuring amounts of the different alleles
at the locus using the intact placental DNA. When the fetus is heterozygous for the SNP, the ratio
of the two alleles in the placenta-specific DNA would be approximately 1. However, if the fetus is
affected by an aneuploid chromosome and has three copies of the chromosome carrying this

particular SNP, the ratio of the two alleles would be either 1:2 or 2:1.

[0165] In this previous method, the tissue-specific DNA molecules need to be first identified
based on a methylation status that is unique to the tissue of interest. The methylated DNA

molecules are unique for the placenta because the blood cells are completely unmethylated for the
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targeted region. However, in this present embodiment, the uniqueness of a certain methylation
state is not required. The candidate tissues only need to be different in their methylation profiles,
accordingly more loci can be used, thereby enabling haplotype deconvolution. Thus, the tissue
contributions can be determined for the different alleles based on their methylation profiles.
Further, the previous method may be more susceptible to statistical variations as the numbers of
fetal reads with each allele are compared directly to each other. Whereas, when the placental
contributions are compared to each other, the numbers of fetal reads are not compared directly to
each other. Instead, the placental contribution is determined from all of the reads (methylated or
not), and thus the placental contributions can be the same, even when the number of fetal reads

differs. Thus, a coverage bias to one haplotype can be accounted for.

B. Determination of Inherited Haplotype using Deconvolution

[0166] It has previously been demonstrated that through the analysis of plasma DNA (or other
cell-free DNA) of a pregnant woman carrying a fetus, the maternal haplotypes inherited by the
fetus can be deduced using the process of relative haplotype dosage analysis (RHDO) (Lo et al.
Sci Transl Med 2010; 2: 61ra91 and U.S. Patent 8,467,976). In this method, one uses the
haplotype information for the pregnant woman. This latter information can be obtained using
family analysis or a method for the direct analysis of the haplotype (e.g. Fan et al. Nat Biotechnol
2011;29: 51-57; Snyder et al. Nat Rev Genet 2015; 16: 344-358). SNPs that are heterozygous in
the mother but homozygous in the father can be used for the RHDO analysis. Such a use of
specific SNPs can limit the loci that can be used, and therefore limit the amount of data and
accuracy. Embodiments may not be so restricted to such specific SNPs. Further, embodiments can

be used in combination with the above references to provide increased accuracy.

[0167] Embodiments can use methylation deconvolution to determine placental contributions
using the cell-free DNA molecules for two haplotypes. The placental contributions can be
compared to determine which haplotype is inherited by the fetus. Embodiments can start with
deduced maternal or paternal haplotypes, and then measure the methylation levels of plasma DNA
molecules containing SNP alleles in each of those deduced haplotypes. One can then perform
methylation deconvolution. The fetal haplotype can be identified as the one with the highest
placental contribution from the methylation deconvolution analysis. In all of the above

embodiments, the paternal or maternal haplotypes can, instead of being a deduced one, also be
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determined by family analysis (i.e. by analyzing the DNA of other family members) or by a direct
method (e.g. the method described by Fan et al Nat Biotechnol 2012).

1. Maternal Haplotypes

[0168] In this example, we demonstrate plasma DNA methylation deconvohition analysis can be
used for deducing the maternal haplotypes inherited by an unborn fetus. A source of gegomic
DNA from the pregnant woman, e.g. the buffy coat DNA, can be subjected to genotyping. e.g.
using a microarray. Then, the maternal genotyping results are entered into a haplotype deduction
program {¢.g., IMPUTE2, Howie et al. PLoS Genet. 2009;7:e1000529) t¢ deduce the likely first
maternal haplotvpe and the second maternal haplotype. Population-specific genotype and
haplotype information can be taken into consideration for improving the accuracy of deduction. In
other ernbodiments, the parental haplotypes can be worked out by single molecule analysis, for
example but not limited to the methods described by Fan et al (Nat Biotechnol. 2011;29:51-73,
Kaper et al (Proc Natl Acad Sci U S AL 2013;110:5552-7), Lan et al. (Nat Commun. 20167 11784)
and Selvaraj et al (Nat Biotech 2013;31:1111-1118). Then, maternal plasma DNA can be
subjected to genome-wide bisulfife sequencing and alignment to reference genomic sequences.
Methylation deconvolution can then be performed for each of the predicted haplotypes. As fetal
DINA in maternal plasmoa is predomunantdy of placental origin, the maternal haplotype inherited by

the fetas is the one that shows the highest placental contribution.

[0169] The maternal haplotype information can be used to link the SNP alleles and the CpG
sites on the same homologous chromosome together. Then, DNA fragments from the same
chromosome copy (haplotype) can be identified using the SNP alleles. The CpG sites (or other
sites) on this particular chromosome copy (haplotype) can be used for the methylation
deconvolution. As the number of CpG sites that can be used for deconvolution would be
proportional to the number of SNPs on the homologous chromosome and much bigger than the
number of CpG sites linked to a single SNP in the haplotype-based deconvolution analysis, this
method would be more precise than the deconvolution analysis using CpG site(s) that are linked to

a single SNP. The principle is illustrated in FIG. 12A.

[0170] FIG. 12A shows a determination of a maternal haplotype inherited by a fetus using

methylation deconvolution according to embodiments of the present invention. In the top part of
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FIG. 12A, the two haplotypes of the mother and the fetus are shown at three loci that the mother is
heterozygous. The two maternal haplotypes are labeled as Hap I and Hap 1I. In this example, the
fetus has inherited Hap I from the mother. For illustration purpose, only the SNP loci that the
mother is heterozygous are shown. For illustration purposes, the father is homozygous for each of
these loci in this example. However, the same principle extends to scenarios that the father is

heterozygous without any change.

[0171] In the bottom part of FIG. 12A (labeled Maternal plasma), instances of the two alleles at
each locus are shown, with each instance representing a different DNA molecule in the plasma at
the locus of interest. Only a small number of DNA molecules are shown for illustration purposes.
In this example, the fetal DNA percentage is assumed to be 20%, as shown by 20% of the DNA

molecules being marked with a P.

[0172] In maternal plasma, the DNA molecules carrying the fetal genotype are derived from the
placenta and therefore carrying the placental specific methylation patterns. The circles labeled

with “P” represent the CpG sites exhibiting the placental methylation pattern near the

heterozygous locus. A read including a heterozygous locus and a neighboring site can be used for
measuring a methylation level for detecting the placental methylation pattern. In this example, an
objective is to determine if the fetus has inherited Hap I or Hap II from the mother. To achieve this,
plasma DNA fragments that carry alleles on Hap I and cover at least one CpG site are selected for
methylation deconvolution. As the fetus has inherited Hap I from the mother, the placenta would
contribute a significant proportion to this pool of plasma DNA molecules. On the other hand,

when the fragments carrying alleles on Hap II are analyzed with methylation deconvolution, a

very low contribution from the placenta would be observed.

[0173] To illustrate this, we analyzed the maternal plasma sample stated above for Table 6. We
focused on a 5-Mb region on chromosome 1. SNPs where the mother was heterozygous and the
fetus was homozygous were selected for the analysis. For each of these SNP loci, the alleles that
were shared between the mother and the fetus formed one haplotype (denoted as Hap 1) and the
alleles that were present only on the maternal genome formed another haplotype (denoted as Hap
II). Thus, in this example, there are two maternal haplotypes (Hap I and Hap II) and the fetus has
inherited Hap I from the mother. In the maternal plasma, the DNA fragments carrying the alleles

on Hap I and those carrying the alleles on Hap II were analyzed separately using methylation
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deconvolution. All the CpG sites on the same plasma DNA molecule of a heterozygous SNP were
used for the deconvolution analysis. In this example, none of these CpG sites overlapped with type

I or type II markers.

Hap 1 Hap Il
Liver 0% 0%
Lung 0% 6.7%
Colon 3.4% 6.2%
Small 0% 10.6%
intestines
Pancreas 4.1% 0%
Adrenal 0% 4.6%
glands
Esophagus 0% 0%
Adipose 3.7% 3.6%
tissues
Heart 0% 0%
Brain 6.8% 10.6%
T cells 6.8% 21%
B cells 8.9% 11.7%
Neutrophil 12.7% 25%
Placenta 53.5% 0%

Table 7. Methylation deconvolution for Hap I and Hap II.

[0174] Table 7 shows deconvolution of plasma DNA fragments carrying the alleles on the two
maternal haplotypes, namely Hap I and Hap II. The fetus had inherited the maternal Hap 1. From
this deconvolution analysis, the placenta was deduced to contribute 53.5% of the plasma DNA
fragments carrying the alleles on Hap 1. On the other hand, there was no contribution from the
placenta to the plasma DNA fragments carrying the alleles on Hap II. Therefore, the methylation
deconvolution analysis had accurately predicted that the fetus had inherited Hap I from the mother.

Greater accuracy may be achieved using CpG sites that overlap with type I and/or type II markers.

[0175] As a further example, to demonstrate the practical utility of this approach, another
pregnant woman was recruited. Maternal peripheral blood was taken. The blood sample was
fractionated into plasma and the cellular components. The maternal buffy coat was analyzed using
an I[llumina HumanOmni2.5-8 BeadChip array. We used IMPUTE2 (Howie et al. PLoS Genet.
2009;7:e1000529) to deduce the phase of 851 heterozygous SNPs on a 5 Mb region on the
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telomeric end of chromosome 1p. The haplotype phasing was based on reference haplotypes of

1000 genomes (mathgen.stats.ox.ac.uk/impute/1000GP_Phase3.tgz).

[0176] After the phased haplotypes were obtained, the CpG sites linked to the two haplotypes
were used to perform methylation deconvolution. All the CpG sites on the same plasma DNA
molecule of a heterozygous SNP were used for the deconvolution analysis. In this example, none
of these CpG sites overlapped with type I or type Il markers. Among the 851 SNPs used for the

deconvolution, 820 (96.2%) were on intron and intergenic regions. None of them overlapped with

CpG islands or shores.
Hap | Hap
1 11
Liver 0 0
Lung 0 54
Colon 0 6.2
Small intestine 0 0
Pancreas 0 25
Adrenal glands 0 0
Esophagus 0 0
Adipose tissues 0 17.8
Heart 0 0
Brain 0 0
T cells 11 7.9
B cells 0 0
Neutrophils 20.2 | 284
Placenta 68.9 93

Table 8. Methylation deconvolution for Hap I and Hap II.

[0177] Table 8 shows a deconvolution of plasma DNA fragments carrying the alleles on the two
maternal haplotypes deduced from a panel of reference haplotypes. The two haplotypes are named
Hap I and Hap II. The deduced Hap I has significantly higher amount of placental contribution
than Hap II, namely, 68.9% versus 9.3%. Thus, the maternal Hap 1 was deduced to have been
inherited by the fetus. The maternal inheritance relied on haplotype deduction was consistent with

results from maternal and fetal genotypes.

[0178] An advantage of this method is that one is not restricted to SNPs for which the father of

the fetus is homozygous and the mother of the fetus is heterozygous. Indeed, in the above example,
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we had performed the analysis without knowing or deducing the paternal genotype or haplotype.
This is an advantage over previously described methods ((Lo et al. Sci Transl Med 2010; 2:
61ra91, US Patent 8,467,976, Fan et al. Nature 2012; 487: 320- 324, Kitzman et al. Sci Transl
Med 2012; 4: 137ra76).

[0179] In some embodiments, a first fractional contribution for a first haplotype can be
compared to a reference value derived based on the fetal DNA fraction to determine whether the
haplotype has been inherited by the fetus. The cutoffs can be calculated as for example but not
limited to 1 time, 1.2 times, 1.4 times, 1.6 times, 1.8 times, 2 times, 2.2 times, 2.4 times, 2.6 times
or 2.8 times of the fetal DNA fraction. In this manner, the second fractional contribution for a
second haplotype does not need to be determined, if the first fractional contribution is sufficiently

large.

[0180] In some embodiments, the inherited haplotype may have a deconvoluted fractional
concentration double that of the fetal fraction and the non-inherited one has an insignificant
contribution. The contribution of the non-inherited haplotype may not have a zero contribution as
the paternal haplotypes may give noise to this analysis because some paternal alleles may be the
same as the maternal alleles. If the level of noise is high, the fractional contribution of the second
haplotype can be determined, and the one with a higher deconvoluted fraction can be deduced to

be inherited by the fetus.

[0181] Some implementations could test both haplotypes using the reference value, to confirm
that only one is inherited. If both appear to be inherited, then the two fractional contributions can
be compared to each other. Additionally, if both appear to be inherited, the paternal genome can
be checked, as the fetus could have inherited a paternal haplotype that matches the non-inherited

maternal haplotype.

[0182] In other embodiments, the second fractional contribution can be used to determine the
reference value, e.g., the second fractional contribution plus a threshold value. Thus, the reference

value can be a sum of the second fractional contribution and a threshold value.

2. Paternal haplotype

[0183] In another embodiment, methylation deconvolotion analysis can be applied for the
analysis of the paternal haplotype inheritance.
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[0184] FIG. 12B shows an illustration of the paternal haplotype methylation analysis according
to embodiments of the present invention. Methylation deconvolution can be performed on the
maternal plasma DNA fragments carrying the alleles on paternal Hap 11l and Hap IV. As Hap 111
has been inherited by the fetus, the placental contribution would be higher for Hap III compared

with Hap IV. Thus, the paternal inheritance of the fetus can be deduced.

[0185] This embodiment has advantages over previous methods based on the analysis of
paternal-specific alleles. For example, for SNP at position 1, the A allele is present in the father,
but not in the mother. Therefore, the detection of the paternal-specific A allele in maternal plasma
indicates the inheritance of the Hap III by the fetus. However, for SNP at position 2, both the C
and T alleles are not fetal-specific. In this situation, paternal-specific allele analysis cannot be used.
However, the methylation deconvolution analysis does not require the presence of paternal-
specific allele. Thus, SNPs that are heterozygous in both the father and the mother can be used for

the methylation deconvolution analysis of the two paternal haplotypes.

[0186] Accordingly, a similar process, as used for maternal haplotypes, can be used to
determine which paternal haplotype is inherited. In FIG. 12B, the placental contribution for Hap
III would be higher than the placental contribution from Hap IV. The paternal haplotypes can be

determined in a same or similar manner as the maternal haplotypes can be determined.

3. Method using Deconvolution

[0187] FIG. 13 is a flowchart illustrating a method 1300 of determining a portion of a fetal
genome from a maternal sample using methylation deconvolution according to embodiments of
the present invention. The biological sample includes a mixture of cell-free DNA molecules from
a plurality of tissues types, including maternal tissue types and a fetal tissue type. The fetus has a
father and a mother being the pregnant female. The portion of the fetal genome can be an entire
chromosome copy or just part of the chromosome copy. The determined portions of the fetal
genome can be combined to provide information on different portions of the fetal genome, up to

the entire fetal genome.

[0188] At block 1310, a plurality of cell-free DNA molecules from the biological sample are
analyzed. Block 1310 can be performed using techniques described in block 140 of method 100 of

FIG. 1. For example, at least 1,000 cell-free DNA molecules can be analyzed to determine where
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the cell-free DNA molecules are located, and methylation levels can be measured as described
below. Further, the cell-free DNA molecules are analyzed to determine a respective allele of the
cell-free DNA molecule. For example, an allele of a DNA molecule can be determined from a
sequence read obtained from sequencing or from a particular probe that hybridizes to the DNA
molecule, where both techniques can provide a sequence read (e.g., the probe can be treated as the

sequence read when there is hybridization).

[0189] Atblock 1320, a first haplotype and a second haplotype of a first chromosomal region of
a first parental genome of a first parent of the fetus are determined. One skilled in the art will be
aware of various techniques to determine haplotypes of a parent. The haplotypes may be
determined from the same sample as used to determine methylation levels below or from a
different sample. In some implementations, the haplotypes can be determined from cellular
samples, e.g., the buffy coat of a blood sample or the tissue of another organ. Examples of
determining haplotypes are provided in U.S. Patent No. 8,467,976, which is incorporated by
reference in its entirety. The first parent can be the mother or the father. Other examples of
methods for detecting the parental haplotypes include, but not limited to the methods described by
Fan et al (Nat Biotechnol 2011; 29: 51-57), Snyder et al (Nat Rev Genet 2015; 16: 344-358), the
GemCode technology from 10X Genomics (www.10xgenomics.com/), and Targeted Locus

Amplification (TLA) technology from Cergentis (www.cergentis.com/).

[0190] At block 1330, one or more heterozygous loci are identified from the first and second
haplotypes. Each heterozygous locus has a corresponding first allele in the first haplotype and a
corresponding second allele in the second haplotype. The one or more heterozygous loci may be a
first plurality of heterozygous loci, where a second plurality of heterozygous loci can correspond

to a different chromosomal region.

[0191] At block 1340, a first set of the plurality of cell-free DNA molecules is identified. Each
of the plurality of cell-free DN A molecules is located at any one of the heterozygous loci from
block 1330 and includes a corresponding first allele, so that the cell-free DNA molecule can be
identified as corresponding to the first haplotype. It is possible for a cell-free DNA molecule to be
located at more than one of the heterozygous loci, but typically a read would only include one
heterozygous locus. Each of the first set of cell-free DNA molecules also includes at least one of N

genomic sites, where the genomic sites are used to measure the methylation levels. N is an integer,
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e.g., greater than or equal to 2, 3, 4, 5, 10, 20, 50, 100, 200, 500, 1,000, 2,000, or 5,000. Thus, a

read of a cell-free DNA molecule can indicate coverage of 1 site, 2 sites, etc.

[0192] At block 1350, N first mixture methylation levels are measured at the N genomic sites
(e.g., CpG sites) using the first set of the plurality of cell-free DNA molecules. One first mixture
methylation level can be measured for each of the N genomic sites. Block 1350 can be performed
in a similar manner as block 150 of method 100 of FIG. 1. In some embodiments, the
measurement of the methylation level of a DNA molecule can use methylation-aware sequencing
results, which may also be used to determine the location and respective allele of the DNA
molecule. One skilled in the art will be aware of the various techniques that can be used to

determine a methylation status of a site on a DNA molecule.

[0193] At block 1360, a first fractional contribution of the fetal tissue type in the mixture is
determined using the N first methylation levels. In some embodiments, block 1360 can be
performed via blocks 160 and 170 of method 100 of FIG. 1. Thus, a fractional contribution can be
determined simultaneously for a panel of M tissue types. Block 1360 may use N issue-specific

methylation levels at N genomic sites, determined for each of M tissue types, e.g., as in block 120

of method 100 of FIG. 1.

[0194] Atblock 1370, a second set of the plurality of cell-free DNA molecules is identified.
Each of the plurality of cell-free DNA molecules is located at any one of the heterozygous loci
from block 1330 and includes a corresponding second allele, so that the cell-free DNA molecule
can be identified as corresponding to the second haplotype. Each of the second set of cell-free
DNA molecules also includes at least one of the N genomic sites, where the genomic sites are used

to measure the methylation levels.

[0195] Atblock 1380, N second mixture methylation levels at the N genomic sites are measured
using the second set of the plurality of cell-free DNA molecules. Block 1380 may be performed in

a similar manner as block 1350.

[0196] Atblock 13835, a second fractional contribution of the fetal tissue type in the mixture is
determined using the N second methylation levels. Block 1385 may be performed in a similar

manner as block 1360.
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[0197] At block 1390, a first separation value is computed between the first fractional
contribution and the second fractional contribution. Examples of separation values are described

herein, e.g., including a difference or a ratio.

[0198] Atblock 1395, the portion of fetal genome is determined at the one or more
heterozygous loci based on the first separation value. Thus, an inherited haplotype of the first
parent can be determined. For example, the first separation value can be a ratio of the first
fractional contribution and the second fractional contribution. The portion of the fetal genome can
be determined to have one or more copies of the first haplotype and no copies of the second
haplotype when the ratio is greater than a threshold value. Examples of threshold values include
but not limited to 1.3, 1.4, 1.5, 1.6, 1.8, 2.0, 2.2, 2.4, 2.6, 2.8 and 3.0. The portion of the fetal
genome can be determined to have one or more copies of the second haplotype and no copies of
the first haplotype when the ratio is less than a threshold value. Examples of threshold values
include but not limited to 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8. The portion of the fetal genome
can be determined to have the first haplotype and the second haplotype when the ratio is equal to
one within a cutoff value. Examples of cutoff values include but not limited to 0.85, 0.9, 0.95, 1.0,
1.05, 1.1 and 1.15. Both haplotypes might be inherited when both parents have a same haplotype

in the region being analyzed.

[0199] As another example, the first separation value is a difference of the first fractional
contribution and the second fractional contribution. The portion of the fetal genome can be
determined to have one or more copies of the first haplotype and no copies of the second
haplotype when the difference is greater than a threshold value. Examples of threshold values
include but not limited to 1%, 1.5%, 2%, 2.5%, 3%, 4%, 5%, 6%, 7%, 8%, 10%, 12%, 14%, 16%,
18% and 20%. The portion of the fetal genome can be determined to have one or more copies of
the second haplotype and no copies of the first haplotype when the difference is less than a

threshold value, e.g., where the threshold value is a negative number.

[0200] The inherited haplotype of the other parent can also be determined. For example, a
second plurality of heterozygous loci of the first chromosomal region can be identified in the
genome of the other parent. Fractional contributions can be determined for each of the other
parent’s haplotypes, and a separation value can be used to determine the inherited haplotype of the

other parent.
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[0201] For example, the first plurality of heterozygous loci and the second plurality of
heterozygous loci can be the same loci or be different. Each of the second plurality of
heterozygous loci can include a corresponding third allele in a first haplotype of the other parent
(e.g., a first paternal haplotype) and a corresponding fourth allele in a second haplotype of the
other parent (e.g., a second paternal haplotype). The third and fourth alleles can be the same as the
first and second alleles. In addition to the first and second set of cell-free DNA molecules for the
first parent, a third set of the plurality of cell-free DNA molecules can each be located at any one
of the second plurality of heterozygous loci, include the corresponding third allele of the
heterozygous locus, and include at least one of K genomic sites. The K genomic sites may be the
same or different than the N genomic sites used for the first parent. In a similar manner as with
the first parent, K third mixture methylation levels can be measured at the K genomic sites using
the third set of the second plurality of cell-free DNA molecules, and a third fractional contribution
of the fetal tissue type in the mixture can be determined using the K third methylation levels. The
third fractional contribution corresponds to the first haplotype of the other parent (e.g., the first

paternal haplotype).

[0202] A fourth set of the plurality of cell-free DNA molecules can each be located at any one
of the second plurality of heterozygous loci, include the corresponding fourth allele of the
heterozygous locus, and include at least one of the K genomic sites. Thus, the fourth set of DNA
can be used to test the second haplotype of the other parent. K fourth mixture methylation levels at
the K genomic sites can be measured using the fourth set of the second plurality of cell-free DNA
molecules, and a fourth fractional contribution of the fetal tissue type in the mixture can be
determined using the K fourth methylation levels. A second separation value can be computed
between the third fractional contribution and the fourth fractional contribution, and the portion of
fetal genome at the second plurality of heterozygous loci can be determined based on the second
separation value. The inherited haplotype from the other parent can be determined in a similar
manner as for the first parent. The fourth fractional contribution corresponds to the second

haplotype of the other parent (e.g., the second paternal haplotype).

[0203] In some embodiments, the second fractional contribution does not need to be determined.
Instead, a haplotype can be determined to be inherited if the corresponding fractional contribution

is sufficiently high. For example, the first fractional contribution can be compared to a reference
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value to determine whether the fetus inherited the first haplotype at the first chromosomal region.
The fetus can be determined to have inherited the first haplotype at the first chromosomal region

when the first fractional contribution exceeds the reference value.

[0204] In other embodiments, the reference value may be determined from the second fractional
contribution. For example, the reference value can be a sum of the second fractional contribution
and a threshold value. The sum with the threshold value can ensure that the first fractional

contribution is sufficiently greater than the second fractional contribution.

[0205] A separate determination of inheritance can be made for the second haplotype by
comparing the second fractional contribution to the reference value to determine whether the fetus
inherited the second haplotype at the first chromosomal region. The fetus can be determined to
have inherited the second haplotype at the first chromosomal region when the second fractional
contribution exceeds the reference value. If both the fractional contributions are determined to
exceed the reference value, the two fractional contributions can be compared to each other to
determine if one is significantly greater than the other (e.g., using a threshold). The haplotypes of
the other parent can be determined to identify whether one of these haplotypes is the same as the
haplotypes of the first parent, thereby explaining that both haplotypes of the first parent could have

been inherited.

C. Determination of Inherited Haplotype using Methylation Levels

[0206] Other embodiments can use the general hypomethylation of cell-free fetal DNA to
identify the inherited haplotype as the one with the lower overall methylation level. Embodiments
can start with deduced maternal or paternal haplotypes, and then measure the methylation levels of
plasma DNA molecules containing SNP alleles in each of those deduced haplotypes. In one
implementation of analyzing the maternal haplotypes, the methylation levels of the two deduced
maternal haplotypes can be compared, and the one with the lower methylation level would be
predicted to be the haplotype inherited by the fetus. In another implementation of analyzing the
paternal haplotypes, the methylation levels of the two deduced paternal haplotypes can be
compared, and the one with the lower methylation level would be predicted to be the haplotype

inherited by the fetus.
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1. Example

[0207] As an example, a methylation level of each of the two maternal haplotypes can be
determined. As the placental tissue is relatively hypomethylated compared with other tissues, i is
expected that the maternal haplotype inherited by the fetus would be more hypomethylated than
the one that is not inherited by the fetus. The methylation densities were tested in the maternal
plasma using the actual haplotypes of the mother, which were deduced using the maternal,

paternal, and fetal genotypes.

Hap 1| Hap I
Overall methylation densities | 65% | 87%

Table 9. Methylation densities for actual Hap 1 and Hap II.

[0208] Table 9 shows methylated densities of the two maternal haplotypes in the maternal
plasma. As Hap I was the actual haplotype inherited by the fetus by genotyping, the results of the

methylation analysis of the haplotype correctly identified the inheritance.

[0209] In other embodiments, the maternal haplotypes can be deduced based on the genotypes
of the mother alone, or reference haplotypes of the population from haplotype database can also be
used for this analysis. The maternal haplotypes used in this example were phased using the

IMPUTE2 program. Thus, deduced maternal haplotypes can also be used in this analysis.

Hap 1| Hap I
Overall methylation densities | 68% | 76%

Table 10. Methylation densities for deduced Hap I and Hap II.

[0210] Table 10 shows methylated densities of the two deduced maternal haplotypes in the
maternal plasma. The deduced maternal haplotype that was inherited by the fetus had lower
methylation densities. An example of a statistical procedure that one can use to determine whether
one haplotype has a sufficiently lower methylation density includes the chi-square test. A
separation between the two methylation levels can be required to be sufficiently large (e.g., greater
than a threshold) to make the determination. If the separation is not sufficient, then an
indeterminate classification can be made. In some embodiments, a determination of an inheritance
of both haplotypes can be determined if the separation is not sufficiently large and if both

methylation levels are below a threshold level, which may be characterized by inclusion of fetal
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DNA. For example, tables 9 and 10 indicate that a methylation density below 70% may indicate
that the fetus has inherited that haplotype. Both haplotypes may be inherited when the parents

share a haplotype for the region being analyzed.

[0211] In another embodiment, the overall methylation densities of the maternal plasma DNA
carrying the paternal Hap III and Hap IV can be compared. Similar to the maternal haplotype
analysis, the fetus would be deduced as having inherited the paternal haplotype that has lower

overall methylation densities.

2, Method using Methylation Levels

[0212] FIG. 14 is a flowchart illustrating a method 1400 of determining a portion of a fetal
genome from a maternal sample using methylation levels according to embodiments of the present
invention. The biological sample includes a mixture of cell-free DNA molecules from a plurality
of tissues types, including maternal tissue types and a fetal tissue type. The fetus has a father and a
mother being the pregnant female. The portion of the fetal genome can be an entire chromosome
copy or just part of the chromosome copy. The determined portions of the fetal genome can be

combined to provide the entire fetal genome, as with other methods described herein.

[0213] At block 1410, a plurality of cell-free DNA molecules from the biological sample are

analyzed. Block 1410 can be performed in a similar manner as block 1310 of method 1300 of FIG.
13.

[0214] At block 1420, a first haplotype and a second haplotype of a first chromosomal region
are determined of a first parental genome of a first parent of the fetus. Block 1420 can be
performed in a similar manner as block 1320 of FIG. 13. In some embodiments, genotypes of the
first parent’s genome can be determined at the plurality of heterozygous loci using a sample from
the first parent, e.g., a blood sample or other tissue that may or may not include fetal DNA. A
plurality of reference haplotypes can be obtained, e.g., from databases of reference genomes. The
first haplotype and the second haplotype can be deduced using the genotypes and the plurality of
reference haplotypes. For example, the alleles of each genotype can be compared against the
reference haplotypes, and any haplotypes that do not include the alleles at the corresponding locus
can be discarded. Once two reference haplotypes remain, those haplotypes can be identified as

being the first haplotype and the second haplotype.
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[0215] Atblock 1430, a plurality of heterozygous loci is identified from the first and second
haplotypes. Each heterozygous locus has a first allele in the first haplotype and a second allele in

the second haplotype.

[0216] Atblock 1440, a first set of the plurality of cell-free DNA molecules is identified. Block
1440 can be performed in a similar manner as block 1340 of FIG. 13.

[0217] Atblock 1450, a first mixture methylation level is measured using the first set of the
plurality of cell-free DNA molecules. For example, the first mixture methylation level may be a
methylation density for the cell-free DNA molecules of the first set. The methylation density can
be computed as a total methylation density for all of the cell-free DNA molecules of the first set.
In another example, separate methylation densities can be computed for each locus, and the
separate methylation densities can be combined to obtain the first mixture methylation level, e.g.,

an average of the separate methylation densities.

[0218] Atblock 1460, a second set of the plurality of cell-free DNA molecules is identified.
1460 can be performed in a similar manner as block 1370 of FIG. 13.

[0219] Atblock 1470, a second mixture methylation level is measured using the second set of
the plurality of cell-free DNA molecules. For example, the second mixture methylation level may

be a methylation density for the cell-free DNA molecules of the second set.

[0220] At block 1480, it is determined which of the first haplotype and the second haplotype is
inherited by the fetus based on which of the first mixture methylation level and the second mixture
methylation level is lower. As part of block 1480, a separation value can be determined between
the first mixture methylation level and the second mixture methylation level, and compared to a
threshold value. The threshold value can ensure that the lower level is sufficiently lower. The
threshold value can be determined using the chi-square test. For example, measurements can be
taken of samples where the inherited haplotype is known, and a distribution of the separation
values can be determined, and a threshold value can be selected that accurately determines the
inherited haplotype in the training data obtained from the samples. Methods 1300 and 1400 can
also be combined, with each being performed as a check, and the inherited haplotype determined

if both methods are consistent with each other.

56

Pg.890



10

15

20

25

WO 2017/012544 PCT/CN2016/090642

D. Selection of loci

[0221] Various embodiments can be used for the comparison of the methylation levels or the
fraction contributions of the two deduced maternal haplotypes in the maternal plasma. In one
embodiment, the number of SNP loci to be analyzed can be determined before the analysis. For
example, the number of SNF loci used in the haplotype deconvolution analysis can be determined
according to a nurmber of factors, for example, but not limited to the desired statistical power, the
mean difference in methylation levels in the placenta and blood celis in the region of interest, and

the nurmber of molecules being analyzed for each SNP.

[0222]  The size of the region of interest can be fixed, and all SNPs within the region of interest
can be used in the analysis. The size of the region of interest can be determined taking into
account a number of factors, for example, but not limited to the desired statistical power, the mean
difference in methylation level in the placenta and blood cells in the region of interest, the number
of molecules being analyzed for each SNP, and the chance of meiotic recombination with the

region of interest.

[0223] In other embodiments, the number of SNPs and the size of the region to be analyzed are
not determined before the analysis. For example, the number of SNPs can be sequentially
increased until the data are sufficient to arrive at a statistically significant conclusion concerning
which maternal haplotype is statistically significantly less methylated than the other one. For
instance, the SNPs on the region of interest can be arranged in an ascending order of their genomic
coordinates. Then statistical testing can be carried out with the data of the SNP with the lowest
number of genomic coordinate. If this is sufficient to make a conclusion regarding which
haplotype is less methylated statistically, then a conclusion is made. Similarly, the SNPs can be
arranged in a descending order, with a highest number of genomic coordinate that is sufficient

being used.

[0224] If the statistical accuracy is not sufficient, another statistical comparison can be
performed starting from the next SNP with a higher number of genomic coordinates. On the other
hand, if the data of the first SNP are not sufficient for one to conclude that one haplotype is less
methylated than the other one (or that the separation value between fractional contributions is not

sufficiently large), the data of another SNP can be added and another round of statistical testing is

57

Pg.891



10

15

20

25

WO 2017/012544 PCT/CN2016/090642

carried out. This procedure can be continued until the accumulated data are sufficient to make a
statistically significant conclusion. A number of statistical tests can be performed to compare the
methylation levels of the two haplotypes, for example, but not limited to Student’s t-test, Mann-
Whitney rank-sum test and Chi-square test. The level of statistical significance can be determined
based on the desired confidence of the conclusion, for example, but not limited to adopting a P-

value of 0.05, 0.01, 0.001, 0.0001, or 0.00001.

E. Combinations with RHDO

[0225] In some embodiments, results generated by the RHDO analysis of U.S. Patent 8,467,976
can be combined with present methylation embodiments to arrive at a more accurate procedure for
diagnosis or to reduce an amount of sequencing required. For example, fetal haplotypes can be
determined using present embodiments and using results of the RHDO analysis of U.S. Patent
8,467,976, and the determined fetal haplotypes from both of the techniques can be compared. For
example, the results from the two analyses would be accepted only if they are concordant. Further
analysis can be performed if the two analyses show different conclusions, e.g., measurements can

be repeated at higher depth of coverage on the genome.

[0226] For such a combined approach to be most cost-effective, it is preferred to have one type
of sequencing that can yield data for both methods. In one embodiment, this can be done by a
single molecule method that would generate sequencing as well as methylation information, e.g.
using the Single Molecule Real Time sequencing technology from Pacific Biosciences, or
nanopore sequencing (e.g. from Oxford Nanopore Technologies). These are two examples of
methylation-aware sequencing. In another embodiment, the RHDO analysis can be performed on
bisulfite sequencing results. For such an embodiment, any maternal and paternal genetic
information can be determined also using bisulfite sequencing. Bisulfite sequencing is thus
another example of methylation-aware sequencing. Furthermore, other methylation aware
sequencing technologies can be used, such as oxidative bisulfite sequencing (Booth et al. Science
2012; 336: 934-937) or Tet-assisted bisulfite sequencing (Yu et al. Cell 2012; 149: 1368-1380).
The latter examples would allow one to analyze the 5-methylcytosine distribution of the analyzed

DNA molecules.
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F. Uses of knowledge of fetal genome

[0227] The noninvasive prenatal analysis of the fetal genome can be used to determine if a fetus
has inherited a disease from the parents. This is particularly useful for the detection of monogenic
diseases, for example congenital adrenal hyperplasia (New et al. J Clin Endocrinol Metab
2014;99:E1022-30), beta-thalassemia (Lam et al. Clin Chem. 2012;58:1467-75) and hereditary
muscular dystrophies (Genet Med 2015;17:889-96). If a monogenic disease is detected, various
treatments can be performed, e.g., the pregnancy can be terminated, treatment provided before
pregnancy, or after birth. For example, steroid treatment can be given prenatally to a pregnant
woman confirmed of having a fetus atfected by congenital adrenal hyperplasia to avoid abnormal

sexual development.

VI. HAPLOTYPE DECONVOLUTION ANALYSIS FOR ANEUPLOIDY DETECTION

[0228] The haplotype deconvolution can also be used to detect a sequence imbalance of a
chromosomal region of a fetus, such as aneuploidies, microdeletions, or microamplifications (e.g.,
microduplications). For example, a fractional contribution of a haplotype in one region can be

compared to a fractional contribution of another haplotype in another region.

A. Mother

[0229] FIG. 15 shows a chromosomal aneuploidy detection based on haplotype deconvolution
for maternal haplotypes according to embodiments of the present invention. In this illustration, the
mother has two maternal haplotypes, namely Hap I and Hap II. For illustration purposes, we
assume that 80% of her plasma DNA was derived from her own cells and 20% was derived from
the placenta, which are example percentages in commonly measured ranges. This method can be
generally applied for pregnancies with different fetal DNA percentages. Knowledge of the fetal
DNA percentage is not required, but is simply provided for illustration, although a measurement
of the fetal DNA percentage may be performed in various ways, e.g., using fetal-specific alleles or

fetal-specific methylation markers.

[0230] The fetus has inherited Hap 1 and another haplotype from the father, namely Hap 111. The
placentally-derived DNA would exhibit the fetal genotypes, and a sequence imbalance can be

detected by analyzing the fractional contribution resulting from the placentally-derived DNA.
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[0231] As illustrated above, the fetal inheritance of the maternal haplotype can be determined
through the deconvolution of the two maternal haplotypes. Analysis for the placental contribution
to the maternal DNA can be performed for each of the two maternal haplotypes. The maternal
haplotype inherited by the fetus (Hap I in this example) would have a much higher placental
contribution compared with the maternal haplotype that is not inherited by the fetus (Hap II). The
placental contribution for Hap I would be positively correlated with the fetal DNA fraction in the

maternal plasma.

[0232] After determining which maternal haplotype has been inherited by the fetus, the dosage
of the chromosome the fetus has inherited from the mother can be further determined through
maternal haplotype deconvolution. In this illustration, two chromosomal regions are analyzed
using maternal haplotype deconvolution. In one embodiment, the reference chromosome (RefChr)
is a chromosome or a chromosomal region which is unlikely to be affected by a chromosomal
aneuploidy. The reference chromosomal region is shown on the left side of FIG. 15. The target
chromosome (TargetChr) is a chromosome or a chromosomal region which is potentially affected
by a chromosomal aneuploidy. The target chromosomal region is shown on the right side of FIG.
15. The two regions can be for different regions of a same chromosome or for regions of two

different chromosomes.

[0233] In the example shown, the fetus has been deduced to have inherited Hap I from the
mother for both the reference chromosome and target chromosome through the methylation
deconvolution of the Hap I and the Hap II at each region. Then, the placental contribution to
maternal plasma DNA for Hap I can be compared between the reference chromosome and the
target chromosome. If the placental contribution of Hap I for the target chromosomal region is
significantly different than the placental contribution of Hap I for the reference chromosomal
region {(e.g., higher for amplification or lower for deletion), then a sequence imbalance can be

identified.

[0234] For illustration purpose, we use the detection of trisomy as an example. However, other
types of chromosome aneuploidies, including monosomy, amplification of a subchromosomal
region or deletion of a subchromosomal region can also be detected using this method. For
trisomy, the extra copy of the affected chromosome can be inherited from the father (denoted as

Trisomy (F)) or the mother (denoted as Trisomy (M)). In over 90% of trisomy 21 cases, the extra
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copy of chromosome 21 is derived from the mother (Driscoll et al. N Engl ] Med 2009;360: 2556—
2562). In the scenario of Trisomy (M), the placental contribution of Hap I for the target
chromosome would be higher than that for the reference chromosome. In FIG. 15, Trisomy (M) is
shown with two instances of Hap I, which would provide a higher placental contribution for the

target region than the one instance of Hap I for the reference region.

[0235] Whether the placental contribution of Hap I for the target chromosome is higher than that
for the reference chromosome can be determined by comparing a separation value between the
two placental contributions and a threshold, which may be based on a separate measurement of the
fetal DNA percentage. A higher fetal DNA percentage would result in a higher expected
separation value between the two placental contributions, and thus the threshold can be set higher.
For example, with the fetal DNA percentage being 20%, the placental contribution of Hap I for the
reference region would be about 20% and the placental contribution of Hap I for the target region

would be about 36.4%.

[0236] For instance, assume that 10 DNA molecules exist at the reference chromosome, then
two of them are fetal and eight of them are maternal. For the two fetal DNA molecules, one is
derived from Hap I and one is derived from Hap I1I. For the eight maternal DNA molecules, four
are Hap I and four are Hap II. For the target region, there would be an extra DNA molecule of
Hap I from the fetus. Thus there would be two fetal Hap I DNA molecules and 4 maternal Hap 1
DNA molecules total, providing 2/6=33.3%. The threshold value for the difference (e.g., 13.3%)
can be placed between 0 and 13.3% to provide optimal specificity and sensitivity. A distribution of
separation values can be determined from a reference group of samples. In the scenario of Euploid,
the placental contributions would be approximately equal, e.g., the separation value would be less
than the threshold. One skilled in the art will know how to select a suitable threshold based on the

description herein and in U.S. Patent 8,467,976, and other references cited herein.

[0237] In one embodiment, the ratio (or other separation value) of placental contribution of Hap
I between the target and reference chromosomes for a group of pregnant women, each known to
be carrying a euploid fetus can be used as a reference interval. The ratio in the tested case can be
compared with this reference group to determine if a significant elevation of placental contribution
of Hap I is present for the target region relative to the reference region. In the example of 20%

fetal DNA, the ratio would be 33.3/20 = 1.67. The ratio can be generalized to 2/(1+f), where f
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represents the fetal DNA fraction. In another embodiment, the difference in the placental
contribution of Hap I between the target and the reference chromosomes can be determined. This

difference is then compared with a reference group.

B. Father

[0238] In another embodiment, haplotype deconvolution of the paternal haplotypes (Hap 11 and
Hap IV) can be performed in the maternal plasma. The analysis of the paternal haplotypes can be

performed in a similar manner as for the maternal haplotypes.

[0239] FIG. 16 shows a chromosomal aneuploidy detection based on haplotype deconvolution
for paternal haplotypes according to embodiments of the present invention. In this illustration, the
father has two paternal haplotypes, namely Hap IIT and Hap IV. As in FIG. 15, the fetus has
inherited Hap I from the mother and Hap I1I from the father.

[0240] In the scenario where the extra copy of chromosome is derived from the father (Trisomy
(F)), the placental contribution of Hap III would be higher for the target chromosome than for the
reference chromosome. This is shown for the Trisomy (F) example, where two copies of Hap 111
are shown. As described above for the maternal haplotypes, a separation value between the
placental contributions of Hap III for the target and reference regions can be compared to a
threshold to determine whether an extra copy of Hap III exists for the target region. In various
embodiments, a ratio or difference of the two placental contributions of the tested case can be
compared with a reference group of pregnant women, each known to be carrying a euploid fetus
so as to determine if the fetus has a chromosomal trisomy for the target chromosome, or
amplification or deletion of a target chromosomal region. The threshold can be based on the
separation values for the reference group of euploid fetuses, a reference group of aneuploidy
fetuses, or both. A separate measure of fetal DNA percentage can also be used, as is described

herein.

C. Method of detecting a sequence imbalance

[0241] FIG. 17 is a flowchart of a method 1700 for detecting a sequence imbalance in a portion
of a fetal genome of an unborn fetus of a pregnant female using a biological sample from the

pregnant female according to embodiments of the present invention.
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[0242] At Dblock 1710, a plurality of cell-free DNA molecules from the biological sample are
analyzed. Block 1710 can be performed in a similar manner as block 1310 of method 1300 of FIG.
13.

[0243] At block 1720, a first target haplotype of a target chromosomal region of a first parental
genome of a first parent of the fetus is determined, and a first reference haplotype of a reference
chromosomal region of the first parental genome is determined. Block 1720 can be performed in a
similar manner as block 1320 of FIG. 13. The target chromosomal region and the reference
chromosomal region can be an entire chromosome or just part of a chromosome. Thus, the target
chromosomal region can be a first chromosome and the reference chromosomal region can be a
second chromosome different from the first chromosome. The first parent can be the mother or the

father of the fetus.

[0244] The target chromosomal region can be selected based on various criteria. For example, a
plurality of target regions can be selected, as may occur to test many non-overlapping regions of a
specified size, such as 1 Mb, 5 Mb, 10 Mb, 20 Mb, 50 Mb, etc. As another example, the target
chromosomal region can be selected based on a copy number analysis that identifies the region as
having more DNA molecules than expected, e.g., as described in U.S. Patent Publications

2009/0029377 and 2011/0276277.

[0245] In some embodiments, it can be determined that the fetus has inherited the first target
haplotype from the first parent and that the fetus has inherited the first reference haplotype from
the first parent. The determination can include embodiments of FIG. 13 or FIG. 14. For example,
determining that the fetus has inherited the first target haplotype from the first parent can include
determining a second target fractional contribution of the fetal tissue type in the mixture
corresponding to the second target haplotype, computing a second separation value between the
first target fractional contribution and the second target fractional contribution, and determining
that the fetus has inherited the first target haplotype from the first parent based on the second

separation value.

[0246] Atblock 1730, a plurality of target heterozygous loci are identified of the target
chromosomal region of the first parental genome. Each target heterozygous locus includes a
corresponding first target allele in the first target haplotype and a corresponding second target

allele in a second target haplotype of the first chromosomal region of the first parental genome.
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Referring back to the example of FIG. 135, the target heterozygous loci have corresponding first
target alleles of {G,T,A} on Hap I and have corresponding second target alleles of {A,G,C} on
Hap II.

[0247] At block 1740, a target set of the plurality of cell-free DNA molecules is identified.
Each cell-free DNA molecule of the target set is located at any one of the target heterozygous loci,
includes a corresponding first target allele, and includes at least one of N genomic sites in the
target chromosomal region. Block 1740 can be performed in a similar manner as described herein.
For example, sequence reads can be mapped to a reference genome, where the target set of

plurality of cell-free DNA molecules aligns to any one of the target heterozygous loci.

[0248] At block 1750, N first mixture methylation levels are measured at the N genomic sites
using the target set of the plurality of cell-free DNA molecules. Block 1750 can be performed in a
similar manner as block 1350 of FIG. 13.

[0249] At block 1760, a first fractional contribution of the fetal tissue type in the mixture is
determined using the N first methylation levels. Block 1760 can be performed in a similar manner

as block 1360 of FIG. 13.

[0250] At block 1770, a plurality of reference heterozygous loci are identified for the reference
chromosomal region of the first parental genome. Each reference heterozygous locus includes a
corresponding first reference allele in the first reference haplotype and a corresponding second
reference allele in a second reference haplotype of the reference chromosomal region of the first
parental genome. Referring back to the example of FIG. 15, the reference heterozygous loci have
corresponding first target alleles of { A,T,C} on Hap I and have corresponding second target

alleles of {T,C,A} on Hap II.

[0251] At block 1775, a reference set of the plurality of cell-free DNA molecules is identified.
Each cell-free DNA molecule of the reference set is located at any one of the reference
heterozygous loci, includes a corresponding first reference allele, and includes at least one of K

genomic sites in the reference chromosomal region.

[0252] Atblock 1780, K reference mixture methylation levels are measured at the K genomic

sites using the reference set of the plurality of cell-free DNA molecules.

64

Pg.898



10

15

20

25

WO 2017/012544 PCT/CN2016/090642

[0253] Atblock 17835, a first reference fractional contribution of the fetal tissue type is

determined in the mixture using the K reference methylation levels.

[0254] At block 1790, a first separation value is computed between the first target fractional

contribution and the first reference fractional contribution.

[0255] At block 1795, the first separation value is compared to a threshold value to determine a
classification of whether the fetus has a sequence imbalance for the target chromosomal region. If
the first separation value exceeds the threshold value then a sequence imbalance can be identified.
The threshold value can be determined as described above, e.g., based on separation values seen in
a reference group of samples not having a sequence imbalance and/or a reference group of
samples having the sequence imbalance. As examples, the classification can be positive, negative,

or indeterminate for the sequence imbalance being tested.

[0256] Different threshold values can be used, depending on the type of sequence imbalance.
For example, if the sequence imbalance is a deletion, then the first separation value would be
expected to be a negative value. In such a case, the threshold value can be a negative number, and
the comparison can determine that the first threshold value exceeds the threshold value by being a
larger negative number. If the sequence imbalance being tested is an amplification, then it can be
tested whether the separation value is greater than the threshold value. Thus, the threshold value

used can be dependent on the type of sequence imbalance being tested.

VII. DECONVOLUTION OF SIGNATURES TO IDENTIFY DISEASED TISSUE

[0257] If a genomic signature (e.g., a particular SNP allele) is known, embodiments can
determine which tissue is the origin of such signatures. As the cell-free DNA molecules exhibiting
the signatures are from the tissue of origin, the tissue of origin can be identified from the fractional
contributions determined using cell-free DNA molecules exhibiting the signatures. Thus, cell-free
DNA molecules with a signature of a transplanted organ (e.g., a signature of a haplotype of the
transplanted organ) can be used to monitor changes in amounts of cell-free DNA molecules from
the transplanted organ with high sensitivity, e.g., given that a high fractional contribution of the
DNA in the mixture would be from the transplanted organ. Examples are provided for transplants
to show that the technique is accurate. In another example, a signature of a tumor can be used to

identify tissues within which the tumor resides.
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A. Organ Transplantation

[0258] As an example for organ transplantation, we analyzed the plasma of a patient who had
received liver transplantation and a patient who had received bone marrow transplantation. For
each case, the donor-specific SNP alleles were identified through the genotyping of the tissues
from the patients and the donors. For the liver transplant recipient, a biopsy of the donor liver and
the blood cells of the recipient were sequenced. For the bone marrow transplant case, the buccal
swab (recipient genotype) and the blood cells (donor genotype) were sequenced. The plasma DNA
samples were sequenced after bisulfite conversion. Sequenced DNA fragments carrying a donor-
specific SNP allele and at least one CpG site were used for downstream methylation
deconvolution analysis. A total of 72 million and 121 million reads were sequenced for the
patients who had received liver and bone marrow transplantation, respectively. For the two cases,

38 and 5355 fragments were used for deconvolution analysis, respectively.

Tissue type Liver Bone
transplant marrow
recipient transplant
recipient
Liver 454 4.4
Lung 0.0 1.5
Colon 29.3 6.3
Small 0.0 1.8
intestines
Pancreas 0.0 0.0
Adrenal 0.0 00
glands
Esophagus 0.0 0.0
Adipose 0.0 14.8
tissues
Heart 0.0 0.0
Brain 14.5 9.6
T-cells 0.0 12.3
B-cells 5.9 16.6
Neutrophils 4.9 32.8

Table 6. Fractional contributions for different organs to plasma DNA fragments carrying donor-

specific alleles in the two transplant recipients.

[0259] Table 6 shows methylation deconvolution analysis on plasma DNA fragments carrying

donor-specific alleles in a liver transplant recipient and a bone marrow transplant recipient. The
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numbers represent the percentage contribution of different tissues to the donor-specific plasma
DNA fragments. For the liver transplant case, the liver was shown to be the most important
contributor to these DNA fragments. For the bone marrow transplant case, the hematopoietic
system (including the T-cells, B-cells and neutrophils) was the major contribution of the donor-
specific DNA fragments. These results indicate that methylation deconvolution can accurately
indicate the tissue origin of DNA fragments having single nucleotide alterations. A small amount
of sequenced fragments were attributed to other tissues probably because of measurement
imprecision as relatively small number of donor-specific fragments were used for the

deconvolution analysis.

[0260] The fractional contributions for tissue associated with the transplanted organ can be
determined in the above manner and monitored. With the baseline fractional contribution (an
example of a reference fractional contribution) relatively high as a result of using only cell-free
DNA molecules exhibiting the donor signature, small changes in total amount of donor DNA in
plasma can be detected. Accordingly, methylation deconvolution analysis can be applied for the

monitoring of organ transplantation.

[0261] As can be seen above for the liver transplant, methylation deconvolution is not
absolutely specific. In this analysis, plasma DNA fragments carrying the donor-specific alleles
were used for methylation deconvolution analysis. These fragments are specific for the donor and
should be derived only from the liver in this liver transplant recipient. Therefore, the theoretical
contribution of the liver should be 100%. Another possibility is that certain cell types are present
in different types of tissues making the liver methylation profile overlapping with other tissues.
For example, the connective tissue cells in the liver may also be present in other organs. But,
relative percentages from other patients or other samples (e.g., at other times) of the instant patient

can identify whether more cell-free DNA molecules are being released.

[0262] In various embodiments, the donor signature can correspond to a particular haplotype of
the donor genome or both haplotypes in a chromosomal region. Methylation deconvolution can be
performed using cell-free DNA molecules located on the particular donor haplotypes, and
increases in the fractional contribution of the particular haplotype can be monitored. If a
significant increase occurs (e.g., as measured by a percentage or absolute threshold), then a

rejection of the transplanted organ can be identified.
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[0263] FIG. 18 shows an illustration of haplotype deconvolution for organ transplant monitoring
according to embodiments of the present invention. The donor has haplotypes labeled Hap I and
Hap 11, and the recipient has haplotypes labeled Hap III and Hap IV. The donor has a signature at
locus 1 and locus 3, as the alleles are not found on the recipient haplotypes. Locus 2 and locus 4
do not have a donor signature. Thus, embodiments may use DNA molecules that are located at

locus 1 and locus 3 as part of a deconvolution process.

[0264] The plasma DNA deconvolution can be used to determine whether the determined
fractional contribution from the transplanted organ is at a baseline or increased relative to the
baseline. In some embodiments, the fractional contributions can be determined for each of Hap 1
and Hap 11 separately, if different signatures exist; such different signatures can exist at different
loci. In other embodiments, a single fractional contribution can be determined for both haplotypes,
e.g., when they share a signature. In the example shown in FIG. 18, Hap I and Hap II do share a

signature at locus 1 and locus 3.

[0265] Accordingly, the contribution of the transplanted organ can be determined using
haplotype deconvolution. The increase in the contribution of the haplotype to the transplanted
organ would be useful to indicate the increased contribution of the organ to the plasma DNA. In
various embodiments, the baseline level can be determined from a cohort of transplant recipients
not having rejection or from a cohort of transplant recipients having rejection. When using
recipients having rejection, the baseline level can be determined as below those from a cohort of

transplant recipients having rejection.

[0266] As mentioned above, the donor may have two identical haplotypes or the recipient can
also have two identical haplotypes. Furthermore, the donor and recipient may share a haplotype.
As long as the donor or the recipient has a unique haplotype, a change in a percentage of cell-free
DNA molecules from the donor tissue can be determined. In the former, a rejection will be
detected when one sees an increase in the contribution of the donor-unique haplotype in plasma
(or other sample). In the latter, a rejection will be detected when one sees a decrease in the

contribution of the recipient-unique haplotype in plasma.

[0267] Accordingly, some embodiments can use a first haplotype that is present in normal cells
of the organism and not being present in abnormal cells that may be in the mixture. This would

correspond to the latter example above, when the recipient has a unique haplotype. Another
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example is when a patient has a unique haplotype in healthy cells compared to a tumor (e.g.,
previously found in the organism). In this embodiment, the first tissue type can be determined to

have the disease state when the first separation value is less than the threshold value.

[0268] In some embodiments, if the transplanted organ is detected as being rejected, treatment
can be provided. For example, a change is dosage of anti-rejection medication can be provided. As
another example, a new organ can be obtained, and surgery can be performed to remove the old

transplanted organ and put in the new transplanted organ.

B. Hepatocellular carcinoma (HCC)

[0269] As an example for determining a tissue of origin for a cancer signature or aberration (or
monitoring for a tumor that was known to exist or have existed), we analyzed the plasma of an
HCC patient. The tumor and the blood cells of the patients were sequenced to identify the cancer-
specific single nucleotide mutations. Sequenced DNA fragments carrying a cancer-specific
mutation and at least one CpG site were used for downstream methylation deconvolution analysis.
A total of 11,968 fragments were used for deconvolution analysis. In addition to the methylation
profiles from the normal tissue organs, we have also included the methylation profile of HCC

tissues as candidate tissue of origin.

[0270] In another embodiment, more types of tumor tissues can be considered as candidate
tissues for the mutations. In one embodiment, the methylation profiles of the common cancers, for
example but not limited to colorectal cancer, lung cancer, breast cancer, pancreatic cancer,
prostate cancer, bladder cancer, cervical cancer and ovarian cancer can be included as candidate
tissues. In yet another embodiment, only the most possible cancers specific to the patient can be
included in the analysis. For example, in female patients, the breast cancer, ovarian cancer,
colorectal cancer and cervical cancer are considered. In yet another embodiment, the ethnic origin

and the age are considered in the selection of the candidate tissues.

[0271] Table 7 shows methylation deconvolution of the plasma DNA fragments carrying
cancer-associated mutations. The deconvolution analysis accurately determined that the DNA
fragments carrying cancer-associated mutations are predominantly derived from the liver cancer

tissues.

| Tissue | Contribution (%) |
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Liver 0.0
Lung 0.0
Colon 0.0
Small intestines 0.0
Pancreas 0.0
Adrenal glands 0.0
Esophagus 0.0
Adipose tissues 0.0
Heart 0.0
Brain 0.0
T-cells 0.0
B-cells 0.0
Neutrophil 4.6
Liver cancer 054
Placenta 0.0

Table 7. Fractional contributions for HCC patient using cancer mutation.

[0272] In some embodiments, the tumor can initially be identified by detecting a copy number
aberration, e.g., as described in U.S. Patent Nos. 8,741,811 and 9,121,069. The particular tissue of
origin can be determined, e.g., as described in U.S. Patent Application 14/994,053 based on
patterns of copy number aberrations previously identified in various tumors. Once the tumor has
been identified, treatment can be performed, e.g., by surgery, radiotherapy, or chemotherapy.
Either way, a biopsy can be obtained after the tissue of origin is determined. A cancer-specific
point mutation can be determined from the biopsy or from DNA fragments in plasma (e.g., as
described in U.S. patent Publication 2014/0100121, or other mixtures that are associated with the

copy number aberration.

[0273] After treatment, a key change would be the disappearance of the genomic aberrations,
including the copy number aberration and point mutation. When these aberrations are gone, the
analysis of the genomic signature of the point mutation in the affected regions would give a
change in the tissue contribution via the methylation deconvolution analysis. If the tumor comes
back in the future, the cancer-associated changes in tissue composition (as determined using
methylation deconvolution analysis) would be seen again. For example, the fractional contribution
can be compared to a reference fractional contribution, and if a change is detected, then new

courses of treatment can be provided.
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[0274] In various embodiments, the cancer-specific mutation can be on only one haplotype or
on both haplotypes, e.g., in a manner similar to the donor example above. Thus, as with the donor,
the fractional contributions can be determined for each of Hap I and Hap 1I separately, if different
signatures exist; such different signatures can exist at different loci. In other embodiments, a single

fractional contribution can be determined for both haplotypes, e.g., when they share a signature.

C. Imprinting

[0275] In another embodiment, the haplotype deconvolution analysis can be applied for the
analysis of the genomic regions showing tissue-specific imprinting. It has been shown that the
differential methylation of the paternally and maternally inherited alleles in different tissue organs
is a common phenomenon (Baran et al. Genome Res 2015;25:927-36). Haplotype deconvolution
would be useful for the monitoring of the contribution of the organ exhibiting tissue-specific
imprinting. For example, when the paternally and maternally inherited haplotypes have different
methylation status in the liver but not in other tissues, methylation deconvolution can be
performed on both the paternally and maternally inherited haplotypes. In one embodiment, both

the paternal and maternal methylation patterns can be included as candidate tissues in the analysis.

D. Method using Genomic Signature

[0276] FIG. 19 is a flowchart illustrating a method 1900 of analyzing a biological sample of an
organism to detect whether a first tissue type has a disease state associated with a first haplotype
according to embodiments of the present invention. The biological sample includes a mixture of
cell-free DNA molecules from a plurality of tissues types, including a first tissue type. Method

1900 is performed at least partially using a computer system.

[0277] At Dblock 1910, a plurality of cell-free DNA molecules from the biological sample are
analyzed. Block 1910 can be performed using techniques described in block 140 of method 100 of
FIG. 1. For example, at least 1,000 cell-free DNA molecules can be analyzed to determine where
the cell-free DNA molecules are located, and methylation levels can be measured as described
below. Further, the cell-free DNA molecules are analyzed to determine a respective allele of the
cell-free DNA molecule. For example, an allele of a DNA molecule can be determined from a

sequence read or from a particular probe that hybridizes to the DNA molecule.
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[0278] At block 1920, one or more loci are identified. Each locus has a first allele on a first
haplotype of a first chromosomal region. The first haplotype has a property of either: (1) not being
present in healthy cells of the organism, but instead may be from a tumor or transplanted tissue, as
examples; or (2) being present in normal cells of the organism and not being present in abnormal
cells that may be in the mixture. Thus, the first haplotype has a genomic signature. In this manner,
there is a difference between the healthy (normal) cells and the abnormal cells, thereby allowing
embodiments to track a fractional contribution of one or the other, or both, so as to track an extent
(e.g., fractional contribution) of the abnormal cells. With property (1), the first haplotype is
associated with a disease state, e.g., cancer or a rejection of transplanted tissue. Thus, a particular

cancer can have the first haplotype in a cancer genome of the particular cancer.

[0279] The one or more first alleles may be identified at the one or more loci on the first
haplotype by obtaining a tissue sample (e.g., of the tumor or transplanted tissue) and analyzing
DNA molecules of the tissue sample to determine the first haplotype. Such a tissue sample may be
obtained from a biopsy, and method 1900 can be used to test if the cancer has metastasized to
other tissues, or has recurred after surgery. Each one of the loci may be a heterozygous locus or a
homozygous locus in the abnormal cells. For example, in FIG. 18, locus 1 and locus 3 are
homozygous in the donor organ. But, ultimately, more than one allele would be observed in the
plasma for all the loci, as each locus would have a signature for healthy cells or for abnormal cells.
Thus, two haplotypes would exist across the tissue types, but a single tissue type might have only

one haplotype in a region being analyzed.

[0280] At block 1930, a first set of the plurality of cell-free DNA molecules is identified. Each
of the plurality of cell-free DNA molecules is located at any one of the loci from block 1920 and
includes a corresponding first allele at the one locus, so that the cell-free DNA molecule can be
identified as corresponding to the first haplotype. Each of the first set of cell-free DNA molecules
also includes at least one of N genomic sites, where the genomic sites are used to measure the
methylation levels. N is an integer, e.g., greater than or equal to 2, 3, 4, 5, 10, 20, 50, 100, 200,
500, 1,000, 2,000, or 5,000.

[0281] At block 1940, N first mixture methylation levels are measured at the N genomic sites
using the first set of the plurality of cell-free DNA molecules. One first mixture methylation level

can be measured for each of the N genomic sites. Block 1940 can be performed in a similar
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manner as block 150 of method 100 of FIG. 1. In some embodiments, the measurement of the
methylation level of a DNA molecule can use methylation-aware sequencing results, which may

also be used to determine the location and respective allele of the DNA molecule.

[0282] At block 1950, a first fractional contribution of the first tissue type in the mixture is
determined using the N first methylation levels. In some embodiments, block 1950 can be
performed via blocks 160 and 170 of method 100 of FIG. 1. Thus, a fractional contribution can be
determined simultaneously for a panel of M tissue types. Block 1950 may use N issue-specific
methylation levels at N genomic sites, determined for each of M tissue types, e.g., as in block 120

of method 100 of FIG. 1.

[0283] Atblock 1960, a separation value between the first fractional contribution and a
reference fractional contribution is computed. Examples of separation values are described herein.
The reference fractional contribution can be determined using samples from organisms that are
healthy for the first tissue type. For a transplant example, the reference fractional contribution can
be determined from one or more measurements of biological samples of organisms whose

transplanted first tissue is not being rejected.

[0284] Atblock 1970, the separation value can be compared to a threshold value to determine a
classification of whether the first tissue type has a disease state. For example, if the first haplotype
is associated with cancer, then an appreciable first fractional contribution indicates that the first
tissue type has cancer, as can be measured by the separation value exceeding the threshold value
(e.g., when the reference fractional contribution is zero). The amount that the first fractional
contribution exceeds the threshold value can indicate a certain level of cancer. As another example,
the first haplotype can be specific to transplanted tissue, and a high contribution relative to the

reference can indicate the organism is rejecting the transplanted tissue.

[0285] In an embodiment where the first haplotype is present in normal cells of the organism

and not present in abnormal cells that may be in the mixture, the first tissue type can be

determined to have the disease state when the first separation value is less than the threshold value.
An example of a disease state is preeclampsia which can be associated with a spectrum of
pathologic changes in a fetal tissue such as the placenta. As an example, in such a situation, if the
first haplotype is specific to the fetus, e.g. paternally inherited haplotype, it may be increased in

the maternal plasma in a pregnancy complicated with preeclampsia.
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[0286] In some embodiments, a second haplotype for the diseased tissue, e.g., the transplanted
tissue or a tumor may also be used. Thus, a second fractional contribution can be computed and
compared to the reference fractional contribution. Accordingly, a second set of the plurality of
cell-free DNA molecules can each be located at any one of the one or more loci, include a
corresponding second allele on a second haplotype of the first chromosomal region, and include at
least one of the N genomic sites. The second haplotype would have the same property of being

only from healthy cells or abnormal cells.

[0287] A plurality of tissue types can be tested (e.g., using method 100 of FIG. 1), so as to
determine a tissue of origin of the first haplotype, e.g., when it is associated with cancer.
Accordingly, fractional contributions of other tissue types in the mixture can be determined using
the N first methylation levels, and corresponding separation values between the corresponding
fractional contributions and respective reference fractional contribution can be compared to the
threshold value to determine a classification of whether each of the other tissue types has the

particular cancer. Different tissue could have different reference fractional contributions.

VIII. IDENTIFYING TISSUE OF ORIGIN OF CNA OF CANCER

[0288] In some embodiments, an origin of a tumor may not be known. Thus, it can be difficult
to identify point mutations in a tumor, as may be used for method 1900 of FIG. 19 or other
methods described herein. Additionally, a tumor may not have a significant number of point
mutations, but may have chromosomal regions exhibiting amplifications and deletions (examples

of copy number aberrations).

[0289] To address this problem, embodiments can use a copy number analysis to identify
regions that exhibit a copy number aberration (CNA). Typically, a CNA occurs on only one
haplotype of a region. As only one haplotype has an amplification or a deletion, there will be a
relatively large difference between the fractional contributions of the tissue type within which the

tumor resides.

[0290] The CNA analysis may be performed in a variety of ways, e.g., as described in U.S.
Patent Nos. 8,741,811 and 9,121,069. For example, the human genome (or genome for other type
of organism) can be partitioned into approximately 3,000 non-overlapping 1-Mb bins. The number

of reads mapping to each 1-Mb bin can be determined. After correcting for GC bias (Chen EZ, et
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al. (2011) PLoS One 6(7).€21791), the sequence read density of each bin can be calculated. For
each bin, the sequence read density of the test case can be compared to the values of the reference
control subjects. Copy number gains and losses may be defined as 3 standard deviations above and
below, respectively, the mean of the controls. Accordingly, identifying a first chromosomal region
as exhibiting a copy number aberration can be based on a first amount of cell-free DNA molecules

that are located in the first chromosomal region.

[0291] To determine the tissue origin of copy number aberrations in plasma, plasma DNA tissue
mapping can be performed using the methylation markers located within the genomic regions
exhibiting such aberrations in plasma. In the examples below for the cancer patients, mapping of
plasma DNA copy number aberrations was performed only in cases with aberrations affecting a
contiguous chromosome region of at least 30 Mb so that a sufficient number of methylation

markers could be used for mapping.

A. ldentifying regions with copy number aberration (CNA)

[0292] A 62-year-old male patient with HCC was recruited from the Department of Surgery,
Prince of Wales Hospital, Hong Kong with informed consent. Ten milliliters of venous blood were
collected in EDTA tubes at diagnosis and 3 months after the resection of the tumor. The blood
samples were centrifuged at 3000 g for 10 minutes to separate the blood cells from the plasma.

The plasma was recentrifuged at 30000 g for 10 minutes to remove the remaining cells.

[0293] DNA extracted from the blood cells was used for phasing the SNPs to construct the
haplotypes of the patient using the 10x genomics platform following the manufacturer’s
instruction. High molecular weight DNA was extracted from blood or tissue samples using
MagAttract HMW DNA kit (QIlagen, Germany). The quality of DNA was verified by Genomic
DNA Analysis ScreenTape on a 4200 TapeStation system (Agilent, Germany). DNA was
quantified by dsDNA HS Assay kit on a Qubit 3.0 fluorometer (Thermo Fisher Scientific,
Waltham, MA). Sample indexing and library preparation were performed using the GemCode
system and its associated reagents (10X Genomics, Pleasanton, CA) (Zheng et al. Nat Biotechnol.
2016 Mar;34:303-11). In brief, Ing of DNA was inputted for GEM reactions in which individual
DNA molecules were partitioned to introduce specific barcodes and extend the DNA. After GEM

reactions, sequencing libraries were prepared according to the manufacturer’s recommendations.
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The libraries were quantified by qPCR using KAPA Library Quantification Kit (KAPA
Biosystems, Wilmington, MA). The normalized libraries were sequenced on a HiSeq 2500
sequencer (Illumina, San Diego, CA), with paired-end sequencing of 98-bp, 14-bp 15 and 8-bp 17
index reads. Sequencing results were analyzed using Long Ranger software suite (10X Genomics)

so that all heterozygous SNPs were phased and the two haplotypes of the patient was determined.

[0294] The plasma samples were sequenced using the Illumina to a depth of 17x. Copy number
aberrations were detected in the plasma of the HCC patient according to the method as previously

described (Chan et al. Clin Chem. 2013;59:211-24).

[0295] FIG. 20 shows a plot of copy number aberrations detected in the plasma of an HCC
patient according to embodiments of the present invention. The inner circle represents the result of
the plasma sample collected at diagnosis (pre-operation) and the outer circle represents the result
of the plasma sample collected at 3 months after the resection of the tumor (post-operation). Each
dot represents a 1-Mb region. The green, red, and grey dots represent regions with copy number
gain, copy number loss and no copy number change, respectively. Copy number aberrations were
detected in the plasma sample at diagnosis and these changes disappeared after the tumor was

removed.

[0296] In FIG. 20, two regions are highlighted for having a CNA. Region 2010 has a copy
number gain, and region 2020 has a copy number loss. The haplotypes of these regions can be
determined using any tissue sample of the subject, and not just a tumor sample. The difference in
copy number is what is driving the difference in the fractional contributions, and that difference

should be greatest in the tissue type with the tumor.

B. Determining the tissue origin of the copy number aberrations

[0297] We performed methylation deconvolution analysis for the two haplotypes independently.
For illustration purposes, the two haplotypes are named Hap I and Hap II. The plasma DNA
molecules covering heterozygous SNPs and at least one CpG site were used for this analysis.
Plasma DNA molecules carrying the SNP alleles on Hap I were analyzed independently from
those carrying alleles on Hap II. The methylation status of the CpG sites were used for
methylation deconvolution for molecules mapped to Hap I and Hap 1I independently. As a result,

the tissue contribution to Hap I and Hap II in plasma DNA could be determined.
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[0298] First we focused on the regions with amplification. For illustration purposes, we

analyzed the amplified region on chromosome 1q as an example.

At diagnosis | After tumor resection
Hapl 34,119 11,131
Hap II 26,582 11,176

[0299] Table 11 shows the number of sequence reads from the two haplotypes. At diagnosis, the
number of reads mapped to Hap 1 was increased compared with the number of reads mapped to
Hap I1. This indicated that Hap I is amplified relative to Hap II. This observation is compatible
with the fact that a particular chromosome is duplicated in cancer rather than both homologous
chromosomes being amplified to the same extent, which was in line with the fact that the copy
number aberrations occurs preferentially on one haplotype (Adey A. et al, Nature. 2013;500:207-
11;LaFramboise T. et al, PLoS Comput Biol. 2005;1(6):e65). The difference in the dosage of the
two haplotypes disappeared after the tumor was resected. The difference in the absolute sequence
reads number between the plasma samples taken at diagnosis and after tumor resection was due to

the difference in the total number of sequence reads generated for the two plasma samples.

At diagnosis After tumor resection
Hap I Hap II | Difference Hap I Hap I1 Difference
liver 19.7 8.0 11.7 21.3 219 -0.6
Lung 54 0 54 0 0 0
Colon 0 0 0 0 0 0
Brain 0 0 0 9.0 9.0 0
Heart 0 17.0 -17 3.0 2.5 -0.5
Blood cell 74.9 75.0 0 66.7 66.6 0.1
Total 100 100 0 100 100 0

[0300] Table 12 shows a percentage contribution of different tissues to plasma DNA for the two
haplotypes at diagnosis and after tumor resection. At diagnosis, the contributions of liver to
plasma DNA were 19.7% and 8.0% for Hap I and Hap 11, respectively. A difference of 11.7% was
the highest among different types of tissue. This indicated that the dosage difference between Hap
I and Hap Il in the plasma was most likely contributed from the contribution of the liver. This
further indicated that the likely origin of the chromosomal aberration was from the liver because

the copy number changes was most likely due to the duplication of Hap I in the sequence read
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counts analysis. In another embodiment, the difference in the contribution for Hap I and Hap 11
can be ranked to indicate the relative likelihood of different tissues being the source of the copy

number aberrations.

[0301] The value for the heart is -17, which is in the opposite direction of the copy number
aberration identified by Table 11. Thus, although the absolute value for the heart is larger than the
absolute value for the liver, the opposite sign would discount the heart as being a viable candidate
for the tissue type of the origin of the tumor. As the total contribution of all organs is 100%, the

positive difference in the contributions of liver results in other tissues having negative values.

[0302] Similarly, this haplotype-specific methylation deconvolution can also be performed on
regions with copy number loss. For illustration purpose, we performed this analysis on a region on

chromosome 1p that exhibited copy number loss.

At diagnosis After tumor resection
Hap I 19,973 8,323
Hap II 12,383 7,124

[0303] Table 13 shows a number of sequence reads from the two haplotypes. At diagnosis, the
number of reads mapped to Hap 11 was decreased compared with the number of reads mapped to
Hap I. In tumor tissues, most of the regions with chromosome copy number loss would only
involve the deletion of one of the two chromosomes. Thus the relative reduction in the dosage of
Hap II was compatible with the deletion of Hap II. The difference in the dosage of the two
haplotypes disappeared after the tumor was resected indicated that the amount of tumor-derived

DNA had decreased or disappeared from the plasma.

At diagnosis After tumor resection
Difference Difference
Hap 1 Hap 11 (Hap T — Hap 1) Hapl | Hapll (Hap I — Hap 11)
liver 13.3 55 7.8 10.2 132 -3
Lung 0 0 0 4.1 0.5 3.6
Colon 3.8 0 38 8.6 17.5 -8.9
Brain 0 0 0 0 0 0
Heart 3.7 0 3.7 2535 194 6.1
Blood cell| 79.2 94.5 -15.3 51.6 494 2.2
Total 100 100 0 100 100 0
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[0304] Table 14 shows a percentage contribution of different tissues to plasma DNA for the two
haplotypes at diagnosis and after tumor resection. At diagnosis, the contributions of liver to
plasma DNA were 13.3% and 5.5% for Hap I and Hap 11, respectively. A difference of 7.8% was
the highest among different types of tissue. This indicated that the dosage difference between Hap
I and Hap II in the plasma was most likely contributed from the contribution of the liver. This
further indicated that the likely origin of the chromosomal aberration was from the liver because
the copy number changes was most likely due to the deletion of Hap II in the sequence read counts
analysis. In another embodiment, the difference in the contribution for Hap I and Hap 11 can be
ranked to indicate the relative likelihood of different tissues being the source of the copy number

aberrations.

C. Method of determining tissue origin of tumor

[0305] FIG. 21 is a flowchart illustrating a method of analyzing a biological sample of an
organism to identify an origin of a chromosomal aberration according to embodiments of the
present invention. The biological sample includes a mixture of cell-free DNA molecules from a

plurality of tissues types that include a first tissue type.

[0306] At Dblock 2110, a plurality of cell-free DNA molecules from the biological sample are
analyzed. Block 2110 can be performed using techniques described in block 1910 of FIG. 1 and
block 140 of method 100 of FIG. 1, as well as other blocks describing similar features.

[0307] At block 2115, a first chromosomal region is identified as exhibiting a copy number
aberration in the organism based on a first amount of cell-free DNA molecules that are located in
the first chromosomal region. As an example, plasma DNA analysis is performed to identify
regions that exhibit copy number aberrations. The aberration can correspond to over or under-
representation. In some embodiments, the genome can be separated into bins (e.g., 1-Mb bins),
and the amount of cell-free DNA molecules from a particular bin can be determined (e.g., by
mapping sequence reads to that part of a reference genome). The amount for a particular bin can
be normalized (e.g., with respect to an average amount for a bin) can an over or under-

representation can be identified.

[0308] Other techniques than counting DNA molecules mapping to a particular region can be

used. For example, a distribution of sizes of the DNA molecules aligning to the first chromosomal
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region can be used to detect the CNA. For example, cell-free tumor DNA is smaller than cell-free
DNA from normal cells. This difference in size can be used to detect differences in a size
distribution (e.g., average size or ratio of number of DNA molecules at different sizes) between

two haplotypes for the region, or between the region and another region.

[0309] Atblock 2120, a first haplotype and a second haplotype of the organism in the first
chromosomal region are determined. The two haplotypes may have been determined as part of
block 2115. The two haplotypes can be determined using the same cell-free mixture or from a

different sample, e.g., a cellular sample.

[0310] Atblock 2130, one or more heterozygous loci of the first chromosomal region are
identified. Each heterozygous locus includes a corresponding first allele in the first haplotype and
a corresponding second allele in the second haplotype. Block 2130 may be performed in a similar

manner as other similar blocks of methods described herein.

[0311] Atblock 2140, a first set of the plurality of cell-free DNA molecules are identified. Each
DNA molecule of the first set is located at any one of the one or more heterozygous loci, includes
the corresponding first allele of the heterozygous locus, and includes at least one of N genomic

sites. N is an integer greater than or equal to 2. Block 2140 may be performed in a similar manner

as other similar blocks of methods described herein.

[0312] Atblock 2150, N first mixture methylation levels at the N genomic sites are measured
using the first set of the plurality of cell-free DNA molecules. Block 2150 may be performed in a

similar manner as other similar blocks of methods described herein.

[0313] Atblock 2160, a second set of the plurality of cell-free DNA molecules is identified.
Each DNA molecule of the second set is located at any one of the one or more heterozygous loci,
includes the corresponding second allele of the heterozygous locus, and includes at least one of the
N genomic sites. Block 2160 may be performed in a similar manner as other similar blocks of

methods described herein.

[0314] In some embodiments, a first number of cell-free DNA molecules in the first set of the
plurality of cell-free DNA molecules can be determined, and a second number of cell-free DNA
molecules in the second set of the plurality of cell-free DNA molecules can be determined, e.g., as

shown in table 11. It can be determined which number is higher, thereby providing information
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about the expected separation value for the tissue of origin, e.g., which haplotype should have a

higher fractional contribution.

[0315] The first set of the plurality of cell-free DNA molecules can have a first size distribution,
and the second set of the plurality of cell-free DNA molecules can have a second size distribution.
A statistical value of a size distribution of the DNA molecules can be determined for each
haplotype, thereby providing a first statistical value and a second statistical value. The haplotype
with the smaller size distribution would be expected to have a higher copy number than the other
haplotype, as tumor cell-free DNA is known to be smaller, as described in U.S. Patent No.
8,741,811. Examples of a statistical value of a size distribution are a ratio of a number of DNA
molecules at different sizes, an average size, or a percentage of the DNA molecules at a specific

size (e.g., below a size cutoff).

[0316] Atblock 2170, N second mixture methylation levels at the N genomic sites are measured
using the second set of the plurality of cell-free DNA molecules. Block 2170 may be performed in

a similar manner as other similar blocks of methods described herein.

[0317] Blocks 2180 and 2190 may be performed for each of a plurality of M tissue types. The M
tissue types can include a default list of tissue types that are screened and for which reference
methylation levels may be known. The default list can include tissues that cancer is most

predominantly seen. M is an integer greater than one.

[0318] At block 2180, a computer system determines a corresponding first fractional
contribution of the tissue type in the mixture using the N first methylation levels. The computer
system determines a corresponding second fractional contribution of the tissue type in the mixture
using the N second methylation levels. Block 2180 may be performed in a similar manner as other

similar blocks of methods described herein.

[0319] Atblock 2190, a corresponding separation value between the corresponding first
fractional contribution and the corresponding second fractional contribution is computed. Various

separation values can be used, e.g., as are described herein.

[0320] At block 2195, the first tissue type is identified as being an origin of the copy number
aberration based on a first separation value of the first tissue type having a maximal value among

the corresponding separate values. The determination can require that the highest separation value
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be sufficiently higher than the second highest separation value. For example, the difference can be
required to be at least a threshold value, e.g., 1%, 2%, 35, 4%, 5%, 6%, or 7%. In one
implementation, a difference between the first separation value and a next highest separation value
can be compared to a threshold to determine a classification of how likely the first tissue type is
the origin of the copy number aberration. Thus, even if the difference is not above the threshold, a
probability or other classification can be provided. For instance, a linear relationship can be used

from O to the threshold, where the probability is 100% once the difference is equal to the threshold.

[0321] Depending on how the separation value is determined, the maximal value can be a
maximum negative number or a maximum positive number. For example, the difference values in
table 14 could be determined using Hap II — Hap 1. Whether the maximum should be a positive or
a negative value can be determined using the analysis of DNA molecules on each haplotype, e.g.,
a count as in Table 13 or a size analysis as described above. In some implementations, the
separation value can always be determined such that a maximum positive value is expected, e.g.,
by subtracting the fractional contribution of the haplotype with a lower copy number from the

fractional contribution of the haplotype with the higher copy number.

[0322] After the origin is identified, an investigation using imaging modalities, e.g. computed
tomography (CT) scan or magnetic resonance imaging (MRI), of the subject (entire subject or
specifically of the candidate organ) can be performed to confirm or rule out the presence of a
tumor in the organ. If presence of a tumor is confirmed, treatment can be performed, e.g., surgery

(by a knife or by radiation) or chemotherapy.

IX. COMPUTER SYSTEM

[0323] Any of the computer systems mentioned herein may utilize any suitable number of
subsystems. Examples of such subsystems are shown in FIG. 22 in computer apparatus 10. In
some embodiments, a computer system includes a single computer apparatus, where the
subsystems can be the components of the computer apparatus. In other embodiments, a computer
system can include multiple computer apparatuses, each being a subsystem, with internal
components. A computer system can include desktop and laptop computers, tablets, mobile

phones and other mobile devices.
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[0324] The subsystems shown in FIG. 22 are interconnected via a system bus 75. Additional
subsystems such as a printer 74, keyboard 78, storage device(s) 79, monitor 76, which is coupled
to display adapter 82, and others are shown. Peripherals and input/output (I/0) devices, which
couple to I/O controller 71, can be connected to the computer system by any number of means
known in the art such as input/output (I/O) port 77 {e.g., USB, FireWire®). For example, 1/O port
77 or external interface 81 (e.g. Ethernet, Wi-Fi, etc.) can be used to connect computer system 10
to a wide area network such as the Internet, a mouse input device, or a scanner. The
interconnection via system bus 75 allows the central processor 73 to communicate with each
subsystem and to control the execution of a plurality of instructions from system memory 72 or
the storage device(s) 79 (e.g., a fixed disk, such as a hard drive, or optical disk), as well as the
exchange of information between subsystems. The system memory 72 and/or the storage device(s)
79 may embody a computer readable medium. Another subsystem is a data collection device 85,
such as a camera, microphone, accelerometer, and the like. Any of the data mentioned herein can

be output from one component to another component and can be output to the user.

[0325] A computer system can include a plurality of the same components or subsystems, e.g.,
connected together by external interface 81 or by an internal interface. In some embodiments,
computer systems, subsystem, or apparatuses can communicate over a network. In such instances,
one computer can be considered a client and another computer a server, where each can be part of
a same computer system. A client and a server can each include multiple systems, subsystems, or

components.

[0326] Aspects of embodiments can be implemented in the form of control logic using hardware
(e.g. an application specific integrated circuit or field programmable gate array) and/or using
computer software with a generally programmable processor in a modular or integrated manner.
As used herein, a processor includes a single-core processor, multi-core processor on a same
integrated chip, or multiple processing units on a single circuit board or networked. Based on the
disclosure and teachings provided herein, a person of ordinary skill in the art will know and
appreciate other ways and/or methods to implement embodiments of the present invention using

hardware and a combination of hardware and software.

[0327] Any of the software components or functions described in this application may be

implemented as software code to be executed by a processor using any suitable computer language
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such as, for example, Java, C, C++, C#, Objective-C, Swift, or scripting language such as Perl or
Python using, for example, conventional or object-oriented techniques. The software code may be
stored as a series of instructions or commands on a computer readable medium for storage and/or
transmission. A suitable non-transitory computer readable medium can include random access
memory (RAM), a read only memory (ROM), a magnetic medium such as a hard-drive or a floppy
disk, or an optical medium such as a compact disk (CD) or DVD (digital versatile disk), flash
memory, and the like. The computer readable medium may be any combination of such storage or

transmission devices.

[0328] Such programs may also be encoded and transmitted using carrier signals adapted for
transmission via wired, optical, and/or wireless networks conforming to a variety of protocols,
including the Internet. As such, a computer readable medium may be created using a data signal
encoded with such programs. Computer readable media encoded with the program code may be
packaged with a compatible device or provided separately from other devices (e.g., via Internet
download). Any such computer readable medium may reside on or within a single computer
product (e.g. a hard drive, a CD, or an entire computer system), and may be present on or within
different computer products within a system or network. A computer system may include a
monitor, printer, or other suitable display for providing any of the results mentioned herein to a

user.

[0329] Any of the methods described herein may be totally or partially performed with a
computer system including one or more processors, which can be configured to perform the steps.
Thus, embodiments can be directed to computer systems configured to perform the steps of any of
the methods described herein, potentially with different components performing a respective steps
or a respective group of steps. Although presented as numbered steps, steps of methods herein can
be performed at a same time or in a different order. Additionally, portions of these steps may be
used with portions of other steps from other methods. Also, all or portions of a step may be
optional. Additionally, any of the steps of any of the methods can be performed with modules,

units, circuits, or other means for performing these steps.

[0330] The specific details of particular embodiments may be combined in any suitable manner

without departing from the spirit and scope of embodiments of the invention. However, other
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embodiments of the invention may be directed to specific embodiments relating to each individual

aspect, or specific combinations of these individual aspects.

[0331] The above description of example embodiments of the invention has been presented for
the purposes of illustration and description. It is not intended to be exhaustive or to limit the
invention to the precise form described, and many modifications and variations are possible in

light of the teaching above.

[0332] A recitation of "a", "an" or "the" is intended to mean "one or more" unless specifically
indicated to the contrary. The use of “or” is intended to mean an “inclusive or,” and not an
“exclusive or” unless specifically indicated to the contrary. Reference to a “first” component does
not necessarily require that a second component be provided. Moreover reference to a “first” or a
“second” component does not limit the referenced component to a particular location unless

expressly stated.

[0333] All patents, patent applications, publications, and descriptions mentioned herein are

incorporated by reference in their entirety for all purposes. None is admitted to be prior art.
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WHAT IS CLAIMED I8S:

L. A method of determining a portion of a fetal genome of an unborn fetus of
a pregnant female using a biological sample from the pregnant female, wherein the biological
sample including a mixture of cell-free DNA molecules from a plurality of tissues types,
including maternal tissue types and a fetal tissue type, the fetus having a father and a mother
being the pregnant female, the method comprising:
analyzing, by a computer system, a plurality of cell-free DNA molecules from the
biological sample, the plurality of cell-free DNA molecules being at least 1,000 cell-free DNA
molecules, wherein analyzing a cell-free DNA molecule includes:
identifying a location of the cell-free DNA molecule in a reference human
genome; and
determining a respective allele of the cell-free DNA molecule;
determining a first haplotype and a second haplotype of a first chromosomal
region of a first parental genome of a first parent of the fetus;
identifying one or more heterozygous loci of the first chromosomal region of the
first parental genome, each heterozygous locus including a corresponding first allele in the first
haplotype and a corresponding second allele in the second haplotype;
identifying a first set of the plurality of cell-free DNA molecules that each:
is located at any one of the one or more heterozygous loci,
includes the corresponding first allele of the heterozygous locus, and
includes at least one of N genomic sites, N being an integer greater than or
equal to 2;
measuring N first mixture methylation levels at the N genomic sites using the first
set of the plurality of cell-free DNA molecules;
determining, by the computer system, a first fractional contribution of the fetal
tissue type in the mixture using the N first methylation levels;
identifying a second set of the plurality of cell-free DNA molecules that each:
is located at any one of the one or more heterozygous loci,
includes the corresponding second allele, and

includes at least one of the N genomic sites;
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measuring N second mixture methylation levels at the N genomic sites using the
second set of the plurality of cell-free DNA molecules;

determining, by the computer system, a second fractional contribution of the fetal
tissue type in the mixture using the N second methylation levels;

computing a first separation value between the first fractional contribution and the
second fractional contribution;

determining the portion of fetal genome at the one or more heterozygous loci

based on the first separation value.

2. The method of claim 1, wherein the one or more heterozygous loci are a

first plurality of heterozygous loci.

3. The method of claim 2, wherein the first haplotype is a first maternal

haplotype, and wherein the second haplotype is a second maternal haplotype.

4. The method of claim 3, further comprising:
identifying a second plurality of heterozygous loci of the first chromosomal
region in a paternal genome, each of the second plurality of heterozygous loci including a
corresponding third allele in a first paternal haplotype and a corresponding fourth allele in a
second paternal haplotype, wherein the paternal genome corresponds to the father of the fetus;
identifying a third set of the plurality of cell-free DNA molecules that each:
is located at any one of the second plurality of heterozygous loci,
includes the corresponding third allele of the heterozygous locus, and
includes at least one of K genomic sites;
measuring K third mixture methylation levels at the K genomic sites using the
third set of the second plurality of cell-free DNA molecules;
determining a third fractional contribution of the fetal tissue type in the mixture
using the K third methylation levels;
identifying a fourth set of the plurality of cell-free DNA molecules that each:
is located at any one of the second plurality of heterozygous loci,
includes the corresponding fourth allele of the heterozygous locus, and

includes at least one of the K genomic sites;
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measuring K fourth mixture methylation levels at the K genomic sites using the
fourth set of the second plurality of cell-free DNA molecules;

determining a fourth fractional contribution of the fetal tissue type in the mixture
using the K fourth methylation levels;

computing a second separation value between the third fractional contribution and
the fourth fractional contribution;

determining the portion of fetal genome at the second plurality of heterozygous

loci based on the second separation value.

3. The method of claim 2, wherein the first separation value is a ratio of the
first fractional contribution and the second fractional contribution, and wherein the portion of the
fetal genome is determined to have the first haplotype and the second haplotype when the ratio is

equal to one within a cutoff value.

6. The method of claim 2, wherein the first separation value is a difference of

the first fractional contribution and the second fractional contribution.

7. The method of claim 2, wherein the portion of the fetal genome is
determined to have one or more copies of the first haplotype and no copies of the second

haplotype when the first separation value is greater than a threshold value.

8. The method of claim 2, wherein the portion of the fetal genome is
determined to have one or more copies of the second haplotype and no copies of the first

haplotype when the first separation value is less than a threshold value.
9. The method of claim 1, wherein N is 10 or more.

10. The method of claim 1, wherein the N mixture methylation levels form a
methylation vector b, and wherein determining the first fractional contribution of the fetal tissue
type includes:

for each of M tissue types:

obtaining N tissue-specific methylation levels at the N genomic sites, N being
greater than or equal to M, wherein the tissue-specific methylation levels form a matrix A of

dimensions N by M, the M tissue types including the fetal tissue type;
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solving for a composition vector x that provides the methylation vector b for the
matrix A; and
for each of one or more components of the composition vector x:
using the component to determine a corresponding fractional contribution of a

corresponding tissue type of the M tissue types in the mixture.

L1. The method of claim 10, wherein the M tissue types include liver, lung,
neutrophils, lymphocytes, erythroblasts, heart, large intestines, small intestines, and placenta,

wherein the fetal tissue type is the placenta.

12. The method of claim 1, wherein measuring N first mixture methylation
levels at the N genomic sites includes analyzing methylation-aware sequencing results, and
wherein the locations of the plurality of cell-free DNA molecules are determined using the

methylation-aware sequencing results.

13. The method of claim 1, wherein the first separation value includes a ratio

of the first fractional contribution and the second fractional contribution.

14. The method of claim 1, wherein the first separation value includes a

difference of the first fractional contribution and the second fractional contribution.

15. A method of determining a portion of a fetal genome of an unborn fetus of
a pregnant female using a biological sample from the pregnant female, wherein the biological
sample including a mixture of cell-free DNA molecules from a plurality of tissues types,
including maternal tissue types and a fetal tissue type, the fetus having a father and a mother
being the pregnant female, the method comprising:

analyzing, by a computer system, a plurality of cell-free DNA molecules from the
biological sample, the plurality of cell-free DNA molecules being at least 1,000 cell-free DNA
molecules, wherein analyzing a cell-free DNA molecule includes:

identifying a location of the cell-free DNA molecule in a reference human
genome; and

determining a respective allele of the cell-free DNA molecule;
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determining a first haplotype of a first chromosomal region of a first parental
genome of a first parent of the fetus;
identifying one or more heterozygous loci of the first chromosomal region of the
first parental genome, each heterozygous locus including a corresponding first allele in the first
haplotype and a corresponding second allele in a second haplotype of the first chromosomal
region of the first parental genome;
identifying a first set of the plurality of cell-free DNA molecules that each:
is located at any one of the one or more heterozygous loci,
includes the corresponding first allele of the heterozygous locus, and
includes at least one of N genomic sites, N being an integer greater than or
equal to 2;
measuring N first mixture methylation levels at the N genomic sites using the first
set of the plurality of cell-free DNA molecules;
determining, by the computer system, a first fractional contribution of the fetal
tissue type in the mixture using the N first methylation levels; and
comparing the first fractional contribution to a reference value to determine
whether the fetus inherited the first haplotype at the first chromosomal region, wherein the fetus
inherited the first haplotype at the first chromosomal region when the first fractional contribution

exceeds the reference value.

16. The method of claim 15, wherein the reference value is determined by:
determining the second haplotype of the first chromosomal region of the first
parental genome;
identifying a second set of the plurality of cell-free DNA molecules that each:
is located at any one of the one or more heterozygous loci,
includes the corresponding second allele of the heterozygous locus, and
includes at least one of the N genomic sites;
measuring N second mixture methylation levels at the N genomic sites using the
second set of the plurality of cell-free DNA molecules;
measuring a second fractional contribution of the fetal tissue type in the mixture

using the N second methylation levels;
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determining the reference value as a sum of the second fractional contribution and

a threshold value.

17. The method of claim 15, further comprising:
determining the second haplotype of the first chromosomal region of the first
parental genome;
identifying a second set of the plurality of cell-free DNA molecules that each:
is located at any one of the one or more heterozygous loci,
includes the corresponding second allele of the heterozygous locus, and
includes at least one of the N genomic sites;
measuring N second mixture methylation levels at the N genomic sites using the
second set of the plurality of cell-free DNA molecules;
determining a second fractional contribution of the fetal tissue type in the mixture
using the N second methylation levels;
comparing the second fractional contribution to the reference value to determine
whether the fetus inherited the second haplotype at the first chromosomal region, wherein the
fetus inherited the second haplotype at the first chromosomal region when the second fractional

contribution exceeds the reference value.

18. A method of determining a portion of a fetal genome of an unborn fetus of
a pregnant female using a biological sample from the pregnant female, wherein the biological
sample including a mixture of cell-free DNA molecules from a plurality of tissues types,
including maternal tissue types and a fetal tissue type, the fetus having a father and a mother
being the pregnant female, the method comprising:
analyzing, by a computer system, a plurality of cell-free DNA molecules from the
biological sample, the plurality of cell-free DNA molecules being at least 1,000 cell-free DNA
molecules, wherein analyzing a cell-free DNA molecule includes:
identifying a location of the cell-free DNA molecule in a reference human
genome; and
determining a respective allele of the cell-free DNA molecule;
determining a first haplotype and a second haplotype of a first chromosomal

region of a first parental genome of a first parent of the fetus;
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identifying a plurality of heterozygous loci of the first chromosomal region of the
first parental genome, each heterozygous locus including a corresponding first allele in the first
haplotype and a corresponding second allele in the second haplotype;
identifying a first set of the plurality of cell-free DNA molecules that each:
is located at any one of the plurality of heterozygous loci,
includes the corresponding first allele of the heterozygous locus, and
includes at least one of N genomic sites;
measuring a first mixture methylation level using the first set of the plurality of
cell-free DNA molecules;
identifying a second set of the plurality of cell-free DNA molecules that each:
is located at any one of the plurality of heterozygous loci,
includes the corresponding second allele of the heterozygous locus, and
includes at least one of the N genomic sites;
measuring a second mixture methylation level using the second set of the plurality
of cell-free DNA molecules; and
determining which of the first haplotype and the second haplotype is inherited by
the fetus based on which of the first mixture methylation level and the second mixture

methylation level is lower.

19. The method of claim 18, wherein the first mixture methylation level is a
methylation density of the first set of the plurality of cell-free DNA molecules, and wherein the
second mixture methylation level is the methylation density of the second set of the plurality of

cell-free DNA molecules.

20. The method of claim 18, wherein determining which of the first haplotype
and the second haplotype is inherited includes:

determining a separation value between the first mixture methylation level and the
second mixture methylation level; and

comparing the separation value to a threshold value.

21 .  The method of claim 20, wherein the threshold value is determined using

Student’s t-test, Mann-Whitney rank-sum test, or Chi-square test.

92

Pg.926



WO 2017/012544 PCT/CN2016/090642

22. The method of claim 18, wherein determining the first haplotype and the
second haplotype of the first chromosomal region of the first parental genome includes:

determining genotypes of the first parent genome at the plurality of heterozygous
loci using a sample from the first parent;

obtaining a plurality of reference haplotypes; and

deducing the first haplotype and the second haplotype using the genotypes and the

plurality of reference haplotypes.

23. A method of detecting a sequence imbalance in a portion of a fetal
genome of an unborn fetus of a pregnant female using a biological sample from the pregnant
female, wherein the biological sample including a mixture of cell-free DNA molecules from a
plurality of tissues types, including maternal tissue types and a fetal tissue type, the fetus having
a father and a mother being the pregnant female, the method comprising:

analyzing, by a computer system, a plurality of cell-free DNA molecules from the
biological sample, the plurality of cell-free DNA molecules being at least 1,000 cell-free DNA
molecules, wherein analyzing a cell-free DNA molecule includes:

identifying a location of the cell-free DNA molecule in a reference human
genome; and
determining a respective allele of the cell-free DNA molecule;

determining a first target haplotype of a target chromosomal region of a first
parental genome of a first parent of the fetus;

identifying a plurality of target heterozygous loci of the target chromosomal
region of the first parental genome, each target heterozygous locus including a corresponding
first target allele in the first target haplotype and a corresponding second target allele in a second
target haplotype of the target chromosomal region of the first parental genome;

identifying a target set of the plurality of cell-free DNA molecules that each:

is located at any one of the target heterozygous loci,

includes the corresponding first target allele of the target heterozygous locus,
and

includes at least one of N genomic sites in the target chromosomal region, N

being an integer greater than or equal to 2;
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measuring N target mixture methylation levels at the N genomic sites using the
target set of the plurality of cell-free DNA molecules;
determining, by the computer system, a first target fractional contribution of the
fetal tissue type in the mixture using the N target methylation levels; and
determining a first reference haplotype of a reference chromosomal region of the
first parental genome, the reference chromosomal region being different than the target
chromosomal region;
identifying a plurality of reference heterozygous loci of the reference
chromosomal region of the first parental genome, each reference heterozygous locus including a
corresponding first reference allele in the first reference haplotype and a corresponding second
reference allele in a second reference haplotype of the reference chromosomal region of the first
parental genome;
identifying a reference set of the plurality of cell-free DNA molecules that each:
is located at any one of the reference heterozygous loci,
includes the corresponding first reference allele of the reference heterozygous
locus, and
includes at least one of K genomic sites in the reference chromosomal region;
measuring K reference mixture methylation levels at the K genomic sites using
the reference set of the plurality of cell-free DNA molecules;
determining, by the computer system, a first reference fractional contribution of
the fetal tissue type in the mixture using the K reference methylation levels;
computing a first separation value between the first target fractional contribution
and the first reference fractional contribution; and
comparing the first separation value to a threshold value to determine a

classification of whether the fetus has the sequence imbalance for the target chromosomal region.

24. The method of claim 23, wherein the sequence imbalance is an

amplification of the target chromosomal region.

25. The method of claim 23, wherein the threshold value used is dependent on

a type of the sequence imbalance being tested.
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26. The method of claim 23, further comprising:
measuring a fetal DNA percentage in the biological sample; and

using the fetal DNA percentage to determine the threshold value.

27. The method of claim 23, further comprising:
determining the threshold value using a reference group of samples, all of which

have the sequence imbalance or do not have the sequence imbalance.

28. The method of claim 23, further comprising:

determining that the fetus has inherited the first target haplotype from the first
parent; and

determining that the fetus has inherited the first reference haplotype from the first

parent.

29. The method of claim 28, wherein determining that the fetus has inherited
the first target haplotype from the first parent includes:

determining a second target fractional contribution of the fetal tissue type in the
mixture corresponding to the second target haplotype;

computing a second separation value between the first target fractional
contribution and the second target fractional contribution;

determining that the fetus has inherited the first target haplotype from the first

parent based on the second separation value.

30. The method of claim 23, wherein the target chromosomal region is a first
chromosome and the reference chromosomal region is a second chromosome different from the

first chromosome.
31. The method of claim 23, wherein the first parent is the mother of the fetus.

32. A method of analyzing a biological sample of an organism, the biological
sample including a mixture of cell-free DNA molecules from a plurality of tissues types,

including a first tissue type, the method comprising:
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analyzing, by a computer system, a plurality of cell-free DNA molecules from the
biological sample, the plurality of cell-free DNA molecules being at least 1,000 cell-free DNA
molecules, wherein analyzing a cell-free DNA molecule includes:
identifying a location of the cell-free DNA molecule in a reference genome
corresponding to the organism;
determining a respective allele of the cell-free DNA molecule;
identifying one or more loci, each having a corresponding first allele on a first
haplotype of a first chromosomal region, wherein the first haplotype is:
not present in healthy cells of the organism, or
present in the healthy cells of the organism and not present in abnormal cells
that may be in the mixture;
identifying a first set of the plurality of cell-free DNA molecules that each:
is located at any one locus of the one or more loci,
includes the corresponding first allele of the one locus, and
includes at least one of N genomic sites, N being an integer greater than or
equal to 2;
measuring N first mixture methylation levels at the N genomic sites using the first
set of the plurality of cell-free DNA molecules;
determining, by the computer system, a first fractional contribution of the first
tissue type in the mixture using the N first methylation levels;
determining a first separation value between the first fractional contribution and a
reference fractional contribution; and
comparing the first separation value to a threshold value to determine a

classification of whether the first tissue type has a disease state.

33. The method of claim 32, wherein the first haplotype is on a first
chromosome, and wherein the first tissue type has the first haplotype on both copies of the first

chromosome.

34. The method of claim 32, wherein the first haplotype is not present in the

healthy cells of the organism, and wherein the first haplotype is associated with the disease state.
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35. The method of claim 34, wherein the first tissue type is determined to have

the disease state when the first separation value is greater than the threshold value.

36. The method of claim 34, further comprising:
identifying a second set of the plurality of cell-free DNA molecules that each:
is located at any one of the one or more loci;
includes a corresponding second allele on a second haplotype of the first
chromosomal region, the second haplotype not being present in the healthy cells of the
organism, and the second haplotype associated with the disease state; and
includes at least one of the N genomic sites;
measuring N second mixture methylation levels at the N genomic sites using the
second set of the plurality of cell-free DNA molecules;
determining, by the computer system, a second fractional contribution of the first
tissue type in the mixture using the N second methylation levels;
determining a second separation value between the second fractional contribution
and the reference fractional contribution; and
comparing the second separation value to the threshold value as part of

determining the classification of whether the first tissue type has the disease state.
37. The method of claim 34, wherein the disease state is cancer.

38. The method of claim 37, wherein a particular cancer has the first

haplotype in a cancer genome of the particular cancer.

39. The method of claim 38, wherein the particular cancer is selected from a
group consisting of liver cancer, lung cancer, pancreas cancer, atrium cancer, colon cancer,
sigmoid colon cancer, transverse colon cancer, ascending colon cancer, descending colon cancer,

adrenal gland cancer, esophagus cancer, small intestines cancer, and CD4 T cell cancer.

40. The method of claim 37, wherein the classification of whether the first
tissue type has cancer comprises classification of the presence or absence of a cancer,
classification of a stage of cancer, classification of a size of a tumor, and/or classification of

metastasis.
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41. The method of claim 37, further comprising performing, by the computer
system:

determining a plurality of corresponding fractional contributions of other tissue
types in the mixture using the N first mixture methylation levels;

determining corresponding separation values between the plurality of
corresponding fractional contributions and corresponding reference fractional contributions; and

comparing the corresponding separation values to the threshold value to

determine classifications of whether each of the other tissue types has the particular cancer.

42. The method of claim 34, wherein the corresponding first allele at each of

the one or more loci is a cancer-specific mutation.

43. The method of claim 32, further comprising:
determining the corresponding first allele at each of the one or more loci on the
first haplotype by:
analyzing DNA molecules of a tissue sample having the first haplotype to

determine the first haplotype.

44. The method of claim 32, wherein the disease state is a rejection of a

transplant of the first tissue type in the organism.

45. The method of claim 44, wherein the reference fractional contribution is
determined from one or more measurements of biological samples of organisms with the first

tissue type being healthy.

46. The method of claim 44, wherein the reference fractional contribution is
determined from one or more measurements of biological samples of organisms whose

transplanted first tissue is not being rejected.

47. The method of claim 32, wherein the reference fractional contribution is

ZET10.
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48. The method of claim 32, wherein the N first mixture methylation levels
form a methylation vector b, and wherein determining the first fractional contribution of the first
tissue type includes:

for each of M tissue types:

obtaining N tissue-specific methylation levels at the N genomic sites, N being
greater than or equal to M, wherein the tissue-specific methylation levels form a matrix A of
dimensions N by M, the M tissue types including the first tissue type, M being an integer
greater than one;

solving for a composition vector X that provides the methylation vector b for the
matrix A

for each component of one or more components of the composition vector x:

using the component to determine a corresponding fractional contribution of a

corresponding tissue type of the M tissue types in the mixture.

49. The method of claim 32, wherein the first haplotype is present in the

healthy cells of the organism and not present in the abnormal cells that may be in the mixture.

50. The method of claim 32, wherein the first tissue type is determined to have

the disease state when the first separation value is less than the threshold value.

51. The method of claim 49, wherein the abnormal cells are from a tumor.
52. The method of claim 49, wherein the abnormal cells are from donor tissue.
53. A method of analyzing a biological sample of an organism to identify an

origin of a chromosomal aberration, the biological sample including a mixture of cell-free DNA
molecules from a plurality of tissues types, including a first tissue type, the method comprising:
analyzing, by a computer system, a plurality of cell-free DNA molecules from the
biological sample, the plurality of cell-free DNA molecules being at least 1,000 cell-free DNA
molecules, wherein analyzing a cell-free DNA molecule includes:
identifying a location of the cell-free DNA molecule in a reference genome
corresponding to the organism;

determining a respective allele of the cell-free DNA molecule;
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identifying a first chromosomal region as exhibiting a copy number aberration in
the organism based on a first amount of cell-free DNA molecules that are located in the first
chromosomal region;
determining a first haplotype and a second haplotype of the organism in the first
chromosomal region;
identifying one or more heterozygous loci of the first chromosomal region, each
heterozygous locus including a corresponding first allele in the first haplotype and a
corresponding second allele in the second haplotype;
identifying a first set of the plurality of cell-free DNA molecules that each:
is located at any one of the one or more heterozygous loci,
includes the corresponding first allele of the heterozygous locus, and
includes at least one of N genomic sites, N being an integer greater than or
equal to 2;
measuring N first mixture methylation levels at the N genomic sites using the first
set of the plurality of cell-free DNA molecules;
identifying a second set of the plurality of cell-free DNA molecules that each:
is located at any one of the one or more heterozygous loci,
includes the corresponding second allele of the heterozygous locus, and
includes at least one of the N genomic sites;
measuring N second mixture methylation levels at the N genomic sites using the
second set of the plurality of cell-free DNA molecules;
for each tissue type of M tissue types:
determining, by the computer system, a corresponding first fractional
contribution of the tissue type in the mixture using the N first methylation levels, M being an
integer greater than one;
determining, by the computer system, a corresponding second fractional
contribution of the tissue type in the mixture using the N second methylation levels;
computing a corresponding separation value between the corresponding first

fractional contribution and the corresponding second fractional contribution;
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identifying the first tissue type as being the origin of the copy number aberration
based on a first separation value of the first tissue type having a maximal value among the

corresponding separate values.

54. The method of claim 53, further comprising:

determining a difference between the first separation value and a next highest
separation value; and

comparing the difference to a threshold to determine a classification of how likely

the first tissue type is the origin of the copy number aberration.

55. The method of claim 53, wherein identifying the first chromosomal region
as exhibiting the copy number aberration includes:

comparing the first amount of cell-free DNA molecules that are located in the first
chromosomal region to a reference value determined from amounts of cell-free DNA molecules

that are located in other chromosomal regions.

56. The method of claim 53, wherein the copy number aberration is a copy

number gain.

57. The method of claim 53, further comprising:

determining a first number of cell-free DNA molecules in the first set of the
plurality of cell-free DNA molecules;

determining a second number of cell-free DNA molecules in the second set of the
plurality of cell-free DNA molecules; and

using the first number and the second number to determine whether the maximal

value i3 to be positive or negative.

58.  The method of claim 53, wherein analyzing the cell-free DNA molecule
includes: determining a size of the cell-free DNA molecule, wherein the first set of the plurality
of cell-free DNA molecules has a first size distribution, and wherein the second set of the
plurality of cell-free DNA molecules has a second size distribution, the method further
comprising:

determining a first statistical value of the first size distribution;
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determining a second statistical value of the second size distribution; and
using the first statistical value and the second statistical value to determine

whether the maximal value is to be positive or negative.

59. The method of claim 58, further comprising:

determining which of the first haplotype and the second haplotype has a higher
copy number using the first statistical value and the second statistical value; and

computing the corresponding separation values such that the first separation value

is positive.

60. The method of any one of claims 1-59, wherein analyzing the cell-free
DNA molecules comprises bisulfite sequencing, sequencing preceded by methylation-sensitive
restriction enzyme digestion, immunoprecipitation using anti-methylcytosine antibody or
methylation binding protein, or single molecule sequencing that allows elucidation of the

methylation status.

61. A computer product comprising a computer readable medium storing a
plurality of instructions for controlling a computer system to perform an operation of any method

of claims 1-59.

62. A system comprising:
the computer product of claim 61; and
one or more processors for executing instructions stored on the computer readable

medium.

63. A system comprising means for performing any method of claims 1-59 .
64. A system configured to perform any method of claims 1-59.
65. A system comprising modules that respectively perform the steps of any

method of claims 1-59.
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Analyze cell-free DNA molecules from the biological
1310 sample to identify their locations in a reference 1300
genome and to determine respective alleles

Determine a first haplotype and a second haplotype of

1320 a first chromosomal region of a first parental genome
1330 Identify one or more heterozygous loci, each having a first allele
on the first haplotype and a second allele on the second haplotype

v

Identify a first set of cell-free DNA molecules, each located
1340 | at any one of the heterozygous loci, including a respective
first allele, and including at least one of N genomic sites

v

Measure N first mixture methylation levels at the N genomic

1350 sites using the first set of cell-free DNA molecules
v
1360 Determine a first fractional contribution of the fetal tissue

type in the mixture using the N first methylation levels

v

Identify a second set of cell-free DNA molecules, each located
1370 at any one of the heterozygous loci, including a respective
second allele, and including at least one of N genomic sites

v

1380 Measure N second mixture methylation levels at the N
genomic sites using the second set of cell-free DNA molecules

'

Determine a second fractional contribution of the fetal tissue
type in the mixture using the N second methylation levels

'

Compute a first separation value between the first fractional
contribution and the second fractional contribution

'

Determine the portion of fetal genome at the one or more
heterozygous loci based on the first separation value
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1400

1420 first chromosomal region of a first parental genome
Identify a plurality of heterozygous loci, each
1430 having a first allele on the first haplotype and
a second allele on the second haplotype
Identify a first set of cell-free DNA molecules, each located
1440 at any one of the heterozygous loci, including a respective
first allele, and including at least one of N genomic sites
1450 Measure a first mixture methylation level using
the first set of cell-free DNA molecules
Identify a second set of cell-free DNA molecules, each located
1460 at any one of the heterozygous loci, including a respective
second allele, and including at least one of N genomic sites
1470 Measure a second mixture methylation level using the
second set of cell-free DNA molecules
Determine which of the first haplotype and the second haplotype is
1480 inherited by the fetus based on which of the first mixture
methylation level and the second mixture methylation level is lower
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1700

Determine a first target haplotype of a target region and a first
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v

1730 Identify a plurality of target heterozygous loci, each

1740

1750

1760

1770

having a first target allele on the first target haplotype

v

Identify a target set of cell-free DNA molecules, each located at
any one of the target heterozygous loci, including a respective
first target allele, and including at least one of N genomic sites

v

Measure N first mixture methylation levels at the N genomic
sites using the target set of cell-free DNA molecules

v

Determine a first target fractional contribution of the fetal
tissue type in the mixture using the N first methylation levels

'

Identify a plurality of reference heterozygous loci, each having
a first reference allele on the first reference haplotype

'

1775

Identify a reference set of cell-free DNA molecules, each located at
any one of the reference heterozygous loci, including a respective
first reference allele, and including at least one of K genomic sites

1780

1785

Y

Measure K reference mixture methylation levels at the K genomic

sites using the reference set of cell-free DNA molecules

v

Determine a first reference fractional contribution of the fetal
tissue type in the mixture using the K reference methylation levels

\

1790

Compute a first separation value between the first target fractional
contribution and the first reference fractional contribution

1795

Compare the first separation value to a threshold value to
determine a classification of whether the fetus has a
sequence imbalance for the target chromosomal region
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Analyze cell-free DNA molecules from the biological
sample to identify their locations in a reference
genome and to determine respective alleles

Identify one or more loci, each having a first allele on a
particular haplotype of a first chromosomal region, the
haplotype having a signature for a tissue type

1930

Identify a first set of cell-free DNA molecules, each located at
any one of the loci, including a respective first allele, and
including at least one of N genomic sites

1960

1970 value to determine a classification of whether

Measure N first mixture methylation

1940 levels at the N genomic sites using the
first set of cell-free DNA molecules

|

Determine a first fractional contribution of
1950 the first tissue type in the mixture using
the N first methylation levels

Compute a separation value between the first fractional
contribution and a reference fractional contribution

Compare the separation value to a threshold

the first tissue type has a disease state
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Analyze cell-free DNA molecules from the biological
sample to identify their locations in a reference
genome and to determine respective alleles

Identify a first chromosomal region as
exhibiting a copy number aberration

2115

Determine a first haplotype and a second haplotype of
the first chromosomal region of a first parental genome

2130 Identify one or more heterozygous loci, each having a first allele
on the first haplotype and a second allele on the second haplotype

v

2140

Identify a first set of cell-free DNA molecules, each located at
any one of the loci, including a respective first allele, and
including at least one of N genomic sites

v

2150

Measure N first mixture methylation levels at the N genomic
sites using the first set of cell-free DNA molecules

2160

Identify a second set of cell-free DNA molecules, each
located at any one of the loci, including a respective second
allele, and including at least one of N genomic sites

2170 Measure N second mixture methylation levels at the N genomic

sites using the second set of cell-free DNA molecules

I
For each of M tissue types <

2180

A i
Determine first fractional contributions using the N first
mixture methylation levels and second fractional contributions
using the N second mixture methylation levels

2190

2195

v

Compute separation value between corresponding first

fractional contribution and second fractional contribution
Identify the first tissue type as being an origin of the copy
number aberration based on a first separation value of the

first tissue type having a highest value among the
corresponding separate values
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thge) whg o i dolHE el dAw, 4] delHe

(1 AEata 4F 2o dgdom g A4 Ade) Al 4 Uehis Al AEe] 4 dols;
(@) dgdes B G AU Pold ARAR BF T P N Ade) Az FE ki

=4
El:

A7) QAo s ddd A Ay v 4 Ado] Al fde) AX 2 s olake) A2 §8o] ATeiH
la} o]

FeE A, DA
% odele AEyY sevdE A v
AEeE ABAA AL FES) AERFE] HN Ade] de Akl $EA AL AR SRV AL PE

mlo
Jo
b
of
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o,

(cutoff value)

Aol geld, Al fEel AXAF A R AR E e elx, A2 RS A A2 FUARTE R,
nA A AFE BE5bE 715 A

T4

AsFel sheld, AL {7 AZE A2 71 Hols: g o didAola, All Mige] Aol o oA
sb Hlop Abele] v Abele] AREbE agels AQ, RILAA A4E B57bE V15 A

37% 5

A3l el AL fG21A7E A2 Fo1AQ) Hoks JAF o1 d A1, Eeprt g, d=atd A
Z°] ®lol DNAS] &8 FxE AAste DA Y GAA DNA weE AAstE GAE ¥Eehe A, vLAF
i d=vbe 71s Al

AT 6

Azakel glolAl, Al F71A7 A2 F71A) HolE Qald ofd dlabelels, AEaA 41E el ol DA
8 wRE A4sts 9t Al G Hol-SolH wids SuS el DA Babel 4 Al f
AR F o) A DNA B2he] Faa) vlasts GAE vl A, HLAA AFH RELE 5 aA],

3 7

A6l glolA, Bjol-—-fik® DNA Fx7p sp-vddsbs]sn, MA-F5% DNA 227 A-vddstsl= 290, v
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4

_3_

Pg.966



10-1896167

s=s5

715 AL

-

—17]'0

=

B %
o gloll, A7) #1417}

3L
T

1

S|
2T% 8

o)

“
A1

m

= T

Holelm e fwd ghol

i

ke
pad

o o
ule] efo} puAS]

3T

=

AR
=4

A7 9
A5 10

s
H

3
3

&
5

PEERR
AApate) Al ol

Al fid

9
<t

Al ol

= Al digEH

A

A1 W 4bsp Aol

)

34

(o]

-

A1

p
g

s

7 del

Aol

o]

-+

A2 AEe] A del¥

pel v

k)

A2 A9

i

©

sl 2AL

S

al

pzs

(o]
Az 55 A8

|

=

=
=1}
=~

o~
T

5

n
b

i=1}
ted Bjo] DNAS]

A1 A H-[-H A4
[}

o} Bjal

L
R
=

eho}
(2) A2 AFAR

(1) Al o
o Qo1 Elok DNAS) 28 FEh AL

38
AT 12

Al &5 A2
X}

A7¥ 1

110

o Az vlolEE

oo
=)

T

1 Azel ol

iG]
R
£
i
—_—

X
g

i

L
g

dlol ¥

=4
=

dlolE;

e

2

s

]

Eo

Al

w

o g% Hely

A4 AE

e

g

&

SRS

EREESEE

=]
=

o A

Pg.967

A

L

g

24

=

=

shepv) e

3.

o
— X

o}

;(ﬂ 25

[e]

=

2

W Al3 gt Ala @ Abole] A o
Hloh DNAS] 28 FmetH Al 2Egs fws

] e

T

=

A1 B3k 8

=

A4 wolE AE=

ul
~

A3



[0001]

[0002]

[0003]

[0004]

[0005]

[0006]

SEEd 10-1896167

Alrggbel) glefAl, A w@el GaAl o5 Ganeuploidy)?l B

o
2
2
e
of

A127tel SlelA, dddew A-¥y At D F st fdA d@de] alHdAbe)a, aAE
H
=]

k3l
Ll R 1
Azt fdA gl B O ddaase

ATY 15
A123kel] glojA, A29 o] wvbSS S3Elr] ddl sy owcq Ao n Add A AQ B sy o)k
o] w7 ;A Aol dis] AZEHR PEZLS wEA7E GAE o xdels WA

A5l slolxl, slu oldtel elabEem FeE S A W sl ofabel |7 Wb Adel dlsl B
WEE FEAE BA} B4 s olge gaRon dud A A % s oo w7 e A4
& R s] 918l SR RUSE S ool 8 At WAE TEIE AL Y

AsE slolH, WEH YT FHAZIE @AV S oldel YHoR wYE Wik A H Hy o4
o M7 WA MARRE INAE FEAZ)E GAE TREHE AL Y.

AT% 18

A12gkel] loiAl, Elo} DNAS] 28 wwrl stepvle] 24 §F AR sl P,
A+ 19

A128e] QoI Al1e] vhre] whgo] Al2e] vhe] wkgah FAg 24 Wy

AT 20

2
—
=)
o
2
¥
2
2
rE
olo
5
s
12
H
ik
rE
olo
e
fr
ol
i
rE
olo

)
oZ
ix)

2 =92 2000d 79 239 =dd, 2wo] ©Ho] "di Ad EA4E9 44 (DETERMINING A NUCLEIC ACID
SEQUENCE TMBALANCE)"®l w3 729 WS A60/951438% (A1 ¥1S A 016285-005200US5)E @ o=
Fdein o]9] AApEdola, AV THEYEe] FA YEE ME 5AS P8 = B 23T

B Ege B3 FAd 29d, wge] BAe] Ak AQRAE A8 wlo} @A o] 1IEDIAGNOSING
FETAL CHROMOSOMAL ANEUPLOIDY USING GENOMIC SEQUENCING)'}Q)! &9 (A#e] ¥ A016285-005220US%.)
%

=
of B RAeolaL, o] ThEde] A WES XE 54 AW Fem 2ol gy

g o) 2ok

2 ahge dukdoz 2719 Abold 4k Adit EudEE dAsle 7428 W 489 d9 Al¥, B 53
A dEe] AEE T "HoleAe] v 3, o E2A ol H(aneuploidy), Bl L FHAt
Fo gdo #wF Aoy, & e g ¢r9 A, o)al9 BEUEE W A4 439 TUEE ¥ A
o]t}
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43, o L vE guE T 2l 43AE 9O BE WERA4 B2 g
Wit oo s BEEe A
g4, BgEom, A e U

)
o
e

9 9w @
7 A 219

M Y o Fo
T TR
i)

We e ddtoln

WA 210 BaEel 24 A e WEe @HE dob &Y ¥ BE AEA WA, AU G5 E
= HRe §2 AF0l ofd dob wde WEURE A TRTI. n-AGH A, A0 2eaEs %
Aeket visel old Zzelde @MU AGH W9 WA e YN A AW TRt AsE
e, oleld 2eld Bwe AgHen A4 AR ol uldel AU 217 BlE FREE S5
e, Hzo] Trlxt 2o A W o E wHE (a0 A 71zl ols] we e we) S s,

1997 d el 22| dx 5 43 F MY dHlof DNAY e v HagE 24 2 dgke] A2e JleAd S AFs ey
(¥3%) [Lo, YMD and Chiu, RWK 2007 Nat Rev Genet 8, 71-771). <¢] o] AA-AdAad F2 Fef (9
[Costa, JM et al. 2002 N Engl J Med 346, 1502]) % 52 wd fxdx #ell (5% [Lo, YMD et al. 1998 N
Engl J Med 339, 1734-17381)¢] &4 A xde)] &olstA ALHSXA|wl, Ho} HGAA o]Fde] 24 & A=
Aga e A2 W] 9y (A7 %& |Lo, YMD and Chiu, RWK 2007]). 3, ®Ho} 3L 24 =7
Foll A, FTE A w7 A 5 de g2l B2A 7)d uAE A4k 2t (89 [Lo, YMD et al. 1998
Am J Ilum Genet 62, 768 775]). B, ©®lo} dakL mA| A FolA M= T AX A=z S#3d, H
of A U Fx1xF B f4A o] Fo] AR 5 AHA e}

ol L ZEEE= Fod Aato] FZo o]FolH (3% [Benachi, A & Costa, JM 2007 Lancet 369,
440-442]). ¥ HIWL BA @ F "Heol-5olF dAiks dEEe, XA wFE e EAE S5 At
(7] 3% [Lo, YMD and Chiu, RWK 20071). <4A] 21¢] F4= vk DNA/RNA ExlolA thad I HH
ALY HERHE FEEHSAT. e, o] , - AL 4o XA FHAE FRels AR
2 AFZshe, el vpeggde] AlesElE A 9] oL Fwke] ofdl, ®F

Aw Hgd 4 Ak

[e]
v el dsl ol@Al gt d <l eolol

2t 5 (Dhallan et al)2] #3%1 [Dhallan, R, et al. 2007, supra Dhallan, R, et al. 2007 Lancet 369, 474-
48119, A 3o eSS =8 Hrgo 2 =3 Hol DNAY P& F7hA7IE Byl ko] A H
o] it} EA €F F Holel] HEf r|od® gAA 21 ALY HEL, A 21 Ao U mEHLEHE UE
A (NPl g gt BA-FA Eol-5elA dy-fda g d-gol-5o]2] qy@faate] v&S @rigows 44
HAT.  SNP H-&2 Fx FGMAe] diEf -FAEEA SR EHAT. olo) A, Bol dMA 219 ErE Y, FAA
219 g SNP H]&7 = G g)g SNP H]& Alole] BAHo R fo|dh AolE HETo =R

v ATl R L 0.06 ©1EkY] " p-akE 4188l AYEn. 1 JE HE8HeE

2 50070 =3e] SNP7t EASHEIY. TRy, wREE F7AF7] f9 2ELd e =
Aol gdjovx (3 [Chung, GIY, et al. 2005 Clin Chem 51, 655-658]), W2 A
7 9ok, 5, ZAzbe] ol 2 FA= Zzbe] A die] Aold o] SNPe] ARE AFelrw, SNP H|
H 3L E 9% A% A1ge d&gL 1 =ir}p »E Aolr}y (¥ [Lo, YMD & Chiu, RWK. 2007 Lancet 369,
19971). 5%, ol& HEW2 A dFAY FAE FAeHrE, ol A o|FxAA] eolelA =
A},

&2

r

Al

—

A 21 W AujeR] Helm e $5 FEAE wjEEeA G 21 R4 H Fa FEaAase] &
G4 dz Ws (PCR) 2 DNA A% E Algsle, v 29 % (Zimmermann et al) (& [2002 Clin Chem 48,
362-3631)2 A A 21 "ol Al GAA 21 DNA A1d9] 1.5¥] F7HE 7IEos A7) 279 Hels FEE 5
Q9itk. DNA % Exe 2v) xpeli= &x] g A Alo]Z(threshold cycle (Ct))Y] Xpo]E FAe7] Wi,
1.5u) Aelo] FHL FAFAQ AAIZE PCRY AT, R} mAg A= A FREL 2dsr] 98, 2Y
o] Aeko] Aadir)t. wela, 2 o] oA 2AadH = oled ZAS s YA PCR (X8 [Vogelstein,
B et al. 1999 Proc Natl Acad Sci USA 96, 9236-9241]1)% *}-&3%t},

oA g PCRE b AEolA R4 vlge] "ot s HE57] o3 AgHAT (59 [Chang, HW et
al. 2002 J Natl Cancer Inst 94, 1697-17031). <A o= tTIA|E PCRE F% DNA HECA o] F3 ¢4
24 (LODE A&Ested 8¢ Aoz el (9 [Zhou, W. et al. 2002 Lancet 359, 219-225]1). t]x]
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(0016}
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[0619]

(00201

(00211

[0022]
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=2 PCR Aol BA4& Y38, A ZEH AT (SPRI)o] ol d e o] Felso], AE F LoUe] SAE A
Alste A AAekR] v Aen A7 A3)E BRI (59 [El Karoui at al. 2006 Stat Med 25, 3124-
ol Ao A AgR WHAA LOHE ZAASH7] g 283k (cutoff value)2 DNA & 27 A7+

Zhe] ;A Fax Vg 2/3& AFESEIGTE. 2R 84 F Heol @ik oF, wE ¥ FxE W 5 9ly] wiEd,
H

B mA WY F wA dake] wgolA Elo} A4k Abgsel deaA 218 AESe Q@

S8 Hol WA BAL AFom st Hol A 21 (L BE BRE) AL A u-A5E AW, 59l
FH4 A WL Hol-5ol4 vhe] Aol a4 M-A54 Ags FRtE o) vhgysi. ®
@, A U 44 L A AFE FAstel, Aol Bad wA @7 A BAe] & W/EE ool
o W FE AaND § JEoEN, FhE mE R ME-wrtE AFshs A0 v, =d, n-144
Ngol 3 A B 5olde A of A9s Hastelt glo] vl sl

A @4 F dok DN BEel ol EuhE Age we A Fwdn 28 oo §314 Ao F4 1 ek
A@ Felth. e, Hol DNax X mA] ®4 T a5 2Ele] DS FAsEe, ol Aewe v H

ofel Al F-AZNE HRHUAI BAZREE EA5HA] A

ol# g o=z, WMELAFIWHIAS dovls We-=2=2R 7329 FE 41/42914°] 4 bp
RWK el al. 2002 Lancet, 360, 998-10001) 2 ¥ ¥4 /= 7= 3 Z
HA}e)] Q890X HAdWHMo]l (% [Gonzalez—Gonzalez et al 2002 Prenat Diagn, 22, 946-8])7} >
Tevh, We-RFewE 2 XA ARF ' oo, o] "3l 1 AAIR BEHY] el HolelA ZAe] FE
25E EdWelrt fdd dar) de AEAA dA AHolRs, RA-FH EddoNke] A2 o

Ao AR wolE b 919 5% 50%= FAAL Aelth. AgHom o o] ojth.  uhet
A, @Eds 4egd T8 A9 A8e, PA-GAY Hol Sdvolrt wAl AglA A%d & glE A,
o F Hlolrl ERHEH A AHe] et Rozyel WA F At Aol Adees AfAY Aol
ey, deRes, oldd ATEe HA Bddels] 4 A4S JFox 4BS Wdt: wde g
webd, 4] AE glel, SA@ wol HHAE (FEARY A4, TR Sdve] B oFPTAe] B

A o dPHEs shz geyel o)

71 8.

2 oanle]l HA|YH=, A Ad BAE (dE B, dHfdx By, Ed¥le] BEA4E Fe AR
Ed)ol AEsty AMZE ud EAEt=A] AR5 dAsr] A4 W, Aleyl R AHE AT 95
o], 2719 Ad (= Ad AE) ko vge B3-S AAs7] A3 sl olde] Edgke] dEld).

g HAlE A, 2REFS Holm FEHom ABeH WL dqzd 2A Aik Ade] wiHS ek BA
4 B 84 B = F Hol (YA ow ddd i) AdY eSS VIFoR A4dT. BEOE A
Gl A, B el ke Ade] ik FREE vFeR Addr. @ Sudal, BEze 53 9
AP LS et Aom HrtH e dRAE 99 vlE=5E 2449, O HE&2 A7 dFd s B/
= w8y B EE JFow AxdEn

ke vl Aeld Hael W, Jd#Ad SPRT, &F 27, AF F3h, FAxb A9 54 (receiver
operating characteristic, ROC)S Al83le] AAE & dF. olHF A= 2FA d=
171 Aell ok Alge] ks ] HiSAFHY., ol F3 o] FF AlgH E i 7
o] A},

gk AR AAldH O uhe)l, (1) Aoz A-A G4k ALY Al GE UeglE Al AEY AR dolH,
2 (2) e w FAHEE S Ad Adelet vl ab Ao A2 s Y E A2 AES AH deolgE

Egets doleh dge] wgo Ry $5sE WA odold AERRY seteldE ddss vl de
o Whg A, pHom FAH WA Ad Ei o B0 A Fx A ) WE FEERY Al
PG fEehs @ et E AL REged aets w9 g Fow, i Ad Beygel £
AEA oo BRE AAGE VAS e, G4 A9 Badol AREE AE o EAstEA RE
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[6030]
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wrhe oA AAgEel mel, (1) dddom BER aa el Al F& dEls Al Aze) e o)
B2 (2) 9adew fud A A gold Wi S Adel Alz ds el A2 AEe] 2% bl
e maelel, Q4AoE BRY 9 WA g Ade A1 59 Az 8 s oldel Az £3 A

EaiE feE el dolgE e w
Ao

oRFH FE5E WA T deld Aszid Aeles 445
WA 2 =

BEZE 2 3] 450 AE AL MRERTE AL
Celt whl: sehEE Ruge Waes S % nns Few, A2 Ald wadel EAG
e =

(e}
k=3
o] BF/E AARse dAE T, 4 AQ EvFo] AESH AE W A8 =A AFE
3}

ol fr Mz ol H
NogE
gﬁ

ol
el
N
L o

Arle] fE AAGHE 24 Z1AE 2R ddd Aag 2 AFE d5rbs w el &g Zlejvh.
A AAGH w2, 2o Al Ad mago] AEaA A ol EA4sk=A] oAFE dAdsh] AT
A& FAsty] At AHE A" AL v Az mdd, ndAE AaE S50k 715 vAld)
@ AomAd, A7 Are (D AEGA AE o 93w Add i AL A1 FE dEhd = Al A
o A dlolE]: ®H (2) fdHew A A Ald deld A= AE Fol wiE A4k Ade) A2 4

ehiE Az A=) A% delHE xdtetm, 47 dudos wdd A4 A9s g G4k Aol Al

2 10 Do Mo B> ook

gl AT =@ s oldel A2 f@el AxmHE fAE A, thiel wgomyy dolHE 45a
A odoly AEwyE sEeHE ddes 9 ARGH AZdA Al F@0] Aw=iee] 94 Ad
Ao SAstel S5 A MPERRE A PAAE GEes 9 deeEE Al 2R vaes o
D HwE AFEow, W4k Ad Bwae]l EAshEA ool BRE A4t WA g,

9]
ah7] ARt 27 R ksl s =S Feer st 2 wrge] AE A oS nn & olFdE 5 gl

<k
welo] A1gE o) "AEatd 4E L QA (B Sol, P 143 gL AMEHY A s ool
B4 S BACE)E SR ol MEs e,

op

gof " EE FehBeoEE" Basbe ®mb olFrbd @He dSAPuadd N EE Eus
R R ol FEAE At pAoR @A e &, A/ gel AF: A 549 AF A
42 AxE Ad v & fAE Boom gaRE Ad weeerse] W FAAE e

Ze o el =9} FALE
v Aiks xghgt). 2 vehR ede @, 53 dal Ade B dEAHon, T neHon waEdE W
OlA (dE Eo], H3 &= A3A), dP@FHAA, ¢ A= T(ortholog), SNP 2 Aw A A, 2 wwlslA e
weld Mds xgeitl. AHon, 3 I xgAE s oo AdEd (e BE) FE9 A3 H9A7}
23 97 W/mE dSAewdl rE XEH s AdS Adgema Gdd 5 9ot (¥ [Batzer et al,

Nuclcic Acid Res. 19:5081 €1991)], [Ohtsuka ct al., J. Biol. Chem. 260:2605-2608 (1985)] % [Rossolini
et al., Mol. Cell. Probes 8:91-98 (1994)]). -§o] k2 {-HA}, cDNA, mRNA, 4% B]=1w RNA, w#fo]lA=
RNA (miRNA), 3] Y (Piwi)-528 RNA, H F312 B 423 98 @8 = ©& do]8 RNA (shRNA)9F
AT Ao g ALaFHC).

gol "FRAE FeMEE AE Ageitd delst N e oudn. w9 o9 A R F 99 (I
% oEede) BR ohe A =" 1A (E) Aelo] 4 A (QE)E ¥9F 5 Ao

Pgle] AlgH gol g MAlGlE 54 BN FUSEE Ade] B4 BE FAE UEE B4, 5a
4wt Beld 4ge wdelsts oo WAL AAdTh weerel @ di FPAL Q9 9 (PO 2L
Z% whgolth. wkgre] EUE o G4 mi deldeldd] og AARA wgelrh. AnAF W e
BAE B ol 54 FelhEder= Ade) #AE e wx sel B4 Ade] EAsE @t
A Aol wbgolth,  Belo] AGE $0l "W AGE PR, ol E Sl U-F4 ol M, Ei PR
efele] B e dAE XA whg-e < Fach

wele] Algd gol "o dAd g Adre AAH BEPd dal APE w2 AE Ade] dw
o Agete EewEders Ad =t ud 2 AF A9 7 AAE A48 5 A, @ At 94 219
Adelth. thE o 9ad 18, 13, X 2 YE =t EoE di Sdde] $d4 A BE 34 o
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=3
PCR wA1-& 233}, o)l=4 tx|d P(RE 74K _ng =28 ATE !
o vlg= g8 Ee v-s1 AE Fo] T FEE GUHE ¢ oo, olgg 7]
7hsslA et=E AAEgom (A7) T?ﬂ [Vogelstein, B et al. 1999]), =9
1 =¥ [Zhou, W. el al. 2002]) 2 < =l 4 F olgdxdgd 289 HE (

7% [Chang, HW et al. 20021)& 9af olAHFH AMGHAT. ©X|d PCRo| AT T3F 2 d&Fs= €
dae At == /‘}019] Fol#-9kg AAel oFekx] 7] wiFel, 1o 4 AYgx= HAIZF PCRY #
grnr olEAoxn Agstolof gy, uwebA, TAG PR x4 FAARS) Fe FiZF Alele] nn
Mgk Axe] Ak X}O]% ARz AT ¢ A I

O
]

X,
= o
2
>

b B ok
)
R

[
=
ol
a

2

i
1o
o e
M
or,
N

o)
st
o

i

p=i

Eo},mimﬂ(o%n[mﬁ

ol & Algalr] Hsl, B AEL WA oXg PCRe] A €% F JAA 2125-el9] W MM PLAC4
mRNA (&% [Lo, YMD, et al. 2007 Nat Med 13, 218-223]1) ¢ S 4dAstal, olmA ArgAAl 21
T]x] &k RNA-SNP ®ole} Ao},

oAV ks PAE S e o BAsan. el s
o1, WA DA pRel SR AR 99 i Al 300 fo s dol gl ol
FAE REL S A PLE WUkl @ URAEe o8 U Aud QA el (G Bol

Q. Ao e dEA-d)E Ao A% il slold url we Ags
Aol AEge EA-SU Aol 4 Tad ddeld nd ¥e AREES daw drh.

A A&

Ak PCRE DNA A& T 5 dd-faate] Blolvl(skewing) Al i34 nl8e] =A4E A= 5 vk, &
Eol, YA PRE F4 DNA A1Z F © ‘3%3?1%*3 24 (LOD<& AFshed Agsel k. DA A1 & 5 o
Hidah, F A " eF A8, A AR Lot sle AP of et 7pddvh. LOH7F F A
= % 5099 Axol EASE AF, A BE F A9 ORFAA 01&L 219 Aolrh. e, L} T
v

Mol A6 ke A, Aol dEFHA &L 1:11¢ Zﬂ‘ﬂ‘i‘r.

5 12 Y2 PR S ZRlsks 5% 1000tk ©A 110¢14, DNA &S 3|4A17] F, S d= 7
wighoh, 2 oaRabEs Ay @7 A4l Fo] o] A EolA oln] ARE] sME =R AAYts As T5
o owebA, a3 Fr=R ol sk Ae, 2 T dd 42 daska] dvk. olde] AT (dE
0], &7 & [Zhou et al 2002D9lM=, 54 "5 DNA"Y] Hw v/ 4 3 5 F& F sfuhe] t= 0.5
Baz 2 A FARE 7tel7le Aoz Rola,

= DNA MZE Azt Beo] "FFH DNA"E A B 6 ¥
s

o ojg 01%@ <= ATEA] ddves s FETU

GA 120004, 424 dolA], PCR BP2 A 2/5E ¢ dEFAAE FA0 A&7 A8iA gAhac. G
13064, ztzhe]l A & wprzh ApddEn (dE 50, dFew) (A5 B G, ,

obd). LOH®S H-A] sfell, DNA A& T A R G dHFdxte] A= Fdsiy (A 2 74z 3 Jh). upebA,
ol A dig-F3A 2 ¢ dHFHA L das FHY FEL T o oA fAREE o) do] A B= G
A -Fdabell sl Fded Aol ofs) wbd=d Aotk a#y, Lo/ T4 B2 T 50% e 2 By gL A
el A8k A, 6 2 A AR dyAAA 8 E&E Holx 2:19 Holvh. olxle] WRHEL @ed
AEol Holx 50% 449 Aom FASHAG.  ulebA, do] ¢ UHFAA e el FAd
Apell diel Y SFERY w8 Aolvh. 2 A, ¢ AR ds] el W]
a G de) gryg v ge selu.

A 140014, HAlg PCR d3tE 56k H8l, zhzhe] i aad el Wl Fdeld v
Az Aol obd Ao 8 Agd Aoluh. A7) delA, A gl dis] Fdolu 6
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H G ogdxtel el ol A iidxtel de] 54 Do) & A, @ A

WA 150904, ARAE Do) F FE T ARG F ols shdel o8l 249 4o Fo gow AP,
©A 160914, €] g b wel dafael ol s AuAT We) g (1) (et @ d)el
Ak

Po= Tl B 4 el uHfaAe] AT H W) F/uA sl gHGA4 (A B Qo o %
4 Ao F 5

e AAGHE Shde] dEfdds e RE 9 s olgel gysddE 2E RE 92 g AL A
88 4 vt

WA 170904, P, 7ol AR AA B dehiEa olisl ARHv. Aass 281 Rl verHsn
=, o Ao ghaatx ol BERe AR 9% @ We molxekBayesian)-FE S= W
B}EH AF (SRS A8 dith SPRTE wlolthrl SHswA T 38 /bde washs
SPRTE WA PCRS] e RHakel Blold vgfdel &4
toRAE g 58 Hhssel 240 BAY AT ¥ HHE

AAA SPRT 2MelA, 2% Hil= HAF¥ 7L (null hypothesis) % W7l (alternative hypothesis)ell ¢l
3 A" Folv}. WHI/MELS AE F Hod UEHFGAA bEo] e A gEdg. AFMELE BE F
Holk diyg f-dA4) vl &l gl A5 78

O, P oge ATIIM BE OsbEe F837) A6 F o Rug
3ol Aelek, ok v FEEA @ S, 4Ee B oA® PR dnl b d A9 Al
EE AEE BRI FREx 2vt Ae onEt mREe 1A

AR BT YRS T8 AT BEme ARe=, o

oA
2
2

Ae¥ 7P skl A" P fhE V)

2
o A gv. AFIHEAA, AES vlold ddfdA nes JEhlA] d= Few sPded. uet
A, el ARG AEFAA] de Fdd de2 T AolEE, 4 P a2 1/29 Aolvr. A #E7MA
A, eld P B e 0.5% 2/39] digF T Ax, oE Eo] 0.585% A £F, Agd o
A¥or 18, (L685+3/N)9] Aghgk R (L685-3/N) 9] tghgko] dd=d < gt

B. & F¥29 A%
B o] @ ANGHlA, UAE SNPE G4l g0 Fgo e Hop e TS AFeed Asdnh
Hol/Elt AsEe] EolHel mpAE Abgalel, A 21 F d@RAA nEs 548 5 Ad. dF Eol
PLACA Ul gRAA0) BRE ThuE Awsk FAN0 FoIgAE dgets] A, SPRIZE AHSEC

Sy

m

shite} alA]A AAdElel nhel, HA e RNA-SNP= VAL 21288 XARE 5L Eikel] ojs) @ s = PLACA mRNA
o A A/G SNPe] thElAd Al hAHxlAE, rs81308339] HlEelAle] BdEs AR, o1FAY AuA Hol
o dal, ARG s RAARE Hok Alsrell A Fe skl sEEolob sk @l (11 AlSE s AbE Al 219
AL IR A 212 ol AlE F skl SNP i Rifdabe] b b ek HgEe] 201 vEs vl
Aojth. HAE PR Ao 52 M AE T 7 PLAG difidate de] $5 ] e gExE 44
sh= Zleltt. whEbAl, A Bl G PLACA tlfifiadabe B w2 it AL PR A2 PLACA aRNAE 535
AM71EE AAESASL, 7 SN dlsSAAbE Bl A (TagMan) e 2=nel] o] fAHein. A dAe] =4
2 el = 2a0] vehd gleh

% 2av 2 2] AASE e whE oA1g RNA-SNP M 2008 RS 9A 210004, BES e 9
A 2200041, 4k A, & E0] PLACA mRNAE FF9 RNA AZolA A=kslaht}. & QA gHolA, o] A&
PLAC4 mRNAoﬂ gl AAIRE PCR= AT @ SHelA, o] DAl Azt A #45] Hxlgd PR 49 '
Aol edslr] o o= vk o] sAo] ety =Xxd fig ofelyolE AT aT.

A 2300014, HES AT, GA 2100014, AL AIEY] HRE FATHE. YA AEe] sxT)
f 1 F8/4 (5, Fx B Al-F3 AL B ok sk AP AR #AAE 4= ik, I A
o] FAE AT vad Zled 7leds ASdn. dE 80, & HEAES A4 PR 24 HelA 34
AR ES 96 W= ujiete] dutA SMHAEAIE AT 4 wEE £ RE2F AUz 35
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ol @A AAHEZ F & 3, olE FF AP Rolr},

=

il

WA 250004, TIAE RS olelole] 7h A AelA ATt dE 2 ?
PR 2418 g1sla] 384- ol wlRaiolch. PR A@mRE, 2} @2k Aldd) @ mhrle] & @ ARAF Ao
SE Bgrh. ARAF 9L A EE G Ogh A gaAn Fholt, B mFe ged G4e ohd e
g WA 260914, o2 P @e ARBG. cleld BASE FF 0% Axded 49E 3

1:/__]— kel

Al 250004 SAHE #HE=REH sl HE d4sle AS 2. dE S0, A F HdA HF

2
off
1)

2ak7] 5494120 413
q

ol
2}
»,
o
a

£ eE g APe BRPo] EAREA ANE ARy AA 2AE & el
Al Abellel del, FAE o) A R - o) ok, ek, Al 21 HokmyE o] F3
At AR A9, shdel dRGAANS PRk A9 b OE gEaAdne daes a4 sud

Bolok g, a7d], AsdAA 210 g dHFHR} Bergol o).
1

47 Qi A gol, SPRTE Helebh HA9uA F 3% /bae masn® sz wolxe-fd fuw
A UAD PR BHNA, AHALL AHRAR FRPel BASE AP (5, A

) e AFIHES dYEadx Bade] EAER] & A (<
= A9 Fedg. o B8 59 Age dEGAxE FAder duged
+ A F a9 vl& (P)o] AR Aol}. SPRTE, Prol A%1AA 21 41
].

HirEs Ut erlE AARsr] AsiA As-c

27 Wlol| glolA], SPRIE of:- He paald wt Adss) A7 38 AAE Aol A T
S G go) SPRT HHE 2= X E Abgslel Hewu SAE F gvh. w38 X owwe) ¢ A4 gl
weh e FEES AAets) 1 SPRT FAL e ael=E AWtk SR FHe A A 2RE 4
e AS ol AnAE 9o F 5 oF)ol del Ao R AdEEE APFAsl Wl B JuaA
F 4o 27HE W& P, (vF)E EERFT. % 39 2dE A pol, g R dyrtEe $497]
A FE AAE G FHY FHAE ATARE F8) A FE AAE BAIG

| 8E S, BB A HolE b gA Mo RYE FEE Row EFAUG. o
el FEHL AS, ABEES AGAA 21 HobE b 9 eldomiE 58 Qew BREAG. wwe
2, o7l ARAF Avel ol Bg pol da PRl del apHt BAH Ay R obd mdehd B

o]

gk, olel@d AeEe U 8e delust olavts
B4 e A%, AR delesh PRI o8] RHbHA7] A

SREslson RFAT. da BRI s
A Frbel 3849 Felel=E ANT & ook

, g 2
Aol shibe] Aol £8 EE ALE ssl @tk o 5Ae duHow olgskEd FY BAel
AGH A R FEE EARE BF G Bam 53 we] dvh. 4AL BRA Fee], BRE
e MRE QRS XUT 5 Ak dF ol WuEgste] wmm A BRE ATe] 54 ME-ao) A
A B PEE deAY, BE FEAE S9E Bwdel 54 WRe Tt v g Qs
Ag Awd F ol

Fob AERE Aastel, WA 2wt "H F ol e sl Eaule] B G444 BB B
& Hele] FaA@e 2R 5 vk Hob o] MARRE o) Awe] Aws SUws Aol AL
A7)k dek. 2R AeM, F ARRAA A 2 B g B4 fdAE nedd. WA AB FalAE
o lFAHTAY A #249% b 5 alvh. Hobt AB faAE,

—

Z 2As 2o fAAGS Pt A, wA D
¥

o) mAl WA meleh. W, Holh M Ee BBe] §3

@ Aelvh. webd, o3 Ei gHGas
Ade Bt AP, WAl AFAA A L B AEGAL 4e] AhwSE dHFAA BrFel £4E Aok,
olelgh Azhe E AB-HuH BAWel (dF 01, YEA AFF Fi ueAFANE B 45 295
Fo fusts BAdeDd® A8 bsdd, 72 A5 AL of4F dHFAAR, B S9del dEad4n
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CEIEaEY
11. ©]x1& RCD
NA-SNP7E A1l SNPell ol@ ol@AgAle] Agolw A4 weltte Aol

R
= @ Agaal 21 ol E e Hoh FaA ol

2] &k RNA-SNPo] ©4d-2 t]x]gr

wag e (Az =ol,

& Al A8 MAEA Yol a4 v@del A8 THd Fe oAy
O,

18, 13 % A4 FAA oleA4) 2 - &
RNA-SNP7} ol #olels 212 dfute] Zidde dolvh.  mepal, & dAdealrl, G4 ¢ gz GAA, 5
of Aol GMAl 10l AAF FRAFA FAQ WG G 21 fr Al YA PR Al ©f 3l
A=, AulA sole] Aselal GAAl 21 o) G 19] njge] 2:22 589 A= AGAA] 219 A5
o Ak A 21 AEE AT UAE PR EANA, Haegk 5 e Gl Zkgol A o
= (5, AgAAl 210 AEHA gs) AFIH B GAA SE Pl EAlske (5, AGAA 210 AEHE)
o7l 2ol

ol Auwe JE g4 oA, dE 5ol AFAA 18elA el GAAl 18, A 13419 FAA 13, HY
Trwel e iaA Xeh d¥bd vhE A dwistE 4 glv. g, GAA 19ke AR, d9 ol
daEA e e MR 8 Fe G R AR ¢ vk AR geilo]l wdk A ow, ok A
FaHor AdEE 9aA O Fx ARl g wsks Peslema o AEd 482 & vk Akl
dws AAgAgeralAlel GAA bq, FAetelAel A 3p B HIRIE ebFlAle] FGAA 9prt xgEE. =
2b= A S EoR Y 45 549 o-ad g ol dEs I

% Zav EF B @we] & A dHe] ubE vx[g RCD W 2058 Ardcl. wA 220-23000] o@ @ A
Hol A, &9 DNAE, & S}, Yxe=FNanodrop) 7= Awsbela, A 3 G4 21 £ 853 ¢4
Al (e, A DRYEe] of she] x4 FPe] wRER NG, 9A 2409 & AAFEHAA, 384~
A Zdol= T Haw Zeng 85 Algste UAE RO BAE Adstr] ol oF 37% FEe Dol 49l
AL AR-E Fdsh] flsiM, 9] 96-d el A 1A 1 ZeBR g AMgehs ARl ol s4A1R DNA A
& wgess gt ¢ k. 37%° feldE IOl 5 Yied Aot

GA 2109 AR B GA 2509 dub= @ 8] Hawk 414011 sl s b= d(paralogous) A1E
olell ofal Adsl= 5 GAA] Bl SAskE bR AdE SEAVIES Jokd AR PR gAEe R 5
g 5 9} (& [Deutsch, S. et al. 2001 J Med Genet 11, 908-9151). o]} =t ARAF A&
FAA 21 Ba= Al 1 frdAkErel dsl el 2y Bl disiA e obd A=A Adejdn. A
s Al Hotell s, o= shuhe] fxlAdl disl Al ARAFT de) = A Fesor k. A A
21 wfofell cisl, Cﬁ*ﬁ“iﬂ 1Ry FA8A 210) djs] A<l de} HAosmFEo] glelof Ik, IArimEe] AHG M)
(2]

47) Z1%R W 200 0 2059 AAGH] SEE Hol oA v} adchE Rolch webd, ¥ owwge
& AAGHNA, Bt} SolH w17k AgRET. wl-vol Hold sl Agss] feid, B onwe) A
FrE = E 4% oHd Anst @A, woh F8

14 (3, AR 4B F ol DA 2w
rd ©

WAl ® F vlof DNAS) e BB wigmi AelaA 21 vlop: wAl Bztom wEd ol DA A% ¥
B (GE) F §AA 21 Ade] S o] /el @ Aol & Eol, Hold] o8] /]elH 5 GE/nL DNASH 50
GE/mLl % DNA (%5, 10% Wlob DNA %8 ¥1)8 @felt sl Quewiee wal gy BEe wA o
F (R F AR 21 Adel E 10070e) 74w (90749 2A] A9+ 1070e] Hol FDE ok at,
W AA 21 Qe OlFl, vlo} GEE zhzE 371 Zlwlel QGAAl 219 leslel, mAl ¥ F AR 21 Hdel
% 105709) FA=1/nL (9074S] =A A4S + 1579 Hol Ao H=E k. whebA, 10% ok DNA Fwol A,
A slalel wAl A F A 21 Rl o) e A Hpe) Losue selel welal,

Aol ol#dt A2 Axe] A Apols AASIEE JiwtdE 4 v, AgAA 21 dHoke] g S A
Flekell dlgt Yad 59 Alge] 7led Aol

-{o
x”_
o
o

e DNA d= & Flof DNA &8 ‘gieel = dE Fo], HRE DNAE
E4 RCD Hl&2 3:2, = 1.5-4] XPololfﬂoﬁ s 5
[ o

Hob DNAE ¥fsle =4 4 455
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F ANAT W) F2 o] A,

4 2 owede) Akl el ol dte] MBS Algete] WH AHE A W 4008 e
1 of Bl W& Mirgo] Hgdrh. & AAGHANA, R MLEE v]-vol-SolH vl
(%, 5A 2 Hol wrol #AaE G4 Ad)sh DG Hol-SolA wA (dAF Bel, v, F3A

g7 mkA (elZdd], SNP), iR} T4 715 (placental epigenetic signatures))® 4S FAsto ZAET).

2

AN PR, DA PR, ADEA 9e (7R Wd AE ALRAS x3) £ Qoo e g g o
A 44d H4e 9T 5 Ak @ SAlA, o] 349 wel AHos AR BErFel Je & o
oA BHE AHgEH B o] v

YA 420004, MES F
PCR == 2 &4 vy
X
2

R R ST e

MA)71an, AR S-S del] ¥ar, 7h delx whg-s
o] Axlgch. FA 4300014, PCR A= Aol e 4 =
Fokr] flelA AR AT, WAl 440004, vtrEd Ade] AA vE (Poo] AL
o @A 450014, 28 FHE dAsky] A 2SS AE T

A 460004, AA P W AR =N, Eabdo]l SAs=A] AR dAddn.
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AAGHA, HE FEE ddl= DA AF F 0 e wee] I Adel @ e Wt Ade aelEo
L e 3z dHadde 25
WA Fa ddgdse g

O, #E: s B FEE e w48 Qelth, EoE AAdEA, o B Fwe) g
fez]

oy e
5 M
o2\
5
0
ukr

it
il
Lo
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o
i)

e
= of)
-n
X
12
o
fr
bt
-lkr
off
o,
i
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A 510004, Abeld o] ks AT, olAL, g Eo] Ay Add A L yR]E PCR Aol A

rkAE Algate] A ¢ g, aEy, oA T2 IAE X34 EAY e G vAE AFESA] &

2k g2 Al dAd d3, 54 38 dd e 97 Al 2 EALS AR £ ole UE WHe
<

el M= A 5 Ut
@A 520004, WeiEmEE Ade] A4l vlgo] ARG, olRe A7) JlEE A o] wA 1 Ayt v
U de) 58 Helxm, AnAE e 52 el A= S slvh. 94 530014, sl olake] Aade] W@
FE/h SAEG FE A, & AAGHA, 32 Ade FuEdE Ao, moE A A,
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[0097]

[00997

{01001

[0101]

(0102}

[0103}

[0104]

[0105]

01061

[0107}

[0108]

01091

[0110]

(01113

0112}

Z AdL A EE"H (underrepresented) AEolt}. FAHL t]x]g PCR Ao A F= Add] g8 -S40 4
o] & AFstd dAlgd ¢ . 24 de] vE B T R Alole] #AAle uE Aade rled A
g Fold (Poisson) w30 e8] Axdr}.

A 54014, Aol A dis] FdA de] ot o], dE 5] Fobs EEXE ARSI Asldn. Cd4d
de A G Ad, A4 I Ha Ad, AEs ghste 94 5 e 999 g2 A oo FEA 5 v
A 5500 4], A4t P2 ol o mRE ALtdErr. A 56004, BEZEE, dE E9] SPRIE AMESFA] o
P RNE] Ak, 9A 570004, ik AL BaEe] ERF AA". WR 5009 574 Sl oA 7]
@},

LAY dlat el A4

4G e g BQE) B BT v/l 9ol 5300wy e An, Ade G el dab 5/ gl
540614 AR G itk o] e %, B @, TE AS gom HAW ¢ Jvh. AR A 54 A A
SatdA, 4 2 HAx Fg He v= (np)v € 3 0.50]aL, PLACL SNP, rs8130833o141 A<dAA] 21 H o]
FAADE 4663 Ao = AT, webd, FE FEe A dF4AAY Relx, AR 2P ¢ AHR
A4 Aol

& WA, Fold Bl UAG PR e 54wl 9o W FPE T A WHRAde] Brs
A FE. HE e s, oldk ¥ash 2 uE B 35t AlgH

nheba, 0.59 WE A-Cl@RAA wedA A o
b5k e Aol

,_.
|
o
o
S
3
>
I
=
w
©
&
a1
S
*
H
)
o

upeb A, Bheh o]kl A Y RFdRxtY] BxE hhete Aol 49 FE2
2, 9 39%2 deo] It olue] A dHFAXY BAE Fe Aowm o
-z il Ade] A, AR 21 "Hole] 2 M Ee)] g, A 9 6o Alm \eL 1:29 Ao
H RNA B DNA A1E = A o 6 9]&o] Wi« ¢ge ez /s

w
dAEfFHAe] " FEe] 2vf, 5 2 x 0.5 = 1¢ Aol

Wetd, B G adRAA R 104 ¢ dgFAAel gelo) BAE g @ dole) 4o FBE o
7

o ol ANE F, dekEEd A Ade] wge] AR vk A dFFAA 2 ¢ JUFAAE AL
P el SPAeletn Abged, T oAERAAE BT $Res 9o BB 0.3035 X 0.6321 = 0.2487%
B, o} 25%°] o] T ARFAAE BT Ghehs dow oaa ol

FAx= felE ¢ d"ERAA s Sl G Ao m ddEE de] nEE gl o)l A d"ERR
AHE FFete 49 A A R G HHGFHAME BT SRt 9o 45 W Helrk: 0.3935 - 0.2487 =
0.1448.  FAksbAl, G dAEFAARE dFstE A dERARE SFEA ¥ Fom JitE= Ao vE2
0.6321 - 0.2487 = 0.3834¥ Alolvt. ARAFT 4L A dHFHA BT ¢ dg-Faxd g8 o, & =
Fol dsiAz o] ofd dmA AHeojdrt,

w 8T
il
iy
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[0113]

[0114]

[0115]

01161

[0117]

[0119]

[0120]

10121}
0122}

[0123]

[0124]

[0125]

[0126]

101271

101281
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wek | tR]E RNA-SNP HAddlA 6 o9 5 = de] drd ugl
0.1448/0.3834°|t}. &, DA ¢ d@d-{54=e] disiAnr A do] nH&E DX A gqig-Fdxle] g oF
A e 2.65me)). o]zle Ao Ed dEHIxE GE A H5Rxe] 26l "ol AlE v]&T gl o]
L=

SPRT #A1e] disl, Aojaasd dH-Fdxe] gz Gdd ArAE Ao v& (P)2 SPRT F4& AMEste] A
e A, & dolA, ARAF We] HEL 0.1448 + 0.3834 = 0.52822 Aoy, wbA, m 0.5904
Al Al 21 72 oA} P2 0.3831/0.5282 = 0.730]c}.

P 5 FE (m= Fold WA Fa vehEole®, P& mol upEpa@d Aoy, X 62 = e A
o
=

Lk (mool gk o A vg B Auxesd dygdated ds) Fdd ARAE 4o vE (P&
2R
o P gt -AdE Waek A 3 FE ddadAte] "y wX (mool wel At % 60000 AlA=E A}

=
A4, P gkel HalA mr @Al Urold Ao, He AAdHdNE AFARe sa67] A @
] 0.57 okl F ArE AL FEAT. AL A wge] 117 thE Ae, dF 5], 5:39 A4 Lol
4 Qeonl, oebd algol 530w ol He REael wAd Aok, T boldh #ak MY o] 7

ol M gl mit AgdE Ao},
Y, o)A B (dE So], A7) 3 [Zhou, W. et al. 20021)& LOH A Zo) dis] 4" o4 P, 3+ AF
fstgern® ) LOH7E e AEC Uk P, ats A4 7sdy (Ws7bE 8. ZAagrte] Axs n 3 34

ZHE Aeld. Z, DN 4E F AE O

SPRTE Algsl= AAILEe] g8, &% [El Karoui at al. (2006) ]S =F-E] SPRT =t41e] gt 4 shshS ALt
A7) A WANE A8 S oA, BG, ATE b g@ae S8 A e B4 A
14 : o) -

Aol L HHA A A A G X B (threshold likelihood ratio)2 ZATIHA A& 4 Q).
] o

A, WA S I so] o AZe] WA dFFAA BwFel g AT AUFAA FEPel fle
WES PEHE VHA0T e AXRE Aow veds) W, 471 @& 8ol AsErh. weA, @ 2
A A, SPRT S2e] Fet 2 seks A A e et o

g = [(In 8)/N - In 61/1n ¥
&3 = [(In 1/8)/N - In 61/In Y

o71x], 6 = (1 - 0.)/(1 - 64,

¥ = *(91(1 - 90)/@0(1 - el)y

00 = Aol AHEel A w-FE AR AAE FHobs AT Wol wlE = 0.5 (k7] B2,
6, = dFZIAel A AL v-AE (5, AUESR) OYRAAE SR ARAF 99 0§,

N = ARAF Wel F = o= sie] QYR A Dol F.

(In2 2Ad =273, & log.s YW= 8 7]159])
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[0129]

(0130}

[0132]

101331

[0134]

[0135]

[0136]

[0137}

[0139]

[0140]

[0141}

[01421

[0143]

AHAE Fgaly] F1T 000 AL 8l AT QA HolE zhe 2 e eRE dojxE e
= 7hget. olH@ b4 slell, ol shibe] FPol FAY Ae) dlik e 1119 Rolmw, ¥-Fe g
gaals ARAT Ao oA v)ge 0.5 Ao}

AAbE dHrshe

A7 E 88 A 0.9 AL S8, AE2 AGAA 21 Heols 2 il demye] oA

Ao Zhddrt. YA RNASNP 2418 918 Al 21 -0 a2 Po) Adke & 6009 o] 2l
[}

upeba], o A1E RNA-SNP 2415 913 0.8 X 6009 =ixu) Fefl AAld elolets F=dr}.

E
b
I
oxl
ro
of
2
Y
9
=
oH
A
i)
X
L
Pﬂ
rir
o
N
it
_Vi
2
M
£

1\
2
L

24" Ao}, 3 AA|okHe) A, m,
e vAl" PR 249 HY 3 F A€t o @ A a @A o Fde de) & F Aol

A= X (e 51, Fobd S0 o8 #9€E & Jloenz, e ts AE ARgste] Fx dyRdAle

Ind #d 23, = logwhe 2l 530, o] AL dxd PR 23S 8l AFg == DNA B2 T mo

A Aela A4ag BrbE AT,

of WP uFAT FwE A7) AN AEE F Ak, dF Bol, 4F FEd A4S Wy 2009 A
240014 AAIF Az} el Wb A B shte] FY Bas 2o 54 www 549 5 gtk Fols BEE

=]
=
AbgebE @ AAGHOA, Fao] gl W] o g e o® AutE 5 gla, o

1 e 4 3 2
o i wwelrh. dF Eol, 4 7 e F9 2o JF wEA, FY B/ QT Ao dF gL

e, é 0.37 (37%)% Feldith. hoix] 63% 9 We sk} oyl F4 BA4H FHE Ao}, AFHow,
1ol A G W R ARAT el o} AgE Rolvk. AnAT 99 4
whrle awve) FowEr}

TW m&

E AAGHNA, 4 F He FR oa BUE GRS U, dE Bo] A% ZAHE Agske AR AAzE
PCR, WA A=A PCR, A-Z A2 PCR Tl sl FA€).
B. ©X]g RCD
Ho FEE A= dXKE RCDE A7) 71A" A E SNP BT FAgE galom ad 4 gl JAx g
20 A -G 21) wH, FAR] 21 A, D F kAR5 glE] A do] £& o2 PCRYY o]s] SA
o
=

@ gk, U4 SP R0l g 94 P w v Wi Fw (o] AxolAg g Folk B o
AR 21 vl kAol Awglel, @ W AE vhAel Wi ¥R (n)E FE opAd o SHel @

4 glvt,

ol F, AMAEAl wE AEAA 21 HobE 2 9al elgosiE Pl v g AF AES BHE) A6

SPRT 248 4188 4 gk, Holsh AulEAQ BS ARsbEel &

A g A 21 vhrol sl @gel o) o e 1 W, olol we, Al 21 viAe Elsl A
5z ARAE Ao a3 wES 0.59 etk Holk WA 219 e WA FT cHsbAel

FgE Rolch. o] AdeledA, BE Nt dHow dotede few A%, 2 WlAe GAA 21 A

of BF FEL FE w0 WE FE (n)e] 3299 Relu,

A& RCDE AFE3lel Hol-5e]A nt, o& 50 HW T4 7159 HAEE &3 9484 & 53S 7 A
vk (Z-%] [Chim, SSC. et al. 2005 Proc Natl Acad Sci USA 102, 14753-147581), EW% R
H-Ejo}-5o] & nizlg AM&3tt. mEbA, Hl-Bo} HolH nirE *}%’S}E 25 Eo}
& 7te] A7 vepd Aeloh. wmebA, A F G 21wl A
o] gAY Ao, m, [(200% + Efo} DNA #12-8)/200%1& AL-&3te] Abd

AA 8 54 ArdE v AREsk, A F FE FEQd 9MA 19] By FE ()= 0.590 Ao FpHshd,

Pg.980



[0144]

[0145]

[0146]

(0147}

[0148]

[0149]

01501

[0151]

[0152]

[0153]

[0154]

[0156]

01571

SEEd 10-1896167

50% 2] DNAE HlolmXRE S8 Aom 7JAsa, BE F 50%° DNAE EA=5E Sdr).

wepd, Fold RRE AT, Wi W=/ 4 F 059 45 FAA 1 FAAA] oW BAE oA

ol 5
Qe glele] 4o BB aslsh 2o Aol

RO

webA, ARl 1 A F skt olde] RAE gaehs Qoo We) #FL 1 - 0.6065 = 039359 3]
o owhebd, diEr 39%0] We] §R4R F st olge] BAE Wishs Rom «yE el

olel gk AAAA 21 ®ofo] Zkzte] Mo st A 21 of FAA 19 Aw BEL 3:2¢ Aolr}. DNA
AZA A FAA 217 FAA] 1 Ale]e] U]EL o} DNA 23 X (Efo} DNA %)l &AL Aoln, 3xHo}
DNA % + 2(1 - Efe} DNA %) @ 2XEfjo} DNA % + 2% (1 - o} DNA %) ZAeo|t}., wepx], o] A4,
o DNA 23 ®x7} 50%< A, M= (3x50% + 2x50%) / (2X50% + 2X50%) = 1.25¢ Relt}. x]
SNP o] Elof Sol4 niAHE AMEElR] &2 Ay, ol g A4bE AlEste] H-Fx Ade] HE 55E A

g sxw g

o I,

weba, A oF A 1 FRREe] H w50 0590 A, 4 2 GAA 21 fAxEe] He vEE 1.25%
0.5 = 0.625°]1t}. wEhA, Ha F=7F 4 D 0.625%) 4-F FAA 21 FAxFe] oj g EAE gRER] o
= dole] deo] FgL dlr|et S Aolr):

BN LR S
weba, GAA] 21 FARE F sk o] EAHE et dele] 9o FEL 1 - 0.5353 = 0.46472 Aol
o uEbA, o= 6% deo] A F sk Ol’eH A= St Aow 1’2}5‘ Aot} FAAE F
shm e de] Z=xo) EgAolaly AEY, $ARS w52 TGEs £ (.3935x0.4647 = 0.1829

F\F :{o
_O|_14
rr
2
ﬁ
JX‘L‘

K*l rl{m
(o

QAT uwhebd, e 1890 We] £ A4 wEE dRes Aow daR Ao,
&

SGAA 1 FAAFE RetE fgAA 21 FdAEe 3REHA @ AoR dqAE e de] Rl&2, sl o] AhY
SAA 1 FAAFE ghele Ao FoA F 474»} YE @%E}E 1Q TE AR A, 5 0.3935 -
0.1829 = 0.21069 Helvt. FAFstA, 244 21 A4S F3tE Fdxa Ry sk @ Aow
dAE = e v &L 0.4647 - 0.1829 = 0.2818Y ZHolt}., ARAF _% AMA 1 FAAF == JAH 21
a2 F Evlel] diE FEels & Byl disiAe obd dWEA AYHnt.

w2l t)x]e RCD FAeoAe] FGAA 21 o] A5 1 oA ¥)82 0.2818/0.2106 = 1.34°]tF. v
et GAA 21 fdRbste] deiAwk del o] v&L FAA 1 fFEAksel] del vk el o] n]-& e
1.34¥jelth. o] DNA MEAY 1.2569 Hl-&F= tjzxFelr}.

SPRT #-A9e) tabel, aA 21 AR sl Q) Al We] Mg (P& SPRT H0E Agse] A
P

% osldete Aol ded Aelr. @A ddA, AwAlE de] vEL 0.2106 + 0.2818 = 0.4924¢0 Aojv}.
ohebAl, 0.59) meoll A 50% Efol DNAE Zbi At A1A] 21 499 ol P 0.2818/0.4924 = 0.570] ¢},

B T8 5% (m)7F Fobs BAdrdAe]l Fa setrgolr] ufFd], P2 mdd 93] #©&d Ao}, &= 7& &
g o] AAldH mE A 9 Hy A3 Y FE (n)EA XEdR FF FE9 99dA AdAaA 21 AE
Z 10%, 25%, 50% H 100% <] Hjo} DNA 4 Fxo| 3t dit P& ¥= YE ¥ 700 e, dxg

i

RCD #490) el A AR 21 A9l i bl oE AN ® 700904 FEdeh webd, ® 700904 48

E dat P #S U= 955E o8 "ol DNA B8 ¥EE zts AlZe] rx|g RCD 24 @ 6,2 95
2= o)

! PR

c. 23

1. 2el§ mo] v
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[0158]

[01597

01611

[0162]

[0163]

[0164]

[0165]

[0166]
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24 (Ho} AwelAst 297 dgHon ddEt A% Atele] o], @
9 Sd Aol O <AS X 600 % 7009 UEIT. ARl 21 4Ze)
59 A, Az dHGUANS Sgehs Ao o HREd O HGUA
9] t]x 2 RCD
SRE RN

r

2o

0
Shfol= 9, & A& RNA-SNP B]-&-2 2.65°]1F (& 600). 100% Efo} DNAZR FAHE %
5 A 1 A e BEom ddel dol ojd 94 21
CD A]-&-2 1.7°]t} (% 700) (P, = 0.63, urz}bx] <& RCD A]-&-2 0.63/(1 —

Rk
8 X7 #4487 v, dAlg RCD Bl 82 FAI moll def Ao (%

® 600 2 700014 vebd Z3 o], dyfxdA Ee dAA AuxE: AR nol wet Frhdc. e
0.5 AellA o] Hdjel] wgdap, meo] F7h= S7hgel e 4k gadin,

AAlw, EEd] A T wabe] dol ATHX = A5 AUAT W) wlge] it A Ae] F 49
kel olal AR S AN, F7kel e Ao vlge] FhE a® Aelvh. webd, HH g PR
o FY wush AF B AP de] F 5 ) 45 olEHolr),

£ w0, W) B A F 3 4 Negom @ 7% wE, &
4 F i FxE 7Y BE B AdTh 7] B ekl A3 gel, o P& Abgehel Ay 2

% 82 B g o] AA)YH mrE o]« RNA-SNP 2ol glolAl 0.1, 0.5 H 1.09] m, kol g SPRT =410l
Aol Zolo] HARE oArlslE TF 800 YEWY. ZF ME<e dxg PCR dolel= 54 3] Hud m 3k
54 ZHAog sfalgolol dhvl. TIXE RNA-SNP 2 RCD %ol A& ik dE-Fdx B2 G

1ol Cdal: 2:1, 21 3:2), 27 ©lA" PCR Al=¥e) dlsle] Abolgh A Ee] SPRT
o3lthe AE FEEr. A9dom fx| P& tRE PR Ado] A-5als nd o Hddd w

l=o] S0] A8E H9 Uxg PR o1 LOHS) 24 13
:

e

X
SPRTE Al&8}e] t]x|g PCR dlo)elE 3]sl 7] $13F 2 AR WHS 714} t] X & RNA-SNP 2818 Al&35)a] §)7)
drjger. 2 A9 tJAE RNA-SNP 4] o]F, A , g H7-d A2 el o sl A
T T dEAAA B gEiA A 2 Z A= noy 22
Zte dyRdzt=zA Aodnt.  Srols gE "Wk o] we, o A7 FE A
of AARlel, Fza Al -fdxtel dsl 24U o] & 5 Abgsle m gk Aabdvh. 2 @it 7P oo
z

06-20 WSl A], 20709 We A ARG AAA A Fol3, 4] DE G A FH AL G Bl
", 33 AL T oABFAA BTl el dgeleh. A ARAAAI BE dBFA4m T, A2
Ao G-opg Wl vl A7) welrh, @ dgaaAel dal §49 Wel FE 96 - 20 - 33 - 4301}, wp
GAl, Fold WANE Abgstel theal ol m& A4S 5 Slth -In(43/96) = 0.80. ©] HSe] APHow

AA-E P2 24/(20 + 24) = 0.550|1F},

¥ 6004 W=, m = 0.8d)419] AGAA 21 M=o o4t 0
0, = 0.76% 7]5F2= ¢ SPRT F4& A18sted AfEAo=m f5H P, (o] AF 0.55% g Ao}, P, =
0.555 B SPRT T4 Ao Aesl= A5, dolg A8 sty Fd offeof] ). ueps], 2 A5 A

FAR RFAW, ® 38 P

P2 0.760]t}. ulElAl, o] AL 0,2 (
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{0168}

[0169}

0170}

01711

(01721

61731

(0175

{0176}

{01771
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= gat CRNASSNP RajelAle] Al @ el 21 B9E BRels] 9% A5 L 7E SPRT
el g =) =il §_3’Jr-l Hlul 3% 9005 WEldTE. = 9b 3849 T]X|&k RNA-SNP EA1oAl ArlleA] L A A A
o1 ASE RRas) 99 AT 2 JE SPRT LaelEe] wae) v ®
PR dlolebsde] =8 nol Soldel SPRT Tale] Aelg ojujart. )& dneFe
=of SPRT F¢] AH4-S oml@tt. BHe Adme] oja Pugkel YA A wobe
Aol g Al olel wrsl v,
AEe] SPRT o] Ag vlaste], BRE7EE dole] u&e & 900 % 95004
et A o] B ome] whiolA AA A oE Sol, & we] W¥E A8sd, n, = 0.5, 14%
2 0%e] ARAA 21 AEo] A7 06-9 % 384-9 A 240l sl BREATE e, w3
Ze) Abge) delAt 77 62% 2 10%7 BB (3 900). upebd, ® owwlo] wye
Ao o AnAT dE 2@ PFE e o
= 900914 e R} o], Al @l e 0.1 U4 2.09] BE m, gkl d@ dg@HAx oo Helu
Y gleu=| eke AZel BRelA nr Aaely. oF S, mol 1.09 23, 96 4 tIx|E A NP A

N
rhy
rO
4
2
>
k
Cx
rlt ndﬂ

£ rkl
PE

4

FATE AP, AT IwAFES 247} 88% % 0299), OFRAA vEo] Hold AE P Wolux] we AE
& Agsta LR, wa G AT T RA WE] Mol E R e @ s

A5t FaEEFE Aokl ARFAA vEo] Mol BET el @ B0 Fet nol uhe S48 A
olth. AHow, pF ARwE nel wet F4E Aol no) 2.0 ZaE e AP 25 AHw U

(<]
@ 271 AE e RAAY Frhel mdt gad Add, ol A
Fwelge] A, nol Sk 4 =

W, ) Agw FolsA gashz, ot o
3 P, gkt 1ol Zakel WA F7b wEold,

Wodrgate] A9 % AlgEelAd deolele txl" RNA-SNP7E A A 21 HEell dis] aapHelw At W
AE vEpin. XAl dedelAe] PLACY mRNAZE HlopbmA-E mpdbAl FjE ] wiEel, Al9d 1871 &
= 7 1270 diste], @A 139 384-9 tx[" PCR N%*‘:'JO] A el Zeskslt (2 13b9)

1350). olo weh, A7) wAG ZAAZE oA PCR-7]EF 9PH 2 RNA-SNP 24716 dl gk 2eF BagH-7nk uhy ol
ToE FJEHE ATt (A7) F3 (Lo, YMD, et al. 2007 Nat Med]). EHW-Eo0]A pRNA AAMR st FA =R,
2 IEAEE 59 A g4 Ao e §3 9] Hol-SolA dak FTE Hof GAA o)Al tr]e PCR-7]

B HdEe AR F slvde AS At § de Elol %44 mpAeolw (¥ [Chim, SSC et al. (2005)
Proc Natl Acad Sci USA 102, 14753-147581; [Chan, KCA et al. (2006) Clin Chem 52, 2211-2218]), °l& X
ol T4 dERFdxt 9% (FAR) ¥WHS AMSste] AR 189 v-HE5A 24 A A& AMEHUATT (F4
[Tong, YK et al. (2006) Clin Chem 52, 2194-2202]1). ulgha], B @Wxj&-L o)xd EARO] 7}ed B4 719
d Aoz o).

V. 27 %, vz wA 2 PCR M &Y
]

A7 Z1AR A3} o], Ho} DNAYIe] 1A 115 W] 175 Alelo] di=f 3% Ay & w52 24 7 DNA
9 A5 BES FASt: FAS, 24 oz 329 DNAC] B g ol A E A&sle Aol Eited
= vk, ey, B veldl A e, tx]E RODE AR o]FA] DNAZE AF HdowA EAsE
Ay o)A HES ThestA @, 1l x27] g EAT 4 gle, Hol DNA BE =9 fdio)
giste], Rup 2L Fo] ARAY Agrt tdx]g R dis] aFEc. = 129 ¥ 1200004 f.9F3 A}
o], B ALY 9uj= £ AgRtE] @ AEQ 7IE suly, dF o] 7<= Hol DNA 28 ¥ & F

PAE AFevhs Ao, o)sdl dal A9 Aol FHE F alvh. B wiae] AslalA, 25%°]
of DNA -8 el ol § 768079 % F o) whge =3 ulE Al =] /)% whgEeolrh. o]¢e whuhuy
= 3 1200014 Yl AT el AulgA D akelaaA] 21 AEe] Asolsl 97%m BRIEeA @

A €] w99 F3 3 EAste €% DNA #xHe] = AT (73 [Lo, YMD. et al. 1998 Am J Hum
Genet 62, 768-7758]). dlE E°], 92 =74, Ho} H BA BFENFEO 7idd dste, AgAaA G
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{01781

{G179]

[0181]
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2#, B-=Znd §Hxe] =4 BA 7 5= 986 719 /mLel A [Lo, YMD. et al. 1998

Am J Hum Genet 62, 768-7758]). 7,6807/12] B&5 ¥ &s7] ¢

DNAZF edt Aolth. of 15 mLe] mA HelomrE Jg § 3 =

dmolh. e, ® APAEL BF AL chr2l B FE G4 ®AE TG ROD B4
o o

ol

Aths AL FAATh. 58°] chr2l 3 = G 24 stol, w4 1.6 mLe] 24 @3 o] LAl Ha.g
4 ”X‘H F5 Awstr] s Zad Aol ‘“451%%‘; 9 A4 PCRE FAE 5 glvk. ol dE s
gk A S49] A3 (robustness) = W A} Lul A g sl (haplotyping) o wha] o]n] PFHATY

& [Ding, C. and Cantor, CR. 2003 Proc Natl Acad Sci USA 100, 7449-7453]).

WHo R, 25%9 Hol DNA 38 =& @45ty fs], WHE 22X o)A slo} DNAS] e FhHah (3
[Li, Y. et al. 2004 Clin Chem 50, 1002-10111) ¥ =2 DNA wijde] =) (¥% [Dhallan, R et al. 2004
JAMA 291, 1114-1119]) 5= & B5FE 7FesiAl @ < glvk. Hof DNA &5-3F 31 XA DNA AlE 93 =#
A e EAs, 54 DNA Mds Hes YERl = Bo} DNA &3] xAskel e B 553 dgE A
{8t Zlo) w3 7hsd Zloltl (3 [Chim, SSC el al. 2005 Proc Nall Acad Sci USA 102,14753-147581,
[Chan, KCA et al. 2006 Clin Chem 52, 2211-2218]; [Chiu, RWK et al. 2007 Am J Pathol 170, 941-950.1)

F7HA o=, OAlg PCR Fdlld tid dd A7 AFEE = A 42 gxd HA7F PR 249 5 A4S
g gl & Wye] AAl EAc. ol g oE WA= HAGA dRE PR H (¥ [Warren, |
et al. 2006 Proc Natl Acad Sci USA 103, 17807-17812]; [Ottesen, EA et al. 2006 Science 314, 1464-
14671), o1AA PCR (9 [Dressman, D et al. 2003 Proc Natl Acad Sci USA 100, 8817-88221), % o4& =

2

o] =7 (Roche) 454 ZWE, LdFuy E=A(I]lumina Solexa) =&, H o] Zglo]l= nlo]QA|~H

(Applied Biosystems)®] £8]=(SOLiD)™ A2¥lg AlLslE= e BHE As 7\1%%)‘—1 (53 [Margulies, M
et al. 2005 Nature 437, 376-380]) So| Auv}. Ex}o) tisle], E wrygxie] #bHe wgk g DNA Ex}o] ¢f
g Al WE AldeA W Afrleele, ole S5 9A, d7d @ﬂi* EZ(Helicos True) 9 &
2 DNA AERA 7% (3 [Harris TD et al. 2008 Science, 320, 106-1091), #H A1} wlo]Qrlo]lda]=

(Pacific Biosciences)? 9@ Ex}, AAlzE (SMRT™) 7)<, 2 Yx=F T (nanopore) ALGEA (F& [Soni GV

and Meller A. 2007 Clin Chem 53, 1996-2001])-% Q73X &E=t}. ol HIHS ALE35le], t]x]g RNA-SNP
% A RODE 5ol AEe) dlstel w2 Fasteomd, v-Aed F4 A A9 o B Alew

el 94 d9bede A 5 Aok

7o B ouws) A o 9w 27 3@ 7Y ¥E oA 248 7Y wE 9 A

L
21 BE F 24 o}l DNA % 10%, 25%, 50% % 100%°] 4zl <=

i
o
o
3
fru
(B
all
B
i
ki
2
e
u)

X 82 2 o] Aa|dH o] wpE X[ RNA-SNP 244 m, §k 0.1, 0.5 % 1.0¢] i3] SPRT F-de] =fol

% a2 Hamgq AEM o S 96 A HA RSN B A GUEA % A 21 AAE BT
; Ne ®E =4 d

%Akl 21 AL E R

=)
&
W
o]
i
(1
au
A
o
==}
=
ol
w
=)
ae]
S
2
2
2
z
4
2
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ﬂwﬂﬂ ﬂ%Eoﬂ osl AulEA s o)A REE A W

w112 2 owwle] Ax|akHe] nlE 44 (100%) Elo} DNA 21Ze) oldh tlx € ReD 8219 A7 Al Edo]A
o
=

= 125 & Ao AN nhE deldh 28 oi_eoq B} DNAT shi AIAl S A 21 Hopy-
Blo] AZo BEalr] 93 m=0.504 t]Xg RCD B9 AL ATE AEue|Md ABE TAlst=
1200°] o}

= 13be # ERle] AAgdel] whE AwieAl R A AA 21 fidesRr|e] Al date] tlxgd RNA-SNP
Aol B3k ® 13508 =A%}

% 14a ]H/(] ldc= ¥ %ﬂégl /%]_/\]O F,Hoﬂ [q_E RCD _‘zrla}ﬂo_i_’_ti gy\g% %%73): ;'—:;‘}1‘_% Cﬂ]/\]ﬁ]-E %%% El\]?:il'
o},

W 15a% B 0ee] aaobdle] npe el 2 oakdaal 21 94wk xA oA o] X RNA-SNP B4 o
g HE wAF)

= 15bE 2ol AAdddl ute & wA @Y AERRe ) 127 whe dde] OAI" RA-SNP dlolte] vl
3 HE A3t}

% 150 B el M dEe] nhE Al W AR 21 Qalomree) Al #ke| tlxg RVA-SNP
Aol Uitk TE XA}

% 16aE 2 gl Aol ule a2 AR 18 Hke] UAg RNA-SNP BAle] U]d BE mA G
o,

L 16bv 2 o] MAIYEH Y wE e A 2 AAAA 18 HFkel dl$ tx[= RNA SND wo]¥| 2] SPRT 34
& =A@

o178 & e Al mhE AulaA] R AbE AR 21 dale] 50% eink/EA] Aol A DNA E9Ee
A" RCD A0 HF BE wAIR

180 B el Al te AT ERel gd v AARE dAehis SPRT FA e =A@

5 22a 2 22be B Wrde] AAdHH w2 50% Ful5A ==
(buffy coat) DNA E¢5-9] HE]2
A eFes e A, T21 4

X 232 34 2 A sEY E oyl Bdgl SddHolE ddsteE Alve] oS =4S
¥ 242l E wimdo] 2A|otEo] W= oA/gA = W/ gdA DNA £330 tlx)g RMD 2 Ul BE w4
g},

woobe ¥ ome] AN Ee) uhe 25% o4 R 75% W DNAE e TEEe] oA ® RID 240 e ¥
s Z=Ag

T 255 2 ane) Aol wpE HbE Edwold] dis] ®A ¥4 ATS BWes 15% JlX] 50% DNA £
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% 26av & o] A GH o] npE (D41/42 el dis] 2A 84 BES EWEte 5% WA 50% DNA

e (=4 (e}
EgE YRE RMD B4 dF & =AIF)

L 26be L @] AAjdEldl e CD41/42 FARolel dis] Al €A &S EWUEE 20% DNA 8=
] o] 3

Mg g pgos o) grksd dAA AFE 4X 2% volob 1R

AR o

af7] Aol Ard s dalels] AlghskAl ol gt

SPRT W& Abgste] AgAA 21 deke] A s Hrhelr] flel A58 Algeolds sdssie. mpo]asm
£XE oA 2003 Aw:?]OJ (pelm 24T E mxeo)ld(Microsoft Corp.; ®=)) 2 AX98 SAS 9.1 AF
Eglo] (eadloldl~ QIAEFE Q1= (SAS Institute Inc., B3 =22 FAEZgelUF:))E A8t AFE Al
FdlolAE AT, UXE PRY 7S = FE w5 (n), ARAY Aso ¢, R dHFAA B
A =P FA Ax (P Abele] AnAgolvt. olE Wlg Zzbe] Wl digte] e AlEuelds

FATATE. TAE RNASNP R UX 8 RO ek SPRE 4o AR AAZ dolahs] mEe], 27) A2yl
e

ANgelolaE #7te)l UAE PR 221 (F, m, Hlol DN 28 FE % 94 5ol dale], 23le] AEeelds
Fastgeh. AEE ARE AES ANSA HolE 2 94 olgosye Je Aueles AFdelday
g, Al2Es AEE AZe QA 21 HolE 2 qlal gemnE] Qe Aee Adees AlEdede)

ar}. zhzbel AlEwol oA, 500003 9] Hofe] AlgE AlEwol s,

A. RNA-SNP
TRl RNA-SNPol| disle], m, = 0.1 WX m, = 2,002 381-U AF 9 AlEHIAE FPs}H). 2249 m, 3k
oA, B oA EL 50007 9] AulAl 2 50007 9] A A 21 Eﬂo}é A@Ee A R ISEE

‘ =
th. Folxl moll MG SPRT FHL AHEste] 10,0009 HobE RFFUG. = 10
e, A
a

|7 A=A AEs)7 U FAHEs 7 &7 Hol, ¥ Foxl ARAF Agel qisl 57
alx] e HqOH HE-&S vheh= E 10000 vk, AEGA] B oA Ao g Y AFg == 0.5 Y
21 2.0 Arele] mell 4l 25 100%olvt. m = 0.190 HS, 57% 92 88% e AHul|g A L AGAA 21 "Holyk
o] 384-deo] A o] F AHIsA ZFE F AU
st7] Al 714" AT o] AlEElolAd doletE Adstaitt.
A 100 A1, zr Ao ol slo, SAS T w7 .70 (Fo}d) Bl
(www.sas.com/technologies/analytics/statistics/index. html)-a Alg sl 27 P E ARSI 22 A 2 G
HEHAFAAE vEddg. 5239 (Fols) S 002 5H @t 4 AF (5,0, 1, 2, 3,...0E A
Qe Ao, ARHT ZF Ay gE52 9 9 g5y joi?—'r T E YT 7o g akdd glg ol
o 2 As, 5

oS8 9% grd mE 4] o) #ad deadd. A daeads deds Bt on

A SRR 1) olgel HAR HRD A9, WO A AHFAA) dof BRoRA AFAUE FAEA,

G A FFAAE O At oneh 2 A9, 9L 6 A EGastel dal Fe wA FE

Al Al Hobg g 9l el AluEes AlFdeldatr] A6, A ARt 2 ¢ dugHAsta e o

SE Agsed FUR BE Ae ST, dF B0, m, 1

s A, A AR BE 6 dERAA F shdel dd B7 4
FEE OV 0.5 wAsA GRS Fobd WAAE A8, 0.59 Bt
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a. ARG O RAA B sl &4

b. ARG AR mF Ol G

c. A OlgHAAA As Pgols], 6 EFAel del &

d. G OEFAL] oa Pl A dbFAel osl 84,

@A 2004, fate ol @ (@A AFHClA st 384-9)S AP W74 @A 1& wEat. A o
YhAatel et e 4o 5 L G AYFARe] A A o) FE At @ BEA @
& 2 UYRAAE FE a9RAARA aFEE, no 99 98 2 dddAE dageR HoE
28 AYRAARA HFAAG. ARAF W FE AGFAR T st ds) ddeld, KTl dsiAE
obd 4e] & 4. olF, FAHoE HinEd WPFAAE stz ARAF Ao wlE P)L AN
Av. AT EE dWzHe F8el7] §1 Tl SRT Fale] ld A W oldg B owdo] dajotdl)
upeh Asbst

WA 3014, A EE QAR 21 HebE zE 4l o1ge] zhzke] 2] Alvbeleo] sl 50008 Al E ol
Re sl zhzbe) AEdelde Jl oo mRE dojxl SyH AR grad 4FE 5 ol
o E 10000141, AESEA Aol FHE RRE ARsEel FEHHAET WA AE uE, gul A
Aol ARG PRE dysbdel 8L ANFA FKE ofvl@.  fAIN, dlwbdel FeHE 44
A 21 AE AFIA BFE Aow AFA, ARARe]l FEIE FANA 21 FAE PG RFHE
Aom AFEY. T T 2 dslel, viel YAE 9o F 5E ABUdlAY olF ALY TE oA
wEAh SgEA @ Feel, RRE dow AFHA.

GA 49 A, GA 1 UK 35 0.1 JA] 2.0 B9 moll A3l 0.1 FrEes S3egin.

TS o] AAlgEel wel 0.1 Wix] 2.0 W] meol A ek (100%) Hjol DNA A&l oig txlg

RCD #4148 H57e AlEdeldE Yedls ® 11000t} o} DNA 8 w=7F wolzly] wiel, g4+ 21 =
gxE Axe TAaFEE, old ol A HE EFE 8 nr BL Fo] AuAy de] g

webA, me = 0.5004 38470 A 76807 A W o] F A el dEke] 50%, 256% H 10% 9] Efio} DNA F1=el
gl Frbm AlEdeld s Fasg

T 12 1 oulele] aalotele] u}E Alo]d B&E Ewo] go} DNAD Zb= AudxA] £ bl
glo] Age] 2Rl dste me = 050014 HA= RCD 249 B AEgeld AnE Yehy= n
12000]t). Cx1e RCDE] L W) =o Hol DNA B3 ®=%E 21 Aod de] wo gsaitl. 25% Hol
DNA 3% 9 768071 % 29 PCR A4, 97%0] Arjsa] @ o]aA] AS W mgsa BE glo] Rm}
o

B Aotk Uwx 3% A9E 2R @dE F 2l wka G724

3

O RD B & AlEeo)day] 913 Aabe OxD AP Ao oel J1AE A fAletad.  AlE
oA e AF WAE 5] AN Aw

WA 1604, Fold SE W P ool 20 s Ags] FE GAAS, dad 1R QAR 21 1
4% dehielch. AuGA HobE 2 a Al distel, 9l 1R QAR 21 fAAE BFe BE Fw
Eopgsgrh. A7) AREeld BAGA, 4 9 4 fada0 A 0.59 Wi 7Y FRE A
Ao 21 HlohE 2 dlabAlel dstel, o) AlEeleldelAe] ne 0.55 00, W @ A 21 fAAH
of Wi FEE ® 700914 vebl A3 el A@E AZAe dol DNA ®& FEe] oEa Aolth, el
U@ FE WEE QAR 21 §84H0) REE 93 $Aae 449 WAF FEE 2 Fold ¥ UE
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[0200]

[0210]
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(02171

[0218]

SEEd 10-1896167

ol ntet AR ZP7he] GRS Ve e gl ofs SRkl
WA 204, ek o) @, S B0l 3849 Belol= Aol distel 3847 ol WA WX @A 18 W
Aehelh. PN 1SR R G 21 wmel quAT B del $E AFIAAL. AAF Do)
GHA F shol del Fgolsl, BT daldE ohd o] & ok, ol%, FMA 216 oe P AR
A Wl W& (PIE AdEAT. ATIIE EE dRbAE Foss] 9@ BD PRT A 4@ L @

WA 34, QMG B A AA 21 HobE s il o] 27 AukEle Aot 50008]9) A ol
AE Fastgih, 2o ARdolde Al oo ntEl ol SyHe dwaE gEEd 178 5 s
B E 100904, AREA Heel ABF wRE ATl ST A A9 s, A5
Aol $ARE BRE ARl SEHE QNEA ASE or@rh. fAleA, dgEel FeEs 4
A 21 ASE Qe RRE Aow 4Fu, ATbdel $8E MR 21 ASE FARSA BHE
Aom AFAUG. T v 55 date], vE-GdAE de] F FE AFAIAD olF A¥AL E== U7

B Wt FEA e A, MRRd Aow 4Fd.

WA 35 38170 WIx] 76807 W9 & A oA 10% 25%, 50% = 100% Eo} DNAE zt

1. A9aA 21 A=) A=

A. PLAC4¢]] o] & RNA-SNP

SAA 21 4e] PLACA FdAFell tld rs8130833 SNPE AF-E-3le] t]R]g RNA-SNPO] HAA 2375 4dS 1535
b (3% [Lo, YMD et al. 2007 Nat Med 13, 218-2231). 270 Awl<pA] 2 270 434 21 o)&dx"gd o
=ZHEe] Bidk DNA 2 RNA &S PAskgith. dAlg RNA-SNP =2 B8 Abgsts, oAl vhAE AEkskal
ool old we} FyRom AAE U«D DNA-SNP B0z Agsle], Hu DNA AZS 24890, A3e
Y B 7FeAde ARAF Ao u)g Alelo] FES wEr] fd, B MHxEL d 3 oo (& §

del dRFAAE BHom sz 4B sAsta, 96-9 LA PR R4 ols) Hstai. o], 38441
O RNA-SNP 4@ shth P R m& ANSE, A7) m kol A SPRT FAL dlelrt A4 flsh A8

st
% 13aE ¥ o0we] Aol ube AuEA % AR 21 Qale] s ma ) Ae] A E RIA-SNP 419
E 13002 WEAE. = 2 A sl fuAES sy, dEHen dojxl Dol RFEEH
e ool Qe AF A AP, APHow dojx pol BREFSE 99 A 9= A% A

FHom E awxse ﬂﬂﬁfxﬂ HolZg zte 99do] o4 2 g AA] 21 HolE zte 49 Ao myE
o] €7 RNA MES AP, X 13be £ 2o A e wE el R AgaA 21 9 o=
FEe 2A4 #abe] v]AE RNA-SNP B2 3# 13508 vedtt. w5 A$ES A BEFsgdcr. @ 249
A 21 (M2272P)ell oi%k Z7] A= 13 384-9 AF o] SPRT A4 Alelo] BRE7EE 49 el 9l
vk, welA, F719) 384-49 AFE FHEGT. F 768/ AdmRE|d $349 dvolenye AT om 2P, gk

& Adrskgon], 37) n, @& AFon A Agt AES] SPRT 4% Agstel RRE FAsdth. olF,

e olFAEA AR 2melHssiv.

37

2 ARzte] AF 9 AlEwe]d deolel= YR RNA-SNP7F A AA 21 AEel oigh adb3e)n] dEg Wy
e ek, A4 73 F PLACL mRNAY) Elo}EH-E] ¢ —3}74] SR 7] R, AEY 137 =1 & A
= ZF 12709 dsled, 27 139 384-4 vIx]€ PCR %‘64‘110] A5 5 A8 7=, ool wa, A
7] @A A2 O)x g PCR-7)9E -2 RNA-SNP 2415 913 é‘%‘ﬁ T4 -79 e wnE BEE Ay
ghoh. EiR-5o]F mRNA AN et AR, B ARAES B3 2R A Y g 3o Hol-5eolA
Ab Fo] ol FaA] olide] tAlE PCR-VIVE d&e] dE] AEE ¢ Ut AS AT 3 o HZo
F4 d"8-5xIA B (BAR) WHE AMEste] A 189 H-HEA 24 1 FAEe AS" Hol 4 w7
t} (¥4 [Tong YK et al. 2006 Clin Chem, 52, 2194-22021). wels], B 2d@3x5L t]x]d EARO] 7153 &
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S, G 21 R 10049] shebe A9E wFshehs PR A& AHgEel A9 21 dE A UA
Aataleh. sebmo FAAAE LU dma] Agsiach 9aA] 21 2 o
oo e e wAAGl AR M e A ST Ko Ad A8 - vk, 24 AU 8 2
AR 21 BpromNEle] Uk DNA AES A B GAA F oshhENE AP 1) mH FPom s zen],
06-41 t1A]&k PCR Ao] olal Belshgivh.  Ase] Held MBS 3849 UAG RD AY] ola) LA
WP % om @e AdEkith A R dskel, @AlAl 1 sbebmol #x FEelsld. A7) m @#g A
getol dlolet SMe AT ek Ame] SPRT HAe Avsarh, RE EN 43S % o)A dehl 2
3} el A#e) LR
A @Al Hol DiAsl Alubelesh B9 DA RD WHE Ag ekl kel AuleAl NAsH Bqb 4
Z5t7) 9, AWEAl BA] Aol A DNAS) WA T 50% R 25%°] 4
et EEEe At 10708 QAR 21 2 10709 Al g me o)
1
13

=
(@)
e}
L
i
2
)
i
o
N
N
o[r
o
mlv

o2

g M DNA®E ¥ stglon], ofd nhet 20719 50% DNA =&
) L} o] W& 50% Hio} DNA EE o] RCD 41e] tld SPRT slad&
(1110) & L}Ewiﬂr

lst= &% AbetAlE, bARe]l A AA 21 B s 9] AulA] A f=5E e HRk DNAE
Zyz} 3wl 3} u el 2A 2 Al DNASE Bl e, o)l wul 10719 25% DNA E2LE& Axed

Alsle &% 1705 YepiY. = Wb

o]
ol
. X McE 25% HjoF DNA 2359 RCD #41e| o]k SPRT s]A-S o
5 SES AIEA BFISC).

2 14cell A L‘rEHH Aap o], BE AujeA I o)A DNA &

Ztzbe] e & 14b 3 1deol ®AIA A3 o] ¥ 3847% YA PR 74 o] F RFIbEE Aol =

Srt. 50% DNA ol disted, 3819 Zelol=e] = 1/ W4l 57e] We/h a7t 25% DNA EEE

ol ojste], 384-0 %al olEe] F= A WAl 7S 'ﬂdﬂﬂ aET. v 38438 yxgk PCR 4] Fbeh
2

A AFEA EFFHE Aed T aES ® 1200004 A" HFE AlEdoldd o ddd A
9}]\_

-

I1. A& PCRE o] 8% b

A. TJR]& RNA-SNP

LE RNA ABEE WA AR ATYE(ThermoSeript) FHAALE S (SIMEZA (Invitrogen) ) S AMEsle FHA-&
o] A Ak Z o] 2] = A AAMA . o AL Z o] g AaL

$-AOTATATAGAACCATGTITAGGUCAGAY 00 ) (i ojolo ez meln) aqle] ol el o]

DNA HlZ =8 ®]~(Intcgrated DNA Technologics))Sitl. T]X]& RNA-SNPE 913k I #ALE RNA (=, cDNA) WZE
2 DNA A (S B0, H DNA)S] T4 Hegls EEAon TAdagitt. tlx]d PCR 24 o], =X DNA

) <DNA ENE = glol FCOBOITAGGUTOTCTTTTARLGT-3? (A 2),
FOTOETTOC A ATAC S A AATGAGETYOT-3 (A 3), = &7 Tan

S F AT TGREAGC AR AT T MAGENEF -3 s
S IFAMIATTGOGAGCAR ATTCRAGRNEF)-3 (A 4) (r|= Al gujolz T8 AlE A9 o]ég}

o]l= nHpo] QA=) (7|4, FAME 6-7E2EA|ZF O gl ele] 3, MGBNFQY: nloly] a¥r AF v)-3 g 713
Sh= o] Fold, PLACIY gk A A4k PCR % U% Argste] AeFgtst it

PEeFo] 549 HPLC-AAE 9 719 A DNA Ze]awEdeels (712 449 ZEZ9]32(Proligo))
= A g 3] 4 o) 2} 5] »nA FHE | Ens B el= gL

5 COCCGCTAGGOTOTC TTT TAASOTA TTOGAGCAAATTCASATTTGOOT TAAAGAA

AAATAAATTCA CTETATTOCAACACCAGGADTATOCCAAGGGALTEG-3
AAAGAAAMCTCATITTOTATTOCAACACCACGGABTATCOCAAGG GALTC-] (e 5y,

g B3 25 pl= 2X HlATr fu) 2 PCR wf2=8 v 2 (TagMan Universal PCR Master Mix) (o]&#}eo]= n}o]

QA= 2)E AFg el WhES Atk AZke] Zelelw] 400 M B w1 80 nME Zzhe] Wkl ARgst

Sith.  ABI PRISM 7900HT A A A2¥ (o]&dtol= vle] QAIAK =) A, Whg& 50TeA 22 &<k 7A
&

—
ataz, ololA 95T ellA 108 FoF Fslala, 95CelA 15% 2L 60TNA 182 45578 s, 2 ohg,
4 3 o o] £ EANA F5 tAE PR S50 2 5 Qx5 DNA e cDNA 59 AY 344
— 26 —
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ST, olb@ wEAAE, Wg We) g 37%7h g4 FHE Ve Qom dEE, ol 964 T
& raAgtonn Hzw AN, olold, @ Al=e] W-EE BF(spanning) Zeh
Aurar =ololm SLTTTOTATIGUAACACCATTTONR-2C (A 6) H A FA"E FAx-Eo]A

AR} ZefolHE AbEsle] 384-9 EZw|o)Ed)A tIX]E RNA-SNP 248 S35},
2

she 2l gRfdA-Sol ) Ha e
dEFA  wEel A

(Add 7) L 5 —(VIC)ATTCGTCATCTAACTTG(MGBNFQ)-3'
B3 5 uL®Z 2X "=Zw FusE PCR vhiel HaE Alfshe] whe-g AAsiqdc. Zhz
FUMA PCR vl vle=, Zp2ho] Zejolm 572 nM, tl@-FRA-6G-5ol# =B 107 nM
21 357 oML @fatsdvh. whee ABI PRISM 7900HT A #E Al=¥eA S35}
S 50CH A 28 Eor 7HA]—E:}J2, o]o} A 95T A 108 E<oF L3ata, 95T A 15632 & 57T A
152 455715 SIS, Hhe Feok, SDS 2.2.2 £AZEY] (o] Ege|= ulo]eA]aEl=)e] "Hy At
-8 ZEadd o8 I doletE  FAsET. A7 azEdeE ZiEA W ARSE AToe=
AxbarEel. A B 6 dHGAAb s Al de] 5 715 ste] SPRT 24 AlFsksivt.

B. tJx]g& RCD ¥4
2oy Abgsle B8 Hyh W 5] 9w DNA AES v UreEF BRREA (v= dupge)ld duel &

PLACA A4 “F rs8130833 SNP2] 2719 dH-FAxME 2+ %4
ug é Asiet. age]  Ade ¢ d

S FAMITCGTOG IO TAATTTGRMGBNFO)-37

ih

|
2
2 o
f
ol

=

oo 2
T
v
I
)
i)
1

[l
Aol Y= "z e X](NanoDrop Technology))ell o& A=Fstatdvt. 6.6 pg/M=Ee S AM83to] DNA
EEE A/ ulE dastsich. 4 2 gEk 149 FEo) AE3he DNAY oFS, DNA ES Ad Mg omy
AAskal 96— TR A HAJLE PCR AA o] FdeA=d, o714 Ao g 37%7t 24 555 ved
Aoz dFsAut.  #FQl EdeolEd oz PR AL Fx gAAl did Z2nE F718 v Adsats
olglell Z1Al"® ZF FASUTL. dAE RCD BAA, 1AA 21 2 1 Ao R a f4xF (59
[Deutsch, S. et al. 2004 J Med Genet 41, 908-9151)E w1  Hukg  Zgloln
FATTOTICTHUAAAAAACOTTCGAY (e 9) 0 o urar o opo) ]

COTRGGCOAC A A TCATTALCCATATS o 1 .
FOTPGGCOAGAAATACTTCATTACCATATYA (el 10)e] o8] %A =ZA AT, QaH 21 ¥ 1
Seng mHeE =S 29 WAN-Sold Haw mEnd AANEbd, 289 Ade 474

FA{FAMITACCTCCAT AATGAGTA AAMIGENT-3

€ V £ E ) & ;.‘QL-\ >,
35 (VICHCOTACTTOCTO TAATGTGT AAMOGENMFC-3 (A1 1290k, Zlzle] wes 1X e=vl -
T

WA PR wha¥ Bl (o] Zejol= vpe] o AlsEl=) | Zhzbe] maholw 450 nM B ZH7he] weu 125 M EH
Bgivh. & we 2= 5uL/deldeh. WS 50THA 22 Eek AAEE, ololA 95THlA 102 ek 1
&, 95T A4 156% 2 60TAA 1%9 50577 /"336}0312} X E 2A%F PCR 23&-2 ABI PRISM 7900HT A
A HE Az (o)Tol= el ea)aE=) el FASNUTL, DS 2.2.2 2TEC] (o]Ze]E o] oA
s¥lz)e) "do Qe 28 weadd od @ dolgE Fxladr. UEE EA 2 vhd QAR
e, QA 21 Ee A 1 clal AN W) E A|%aje] ST BA AL PRI o
d Ag BRI Asdd wWAx 1 olate) 3819 Selol=s) 24w o))

IV, A FA-7]9F <& PCRO] ALE

A. T]X]E& RNA-SNP

[s}
(Fluidigm BioMark)™ A]~¥1S AlE3l= o] Aol WdEgo] 6] AGHA] e A=A 2o dA =),
A7) Azl 2 139 90003 Z 7] tlR]E P(RE A E 5 9},
Aul A == AGAA 21 HolE: i Al Ao mfFE "Hbb 2z 22X dx 8 AES AFHEI.
Zilolm Axtel] o] Ak B@we] o8] ejWF DNA AUZoA PLACA F-#AF A rs8130833 SNPo] F-#x3d 4R
& Fsigy. "Hul 2 2A €4 AES2HE] RNAE FE51% ).

B ANdE MAGA N XD PRE AEE XD PR 240 AEE FRAY. TFolgel vholenta
o %
,

A AZE ARsIgE dxlbas (MERADE Agee] §AA-Sold e xeheln

SALTATATAGAACCATOTT TALGOOAGA SR

b
n

2
2
=
o4
S
o
=)
12
>
>
>
>
)
v
ul
o
=)
(o]
=z
=
=

Pg.990



02391

[0240]

[0241

[6242]

[0244]

{2457

[0246]

AEol disl, 4 F e o] FE Aol 5 uxE PeR

oy

ol

o2
i)
5
32
k1
8l
B
e
o
X
o
&
o2
_O|L
32

o=
T

12.765 HA[g ofelo] (ZFelrpsel ol ulelempa A|EF™ (FFoluel)  Adelx] dHxl"d PCRE
FaAsaltk. 7H7he] vxig ofols 12700 ME-AAE 29ES E8h/] AT 12719 HER o]Fo1H vt

Zrzko]l HdSs 7 nl WHGE/AS ey e 7657 4= FrF 228sivh. PLACA G412 249 rs8130833
NP AU Ama mapoln] (O S-ETTGETATTGUAACACCATTIGSG-S (A 14)) 9 9 AAE 6

AA-5olza Axdal Zefoludl ofa] SEAIZTE. rs8130833 SNPO] 2709 W H-FHAE 242 mAoew a2
Mol dEdfHx-5eld gavt =an g dAsgY. B89 Ade ¢ € A ddGIxte] dEted #
SEEAMITCOTCOTCIAACTTOMERRER)-Y (A<g 15) = 5 -(VIC)ATTCGTCATCTAACTTG(MGBNFQ)-
3" (A4 1. vk B3] 10 uL= 2K Haw UM PCR mksE vlaE AFSsto] 179] of#o] o
gk vheS dAsiith. ZAbe] wg e X HAY S A PCR ml2E W, ZhEre] Zelelw 572 nM, ul¥
FHAN-G-Sol= 2=8 535 M, NEFAAL-A-So|x 2=8 1785 nM ¥ cDNA A= 3.5 uLE 589},
F2ho] Edh cDNA Aol disixle 1709 W3 #ido] Al v, Zhzie] waAl A AFe] dsirle 12709
o] AlgE AT, AEF-A4 EPES Y=E=NanoFlex)™ [FC Alol7] (EFo|tfdd)e] o8 A o]
old] 2Hatgivl.  WEGE wpolewma™ AlxwlolA] Feakgivt. WEES H0TAA 28 T AAASkaL, o] A
95Tl A 108 FeF Xadslar, 95T elA 162 L 57ClA 129 405715 @514,

N

Vel AT L 2e) 121 o9 e st o) H R RS 7654 Mg ol $Asg.
kel A el A S G ATFAA CE e obDel sl A9 AL Tk ARAT de) F5
ot ME ARAE 9 F dohasd dRaade) s Cos A4uan. olE 489 W g A%
Hi Ax T Fx (nooll e SPRT F4S A&k, d¥A oz AL Po] AulpeAE x|Algh==] T21 #

J
&
ANsEAE AAsinh. X 15adl] el whep gho], ] AIHE AbSele] EE RNA A2l A es)

2 O

Al EFHAC

AR webs 7Hx] 49 o] A "W A AA 21 wlolE 7}11 142 Adomie AFHG 4 RNA HES F
b2 Algakgivt. Azke]l AES 12719 765-4d Wk e, & 8 RNA UE 2 9180%] 9] Hk-gow A5k
o, & 15b% 471 @3 RNA AU Ee] 1271 =2 ZHte) glgk Zélvﬂo o] & ey, Eoﬂ Yebsl vhek
Zol, A ME F T8 T5E 499 19 kg 92 Fo ARAF W] F=E SPRT 2570 FEskA] &
£ AR=E FAv. A7) AES AueA] AEE EFS] A, 3] vkE dd =R 7411211% 45 33
of g} (= 16¢). = 15c= 2 WA 12709 did=XeE G doebs AlEate 2E 373 Aldl7t A ZakA

M

+RE F S-S vehing.

Al PCRE sl 7] 5 dlid WEd maElA, A7) wAfAl ZIRE whEE 94 ¥ w23 9wy gJof
Aoldvk.  AA o] 2412 v Yo g 5 i3t

B. #4402 189 &4 A AEE % UX|E RNA-SNP £

2 AAldeAz, Aa9aA 18 "ol et e g EHdAY vE EaddE AEsk7] fel, 94 18 e
E”H L HARAQ A2 WEIYA A4 SFdlel= B (BRI W 2 (SERPINB2) mRNAS] dlgh ol=]
PCRfﬂﬂ} d e 28 AAE AFEagitt. QlAamp DNA Y 71E (59 ¥l A A9 FHopdl(Qiagen)) =
TRIzol Alof (w]= R Yol Z=u|= LA ARERA) s AxGA o TEEF 7A€ vt go] zbzt
Abgste], EiQE &2 AHEZERE 9] DNA 2 RNA 55 Fadagitt. F&=¢ B9k RNA ABEE DNase [ (SR E=R
Ay Aaslel o9 sl DNAE AASH. A 714" vleh Z3E vzofwe] HHAE (MassARRAY Compact)
(m)=F Aol oz A A AlF 3 (Sequenom) ) S AFEEF] S EX|U] A~ L!H/\M/\Eﬂ':(Homogenous, MassEXTEND) (hME)
AR o8] BNk F2 DNA 4Sel A SERPINB2 -84 4 rs6098 SNPo] 1A% A4S 3.

ol

jus

SEEERS SEREES (M=) E 21§ ted FAA-FolH o] v

SCGCAGACTTCTCACTAMALASD (4 17) (U= ofolo.shs meln) Aol old rdlo]El= DNA ]

YA ) o] HRk &7 RNA AME AFolA] SERPINB2 dARAIC] di§ S AALE Fa8ich. 2E cDNA A&
S, Ws A 3 o] R B #Hyb Fxeld TE fX|E PR o] FIHE £ JdEE: Sl FEE 3y
3o, Havk fus2 PCR mlzegl wla (Ala A uols X 4aE] AJE] AAle] ofEgo]=

dho] @ Alzglz=) W ovpol @b ™ peR ASF (]F MZeAza mAle] TFoltieh g Algate] txg PRE
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[6247}

[0248]

[0249]

[02511

{0252}

[02531

[0254]

SEEd 10-1896167

54 OTCAGOTOTGOAATCAATGO
= g}o] ' ¢ T (N9 18) (el elelElE DNA € 3

AAsA. ek

o) 2 oobel Zufolu] (Aol AMRH HR-SolA Zupelulel T Z)E 600 oMo EEE ANE
8l9ith,  SERPINBZ A1 4} rs6098 SNPQ A ®=rx ¢ OEG4AAE ®Aow t 249 Haw ZTzpe
F A FAMICCACAGOGAATTATTT IGENEP -3 (e 19) 0 -
(VIC)CCACAGGGGATTATTT(MGBNFQ)-3' (M4 20) (o) &}e]= vlo] @A) AWM= G TE,  FAMS 6-7F2 5 A &5 QA
1), MGBNFQi= wholvl %8 Ae dal-F 3 Alxeln], zhzk 300 nM H 500 M) %= A1-8ak3ck.  Zhzhe

BEAS BiEE U EAsD RC Al (oIt E A8 se] vl esla™ 12,765 A% olule] 4
o 76570 WeE Wl WADRATE. B F, oleleld A FH % FF ARE Ao vholerka™ AL PR A
T CEFID BT e TN 22 Fek NG, 95TAA 5 F AHE F. 95T 15
o djsf] kAl

z 2 50TelA 129 455718 Sk, 2%, ARAF 9 (4 Bl ¢ dgias 9%
A 4R o) ¢E ASstel £ Suul PE (SPRT) LA AFehch.

_’F
209 % U dFFEs & el o
IR AU Holell W 4 2 G AHFAAE Hob AN F5opl ASsolok i A (1),
Al 189 delAi, @ ddsasel Fb A EAE 1
Al AT el G AR Ao SR FE s
o Foldl & & (Fd U@, HoEsd qussel ol o

Btk Zhzhel gl us, dwHom R P& ol P @kab mmalgivh. A A fse] MBS 4

G 182 BRA, s FA oleime] 4Te AR BRAAT. T 34 Alele] e BREAE
3 ot

Hol AgAA 189 A& g tlA " RNA-SNP E419] Aal7Ed-5 SERPINBZ 72 4 rs6098 SNPE AF&-3F
of Fstelch. WA RWYA ALAE FHAs] Aslal, A Bgel os) AuiAl 2 Adan 18 v}
& Zbe qAAERE ) WY 25 N4 B0 FAAEe ARt oMol AuA 2 3Ae) A 18
@A GA WS 0 RNA-SNP 4ol AlEebgith.  Zhzhe] 3o ofsh P, 2 n & Axtetn

=B
43 2HE A9 Agetgith. = 160 e vksh o], ME A1Eo] A e
PR, A 18 Wl Uld Pk BREFSE el f1md v, Aul5A b d@ Pake

m = 0.1, 0.2 & 0.3& 7] =

RNA SNP el AeiAAl 18 QAle] U@ e REE v mEQe Abe. 2o Hue =

ol W FANE ta, AR Z 9% dold NS 2% AELS oA BRAN, Y FA of
g

Azl dely A 2t FBL

)]
lo
fu
@
%
=
4
r>~

C. YA& RCD &4

WAl PARA 71N g PORS AL @ e RD BAe] 4Ee Fdd. EFelvel wlolen|a
™A Eg ARSEE o Fawel WMol o

- O

Al
13 90003 =3 9] tlxg PCRE £ 8E 4 9},

AA BT A A 21 (121) HlolE 7kzl gal o
Q9lch, 10/09] T21 2 1049) AulaEa] Abel = e o)

=7,
3 DNAE Zhzh Fke] AulA] =R "ol A DNA®E
gsto =4 20719 50% DNA 2825 Az, =gt A5

2
D
= AT T AEY Hol vEs 3] s 96,
A

F= ¢ DNAZS WA 260 nmell A @ek "X (0D) F5Ao) ofsf ARslalddet. 7 w5, 12.765 tA|g of=e] (&
Folvhsh)E A8 st whelompa™ AlAY (EFoluel)d o8 o5& YA AR sy, AEe A
AAL Az QAR gt TrrE AFEE Zv Q9sas oldld 714" HI =AY

509% DNA E9t% 2 e A% Ul 2 e, daa 1 o] 973 fadel d@ v-va aaa 21 5
AApzre) DA PR A6l o) ARG, WA QA 21 % 1 4o 14e] sebzo GaakEe] 101-bp
YueTe AW mepey - FIICTICTUCAAAAAACCTTOGAY (o 91) w0 owet weloly

A= s =

5("’ C:TT{:‘GCEF&(?MX&QYE&.CW':ATTJE{‘{:JA\T\&T“E* ( /\1 o3 /] ﬁﬂ %_ }\] %; % )\] }7;]\ E} . Oé /}B' jﬂ 21 ‘;\‘—1
)

el
dE AfolE paslem 2o GAA-SolH el . AAGgEd, 18 Ade 7z

5
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(02557

(0256}

[0257]

[0258]

(02591

[0261]

[0262]

SEEd 10-1896167

FAFAMTACCTCCATAATUAGTTAAAMIENFG) 3 (el 93) -
< =

SV ICOTACCTOTGTAATOTOTAAMOBNE 3’
(VIOUOTACCTOTGTAATATOTAAMOBNFGN 0 0o wolaa oo fams

WA A AbgsIsieh. Belshe, vt fAa% oled Bl o A 5 sl
FYAA 18 (T18)8 FEH/] 99 IS kD Yo SNE T/ 93, 994 21 % 18 o) sAew
o oge Edom st woE gde AAsdth. a4 G 21 % 18 o) sbebE o faxae) 128-bp

WEome wuer wajelm S-FTACAGAAACCACAAATTGATCGG-S

FGTCCAGGOTOGREGOHIOT-®

(A 25) ® HHE Zohe)n)

(Ag 26)e s FA SFHAZT. 84 21 % 18 HAelri Aol E
Tas s 271 9] A AR -5l o =%k zErs AL =, a5 xﬁ«g% z}z}
SFAMAAGAGOQUGAGGCAAMOENFOR¥ (el 27) o

S (VICIAAGAGOACATCCCAACIMOBNERNY o0y poio weiaa spelz 0445 o o
=41 2bgERct. BsH, AR §AARE ol @ B4 g3l A8 & ek,

e AYE 12,765 HAE o] (EFoltheh)E Agste] mpelonpa™ AlxE (EFelvpsd) oA s et
gk, WkE H3) 10 pL® 2X EjARE funld PCR vkl W2 (o] FRpo]l= who]l oA aRl=)E Algdtel 1
of #idel ik wkg-& AAEglrh. Zhzke] whge IX HAwt e PCR mhiER w2, Zbzbe] seteln 900
oM, zhzhe] ==mno125 oM ® 50% BN/ RA] e AE DNA AE 3.5 ulE vHroWE}. BE/AY 2RES
US| m™ IRC Alo)7] (EFelvped)el] olsf v ofole] el HAEE 93 vpolernpa™ Al
el A eS FEEtgnh. eSS 50T 28 EeF AAEa, o]elx] 95T A 108 Feh xlEka, 95T o
A 162 9 57TAA 15-°] 405715 SAshslnt.

ox
=)
s
i‘ll

R 121 50% EINE/ A @ A DNA MES oAD of#le] AellA chr2l/chrl A7 23] 2455
. Ao el didll, chr2l B chrl w2 9% (B the opd)el dlal A dS ¥@els ARAF
Ao & Agsgtt. BEe ARAS A F AvREa vhre) BlE (PoE ARSI, UXE PR #HE F
ol sittel diF W P ARG P FE TP ¥R (m)ol AR SPRT FHLS Hodle], d¥HRow AL p,
o] A AESE AR 121 AES AreteRE sttt dAo] o] FolH 4 & wizkx], &R
S4) @k Aw golsliE ATl 0@ olFe) sawye) deHE FREAT. = 170 vehd vigh go], ®
£ 50% EIRH/ XA el Ak DNA AEe] Y] AeEs gl Med 1 X 4] A 9o el o
3| 0}74] TRHEAT. = 18e] vErd vbel o], A& FRE Y AR AADE vehdlzl ¥ SPRT

J

Aul5A HolE 7hd 23de) o R T21 HolE Zhd 690 eldomyE 9 P4 AT a@ KD B
bt AL A YRS G oA WE HLAA chezt/cied D) SJ5) LAY % or
SPRT 5 LA et e 199) U st del, S5 207 el Adal EFAA. e, o
Alg RCD WL 4 A Xekel AlREE e FRe BE 3, ol ¢ R §5 A 2
A (¥ [Levett LJ, et al. A large—scale evaluation of amnio-PCR for the rapid prenatal
diagnosis of fetal trisomy. Ultrasound Obstet Gynecol 2001; 17: 115-8]) Tt 92 FZueE= vh3dAd
(SNP) (¢ [Tsui NB, et al. Detection of trisomy 21 by quantitative mass spectrometric analysis of

single—nucleotide polymorphisms. Clin Chem 2005; 51: 2358-62]) w}l# mTx AA)zk v|-t)x]€ PCR (F3
[Zimmermann B, et al. Novel real-time quantitative PCR test for trisomy 21. Clin Chem 2002; 18: 362-
3DE AFEsE AR HE g ik Aol

m[m

Fgrk. 2E AuAE 4 F dEsd v vE P)E AdSEt. olE mFE 149 TIs A A
IR EN o Asstas AFEA BRAAG. dAE w209 aoshed,

V. A% gy EFo ojg WelEds dxg R fAe] olg

T18 A& FAETH7] A% A==, 3702 v 2 5702 T18 vfwk DNA AE Aol chr2l/chrl8 FAS I8

ﬁ
b
Mo
Ju
i,
pai)

A e Oy Hum 3 EAste @7 DNA 2xe] e Algldeltt (% [Lo YMD. et al. 1998 Am J Hum
Genet 62, 768-7758]). dIZ& o], 14 z/loﬂ A MA FAAA, B-2EY {4 Tk mA €% Fx
= Hol % XA X5 Z|18t 98671 FHal/mLg) Aoz wrE R vl 2l (£% [Lo YMD. et al. 1998 Am J
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[0263]

[0264]

(02651

[0266]

[0267]

(00691

Hum Genet 62, 768-7758]1). 7,680719] EA}E x3s}7] YA, ti=F 8 mLe] EA

#ded Aelrk. oF 15 mLe] BA] Yoo miy B A7) yue] gL B dale] Aol e
b, B wRES chr2l 2 R G 249 te AEE vAE RO B24E A8 5 de Aew
AzZvget. 5%e] chr2l Bz GAA %A ds, @] 1.6 mLe | F7ge] 2o Fag 59 Lkt
&5 AFslr] 9 Zag Aolrp. HEEEs dd B2 PRE A S Yol ol#g HEISEs gl
LA A AnAde 9d A dulAZEel dis] v dsd vk Jdvd (F% [Ding, C. and Cantor, CR
2003 Proc Natl Acad Sci U S A 100, 7449-74531).

delol A, ek 23 5 wA Fo A AES AulaA Be AgAA 21 (12D Heks T A Ao my
B F535kgleh. 57 AufAl 2 5/0e] 121 BiRk DNA IS A2 FL G njge] 2A e} AE DNast £
atel 50% el DNAE Zte gﬂ MEs 50 10719 DNA E9=s st 9= s & A9 Hof
HEE et sl fE, =9 DNAE | HE () SHom ARseglit.  olelal,
ol & 3844 xlell A AR PCRA) ojs] Al B o AFstegivy. AEs AFssh] AP 448 3
UAE RCD A2 ool Z1Al= vheh Fdshglivt,

50% =122 W QAA S A 1 A AXG Gl gk vl-vhEd AAA 21 iz oxg PR
EAlos dAsigivt. Ar] wHE gRg A A F (RCD) BA1os Ak, f4A4A 21 L 1 49
g 2o HetE o fRxkEe] 121-hp GEEE (e Zgheln] Akl 10-mer X3S AW Zgleln] 5H'-
ACGTTGGATGGTTGTTCTGCAAAAAACCTTCGA-3! (A 29) L ok 2etolm 5'-
ACGTTGGATGCTTGGCCAGAAATACTTCATTACCATAT-3' (A1 30)E AME3l EA S3A13 . GAA 21 2 44 1
Alole) @7] zFolE nA o w F A4 vlo|HE 3;Qbelglil, 19 A]FE 5'-CTCATCCTCACTTCGTACCTC-3' (A1
31)e]r}.

—_

@R g

T21 A& HEshe de|E=d ofx1d PR A4S f84E5 d5sty] A, 94 21 3 18 4o Aotz
==y JZ*.P—E ¢ BUE Yxlg ROD 414S kel GAA 21 W18 o] spebemn fxdxpEe] 148-bp

AZegl= (Zzhe] Zepeln] Ao 10-mer 3L Awkak Tetoln] 5'- ACGTTGGATGGTACAGAAACCACAAACTGATCGG-3!
(A 32) Lookar vl 5'-ACGTTGGATGGTCC AGGCTGTGGGLCT-3" (M 33)8 AMgste §2] TEZAIAT.
AR 21 2L FAA 18 Alold] @r] AelE mHoz I A Zote|n]|E mekslgm, o) AdL 5
ACAAAAGGGGGAAGAGG-3' (A 34)o|t},

e Zd s g ROD #42 Zejoln A3 =2 gZg o]fste] FaH3drt. PR #5212 (GeneAmp)
PCR #o] Al¢} 71E (o]Zgfol= nle] QA2 =)E AMESte] w8 H3 5 uL= 2AsT. d2e i3 Es
1X €59 11, 2 mM MgClp, 200 uM dNTP @i~ 0.2 U &8 Hd F=(AmpliTaq Gold), Z}2} 200 nM®] 19

p m[m

ZTipolu] T 50% DNA Bl2E &-G39v. v AA/AE EFES 384-9 PCR Sde)=e Fujslar, 50Tl
5C

A2 )b vk AIRE F, 95Tl A 10 Fob Ak CollA 1562 R 57TelA 19] 408 F7]1&

PCR Ade=s AR 2R X 2a Al (SAP) Alelste] ZHEA] @2 dNIPE AAskH . A7) Z3hE8 37
CTollAl 408 FF, o]o]A] 85TCoAl 57 Fb AFuo)dsldct.  olojA], Zejolm A7 wkg-& FsUt.
FherE] e, o DAl d T ochr2l/chrl PR o mRE Y] 771 nMe] 17 Zabeoln] | chr 21/chl 18 AA o 7 HE
°] 1.54 uMe a7 Zololn, 0.67 U A EAIHA YA (Thermosequenase) (Al# =), = zZ+zF 64 uMe] ddCTP,
ddGTP, dATP 2 dTTPE SAP-x]=]® PCR A& H7bebdvh.  wh8 208 94T A 28, o]o]x] 94T A
5%, 50TColA 5& % 72TdA 5%29 803 F7|tk. 16 ule & 2 3 mge % @ % (Clean Resin) (A]H
e HAF ABl(clean uwp)E 3 A7 AAE Hrrskdvh. A7 EFES 374 20 WA 3072 9
&g =, 361 gollA 55 T A4l B IAE FAsk k. 15 K] 25 nLo] HF ALES vizojHo] vk
a7 S (AR AFAEZ3 (SpectroCHIP) (AlF3) Aol Bujgtdict. ~dE=3loaXele] delt 5
< wjzojule] FA7] FAE Heg B3] (AFH)elA At 245 fE ZY dolgE mjzolo]
o] 55 (MassARRAY Typer) (AF5) A= EYOR JdxEA],

F

RO

5709) AwlFAl L 5709 T21 50% wiRE/&LA] DNA A1&5 ©]% RCD A2
2l chr21 ¥ chrl 5= chr18 vwhz|dldlk b9l A& ¥ ohate] zhzho] %
stedvk. AHA ARAF 9 F chr2l "] H¥S (P& Zhzhe] RCD AR diE sEdo=s ALl
oA, == #EH] 4F (SPRT)S A&l Po

3
=
4
i‘:‘
n
il
o
L
ul
=
i
R
s
fr
H
&
i
il
il
v
ul
=
fr
B
it

_31_

Pg.994



[0269]

[0270}

[0271}

SEEd 10-1896167

Bakgith. olgA sel, 7b7be) Belol=E 28] AsHowM BT Ao FE g2}

chr2l/chrl FAE B4 WA AU, AFel v|RF FHUE gl 45, chr2l/chrls BHORYE] e
F7} Akl TAND Aoltt, el@s] Felo|=EE Aol olFeld & olg WA MEF dHm Qb AT
Abgakgith. = 210 vhebdl wpst gre], mE QMR 50% ¥ MBS 9 3809 Beol=E Agae 3
B8] RRstelth. ool 121 A ARG BHES A6 24 o g Beol=E Wawm sqrh. shbel @A
& olga 49, BF 944 Bed AnAF W) S o2/ AAA o B Bdol=st AR Aol
o g@ glaleh. =

=3

E 59, ROD AAH F A= s d5 <) ¥
e, 2719 Aoz yE|o] toles & A A 57 olFo)HT. o]F ROD AAE o]gshA] &
G, F71e] 24 EdeolEr FeE Flojgp, B WmxtE Aoz A 4

%
7t dag d4d Aol

G Aol Abel N02309] Bl clelehst #5E

dojA, & dygxEs daA 21, Y OE H-GAA-21 AGNA el AT 0] Abgele deea
of didk 4] Aol IEHE S wAHOE st 4-FH2 AAS ALEgivt. olEld 4-FH s AAL
! 2 o] AZo] O RCD B4, o]o]A] SPRT &R/l AFE=Uct.  Hk
HE 2 DNA FE2 Foldl= x4 7B (5d dd A9 HAol)E AM&ate] 3= I},

2]

2 = Bfnt 2w Qg DNA BEL 1A Y=g BRFEA (v Aol de &
HaseA)= gdgsedtl. DNA F%8 6.6 pg/Axe] A& ol fot] A 9% (GE)/ul=
2 2 g 109 FEe) shdsl= DNAY oS DNA 8Z9 A f4o= AARsqd. oleld x
slell HAES = 37% 9 o] 4 FXFE vhekd Ao oid Aojvh. AEIEHE TX|d ROD

1A, 4 AES] Stz Ad 245 Addstgich: 942 21 R 1 4] gea o FAxsaE d9ed =g
o] 5'-ACGTTGGATGTTGATGAAGTCTCATCTCTACTTCG-3 " (A1 35) EL o] ukgk M glo]m 5'-
ACGTTGGATGCAATAAGCTTGGCCAGAAATACT-3' (A4 36)E AH8std TAl SFAIA 81 bpol AZHFTE Adsksirh.
AaA 21 L 7 A9 el FANHE Ak 2elo)n] 5 -ACGTTGGATGGAATTTAAGCTAAATCAGCCTGAACTG-3" (A
g 37) 2 9gk Zedoln] 5'-ACGTTGGATGGTTTCTCATAGTTCATCGTAGGCTTAT-3' (A 38)E Algdle] FA] E2A
A 82 bpo AEFETE AAEFT.  GAA 21 ¥ 2 A9 detRa {fAARHE AW 2ekoln 50—
ACGTTGGATGTCAGGCAGGGTTCTATGCAG-3' (A1 39) R & Zeto]w] 5'-ACGTTGGATGAGGCGGCTTCCTGGCTCTITG-3" (4]
4 40)E A8t FAl FFA1A 101 bpo] AFFES AAdstETE. FAA 21 % 6 A TetEa HFiA4E
Aubak Zgleln]  5'-ACGTTGGATGGCTCGTCTCAGGCTCGTAGTT-3' (A8 41) %2 dw3dk  Zgolm  5'-
ACGTTGGATGTTTCTTCGAGCCCTICTITGG-3' (A8 42) & Al&ste] FAl SFA1A 102 bpd] FZTE AT,
Zyzy o] REgEL 10X 5o 11 (o]&eho]l= wpo]er]=' =), MgCl, B ZH2t 100 nMe] ZeholwE E-fF5ksivt.
S Bz 5 pL/do)glth. 95ToA] 58 Fok wke-S AAIFE F, 95ToA] 30%, 62TCA 30% R 72T
30x2°] 453 F71& Fasta, 72TCoA 7R FoF HE A4S FAsgr. BE BAAH PR FEL
PCR Al=¥l 9700 (o] Ze}ol Hio]|QA|xgl=) AolA aHglel. E]RHA] &2 wEHoy=E A-E
H EseA] (SAP) MY v@2A4dsiAzity. Ao B EL 10X SAP &9 (AFHE) H SAP §4 (A
a3k, 2 L9 sAp =lxE Zzbo] PCRO) H/FSFY Ll SAP WHSES 37ColA 108 FoF H 85
Lol olFweolAstadyl. SAP Al %, iPLEX HFE=(Gold) 71E (AHA®)E ARSI PR HAHE A

o WY g 2
It >l
Y

S o2 e 2
o, N
—>L and
I il
(W] i

T
Jo

N

[

Al Zejoln] A7 whE-g FAS. GAA 21 2 1 A HEtE o {fdxbae] qd etz Al A
2 (PSM)E 974 Z}olw] 5'-GTCTCATCTCTACTTCGTACCTC-3' (A4 43) s ArAlgdrt. fAA 21 2 7 A
|

o sppe T FdxtFe] ojFF PSMS 47 Zedoln] 5'-TTTTACGCTGTCCCCATTT-3' (A 44)e) <& RAALF I},

I 21 2 2 A9 Sza fdAFe] g PsMe A Ze]w] 5 -GGTCTATGCAGGAGCCGAC-3' (A< 45) 09l
o3  AAr=E A g 21 2 6 Ao sEtRa f4dxtFe] @ M I =Zelolw 5'-
TGGGCGCGGGAGCGGACTTCGCTGG-3" (A1d 46)el] ol AALASITE, 22 W-g&E2 10X iPLEX €59 (A#H5),
iPLEX =4 2~ (A#A %), iPLEX &4 (A#E), 2 1.03 uyM= AF8" A4 21 2 69 o3 pSME A7 =
ol & AlLatze 2z 343 Mo 9 ZgelmE SHfolsity. 2 ule) iPLEX wWAE 5 yLe] PCR A B9
HAsE T, 200-E-Alo]E T2 g ule} jPLEX WHES SR FH. 2hdE] Zafx], AZS AR 947 o

A 35z F9F WAAIZ] F, 52TelA bx w9k o] A€k, 80TeNA 5x FoF Axsksitt. ojd® W a7 5
718 & 539 F7] Tk 43] o)Ak WkEstaL, o]olA 94T, 529 WA FA=E o S@AIF] F, tA] 53] F7]
o) elue W 94 FEE Fastslnh. 129 WA WA 94 53le) oluel @ A FoIE 393 Mool
2 4029 A R, 72CTHA 38 ZTob HE ARS £33l iPLEX ¥HS AHAHES 16 ule En

= o2
3 sk, Z+zhe] PCRe did] 6 mgel FRI= g9AFHe). 384-9 ZHo]EE 1600 golA 38 FoF gAR3
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(02721

[0273]

[0274]

(02761

(02773

(62781

[02797

%, ~AERY (A% L lEYs -z dold gA/ol 28 MAARFE ULDI-100) A BRH NS 2417
(N#A%E) Aol Buet .

QAR 210] AN EE 4o G Ael] g Fx daAle) el Ggel A £ SPHow /15
Srh. Zh7bel ARG QoA GAA 21 % FE GaAe] ge Fobk wA" 2A £E AdsGh 94
A 216 G Fobs wAR BA 5o G Wu ohueh QA 4o BPomFE e Fobk wAE FE A
Fol G Adsigm, ol & B 2ol o

o AR 21 AE 4-Z¥x AR disk 9AA 21 B A AA Aee] FoF U Flelddnk. Ao
2 F5% P k& SPRT B4 Agstgvl.  SPRTe) o& Az BR77F 7bssia w7z 17 o]4de] 384-¢4 &
do|EE B48 Holu} 27H4 50% “Ai$A w9k Alss DNA/S50% EA o9k DNA == 2 2709 50% 442
A7) , 5 B0

AEAom fu9 P e ATAE BE A AQAe o B gt almd Aelth, thEss, Foldl

ol ARAIF Age) @ pol A% RF BeF FAN H# $F) m@eha £ A9, AV LE o
WHRe B £88 5 89S Aol ole@ AeE ud e delusl ol8sbsdd W BRI
Ao ZFEY
7 gEe] A3 9 SPRT ¥HE X 220w 22pel B AN, 2710 ISR BEL SPRT B RO med
G 97 Al 24 R 59l 3349 WElEA s A9 kD RAE Bam sl 4 Fas 240 A T4
omyEle) delElE ofwl % SIRTS % Wil RH7l lesA] ek, HgaA 21 4Ee E oo owA 3
el 38449 WElFS gxeh RO BHo R Zh7t ARG BHFAAG. FASA, 4-FAs @Yo A 74
omyEle] dolet of® A SIRTS o1F wd BRIl slEEix] ekl reld, 4 B Py o mie ol
IEE R

€
'é:{{}- ZH:FE Zé?—%é’} SPRT T‘i‘f%% ]’O O]’/ﬂ ]—ﬁ]’;} O]-‘_:f_— EﬂO]E}E, UQE]%EJ‘Z\ D]X]‘ﬂ' RCDEL} 01&01
AE Agel fa F7F g Tes vAY R Aol o8y nlasle] Folxl Feol FaE vRe PR EA ol
el sl Fhees dFs

VI el 4 dbaiE lals] obel Alg

o71A, B NRAEE, GAA olpAel Belakis A (F, ARAA 21004 GAAl 21) R FE A

o Blol-5el = DNA MWl A Ei v T4 WSS et $4 obIE OA® PR BA "8, &

A AR A R QA % (N BRD)OIY Hel ASWe ShEwn. A% HolE bu 9l oy

omne FEE BY DA U AR FNA T ebel dE] G W ol A@ FAA 21 T v o]

¥ I 7 A 2% e AS FAE Ao
=31

Hol (Hub)-5olz wgEs Aels vehde g4 21 A fxxe dele st eA ddEs
(Holocarboxylase synthetase, HLCS) -F#&A}o]t}. HLCSE HWle A - s 2wt 2A] Fol A EeA =
A-wE g w], o)z iq"ﬂ HAx=m xod nm 53] E9 Al11/7844995.¢) EZ3HT} EHO} (B -S-o] = o
23 s vede 3 A Y #dAke 0131]‘— G 3 [10] 4] RASSFIA F#Akelth. RASSF1A+
B nkof A #fﬁl%’_ﬁ}ﬂﬂ‘?}, wA PA AEaMi A-weEsiEgn, Red Axe xod b= =3 =9 A
11/784501 % & #=x=35H0),

A @R o8 dob ul AN 219 txg PR dAZel Gld w=Ee HLCS 2 7} v=shd RASSFIA

o Agald, wAl vz EAE WA SREE. ool @) Ade ddiedda, dyE pHdd.

oeln, WAOZ e DAE FEAN e BAE A%, A7 AokUx S = (Blood) 71 (AoMAE A

golol S, olold, B DUE 1% olel WHH Fr AR k, A0 fall L BsUIE A8

ol 2B, olE WEH A AT Gab Holo IWEHY NS Yo AHE FE 0w, oE

GAAe) wAl, v ovEsta sde Ave glolh. olelAl, Askd @7 DNA A‘gg%, Ad G Aeld
el

LAkl HLCS B=+ RASSF1A Ade] £x217F wks A o Hg digF 0.2 X 1] dE¥E Ax= 343, 27
o] AAZE PCR Al2=®1S- Alfale] A9 DNAE Z=A1Z Aold; slvte 27H4 Zgpolw, H HLCS f-3Abel] 5
olF<l 1719 HIAY Z2n (Ade] vl-wEsy A At aih(E)e o5 BoE do e AL
RASSF1A izl #g & shvbe fAEHAl 2709 =gteln] 2 1709 Ayt =gng Abgdu. Fx9
RASSF1A Z2lolwl/Z=an MEg AHdele], Aw7} £F [Chan et al 2006, Clin Chem 52, 2211-2218]°1 714

:
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[02801

[0281]

[0282]

[02831

[0284]

[0286]

[0287]

[0288]

[0259]

[0290]

SEEd 10-1896167

o] @it}. HLCS 2 RASSFIA E 4o B3 efjawr Zenl Alo)g &3 a)xE, oad 7z pal 2 VICE 7}
A Felu}.  o]ojal, 384-U FH[O|EE AMEElA UX|E PR A¥S FRF . HLCSO disiAgl ddoe= -~
Holgdd el 4 3 RASSF1AY] diafAwl kdow ~mojgsd de] & AT Aolw, olE AT ME&s
T Aol HLCS:RASSF1A 1[&2 A4 AuwlA HolE 713 A4l A7 st g 21 HolE 713
o) o ~

=)

PAl A F G Fx FYH X oy DA Aelu.

ol AE 3oy F= tE WY dE Ho] RASSF1Ad] dlal]l EAlel kAl Zle #A glo] HLCSY o sf

SN o] 5 Apsar, W= HLCS dis] TAlo] A A #AA §le] RASSF1AY] dis] YAl o] 4

2 Agsts WHe] bsd Zlelnh. mg, HgS AsEE i HLCS 2 RASSFIA AFe] & 4 EE o509

ol & ol g8t Ejole] A4 A 21 AHE YENE 7 dut).

FHo)Ed A TR PRE Fdste A 9o, X PCRO] Thdg W, & Zo uAdH4 3, g

PCR mlolm g ZeleolE Al2¥ | oHAd PCR, 224 PCR, EH-AF =2y, Zgloln) Ay o Agk B39 &
o] g8k 4 ui= Ho] Gt A PHE Aoy, oA PCRO| o]# g WEFHLE ] oA AAEH, A

o4 o

FH o)) edt,
AR PR Slolw, AR PAWs e Pe olgste] dxg PR AHE 2xmeWd + ks Aol B9
1A e Aol

HLCS 9 RASSFIAS] lo} % %4 Mg ~PEsts] e a £ A 9o, wdst
HHE Belst] A e WY, o Eo] wlolastel= WEW, vEs-HolH PR, vEstE AR o
FAE A adAdY, 4 2Py T = 9l

F

2

=
[kl
2
N
&
o
2
=
MI
o
it
>

o
_0|L

ool o
P ] o,

= 2] Ria
2 gl 58 H)EE ol DNAYE BdE F 9l 7)EF AldelAx AlgE = glgo] dhAtelA Hud Aol
=}

o714, LRAEL, ik ko] U«AE dEe] BA I F oHol GaA|e] o]gd, dE Eo] A AA
215 #AEoh7] Asl A2 F oY) wiel 4l RAke] YR o] moE odF ][4 Aelvh. ol ¢4
A ol de AR e dAA dele] algdE fR(E)emRY Add. AlAEAE Age] Aad R
Solido] E7] wiiel & Hastslrlel uhgtAsict. ey, dHol DNAE W Hd FE=2 EAsk, ZA
a3 9 dA FTo BE DNA Add dis] A% o vehdo ubepa], dAg PR HER x A st 5
olHQl FaAtFe] Aps T ARAH B¥E UM T FrHE F gk whA, B2 AEe] 54
#7 FAAAE EATemA, UA"R PR A2 T3 5E S/ doenAE glosry ds
e dolete) s T & sl

apebA, BodAdEE 2 w7 s SR MRS AE T %] fivtemA EAstE AdH e
Hol siztomiy] 28 5 gle f4d Ano 4 Adsisto=s dop gae] o]¢dS nl-HEFHow 3
k. gk SHdA], o] {3l Ane] e A s fElAE FREAN, avde AEdd 4
o ¥ R 18-S 2 AR AuXA Q) AL ofuy

454 E9F (297) (& [Margulies, M. et al. 2005 Nature 437, 376-3801), ¥Fv|u} g &4/] (e &
AL EEE) B EEE AlRE (o]EEolm mlolea]adx) B delas ER AF =2UFE DNA AdEH
/1% (3% [Harris TD et al. 2008 Science, 320, 106-109]), 3 A]¥ n#jo]QAlo]ldda]l=e] bl B4 A A]zk

4 Yn7)E 98282 (5% [Soni GV and Meller A. 2007 Clin Chem 53: 1996-20011) Akl A

(SMRT™) Z]<z,

24755 A A2 U E HE AdELe 352 vEsld xRoEXE deld g2 it E4E Wy u
HNog AEdEAEY (%] [Dear DBrief Funct Genomic Proteomic 2003; 1: 397-4161). ol e
SAFL, S22 o3 A e 9-F5FE A o] gd BA4AE AdEAghg,

i ¥

A Zbzbo] AERFE AAEHZ] Wi, &
2ads Az, dE E0], AdEAE F59
I fAFElY (E% [Brenner et al Nat Biotech 2000; 18: 630 6341; [Taylor et al Cancer Res 2007; 67:
8511-8518]). Ztzte] R om X Ad-E U MEHLHE/] wiZdl, Ak E(pool)e] Ao zie Hujg
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[0293]
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100% mlgke] A
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B

[0295]

}A olFoix s, ool
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g
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o] olr=
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= oAl %
[ = A

[0208]
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{03007

[0301]

[0302]

{0303}

{03043

{03053

[0306]

{0307}

e 7)E S oledte], BA AMA, 48 So ZA
2 AEE ol xPHR e FElY Ak AldE HA B8 Hd9E
e de AE EENEO 94 Ade] AAEA oldd a9 AERaAY e
AR = E Eol, A ¥ F "ol DNA 2X7F 2A viZ DNA 2xlRo} o] g8 delez 74
o] 9= Ao w WEe] 9t} (% [Chan et al Clin Chem 2004; 50: 88-921). ulebx, &2 = 7o) upzt
= 2t sl dARLEANA TR sl o]l B, dE Eol A
71 A Ad, B mARA-TIT AL o URE AES ¢ vk, TRy, ERoew, BA 8% Fo
T3 Eo} DNA 224 edlellAli=, ®io} @il FiZo] HA wiA & JAlsts W o5, dld xELUs=
AH7bell ols] FX-skE 5 @t} (53 [Dhallan et al JAMA 2004; 291 : 1114-91).

=P AT QE| = ofwo)e} o]
|

dm {} X

=
N
o
off
PF?
rr
oy

w4 451 BUF, o Beholm npolen) g F¥s BUF, WAelms BR AT BT DA AARA )%,
SN dhol2AlelIAze] el B, AAZE (SIRT™) )% 2 Uies)® AR olsalst 2o e wy

BA AR Qeko] ¥ EAA fAeAl A8 5 sl

A7 L (dE Bo], AdEA 4 detey AsE A5 F7F =90 de FE 9" &9 Aw AdEME
AFE3EE Hol QA ol A (diglel #Ag WE 016285—005220US)0M A" 5 oglar, oA Bl #
1 A8l B Z1AE WHE, dE 8o B A JA" nie} go], wks

o7 A
B AdRNEE A9 498 5 Jes FEAo

- g AdEA A Hxg FHd S gl dE Bo], ¥ o
AA DNA Fx= AAIE PCR, WAFA] PR B A% 22715 AMgste] wg] 54T 5 k. AR, Hol
DNA F%+ o4 Holel A& 4 = ¥ 9AA ol9e] fFdxtAE Algstdd SAE § s, o4& S, A

S (Chan et al)& ®jo}- veﬁﬂ W5kl RASSFIA Al o] 2A Fa9 vy astad RASSFIA A49-S vjFdos 3o
SIS ccvu A A HEE S welsliy) ( Clin Chem 2006;52:2211-81). utehA, Efo} DNA
‘ 9] ¢ _x] RASSF1A (Hﬂ%ﬁ} 2w e s}l RASSFIA) Ad9] o= Ui

M
)
LT
=
o
=
@
-
o

mlo

ol AERNE DNAZE WHEs]s) witel, ¥oiwS 2alsls] 9eAE mAl de] waAl
dAnh vk Qom dabdrt. nhebal, @A AH8shE A, Hlol DNA9) 28 F

€ o
off
o,
o
g 12

O mA @A H W Aow diwd. tEsd geiw, wA 9 s 7 SIS
sE] FA0] Qolxls B AEY MuRg o, Qdstng sz ol GAA ol5Ae] tel o we Adel
ARH Bsot 2% Ao ddAn

¥}, "ol DNAS] 738 FxE AT A% BuUE gk W 1] o 2 gof Alole] utlEd Aol
Agets Fales RE Aol (5 [Dhallan R, et al. 2007 Lancet, 369, 171-181]1). ©o]&3%t ®lH <] o=
E xdo=z & Ao}, Hol-5old gydf-HdAt
T .

Axs 93}, mlolazojde] Al Alx s, AR AL Tgas A4 9g (St o] SolF
HAA oS FHAETHr] A 7€) Jed @Y, dar®E wiE A4

H) %Zoﬂﬂur 555 w2 :}Xé?l AE2] DNA Ado] A& e 244 ueg} e« =g, ®xE
NA +- - kgl G dodd dis AdR Ade]d Ad H

. FAH o]dS ZEEA
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W ABE S At e, FEE el el AU Ade el FAsw, pad
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<}
Pl g gha Al Ul vlash w9 AbeE g

= o~

Hood 2B o

=2
®
S
by
F,
i

Pg.999



SEEd 10-1896167

{0309] VIII. S¢dde] &

{0310} 2AH 3 Fo Hol DNAE 4% HAdoz A8+, EA g3 NA F A 3% A 6%71 "Hololl o},
olel gt o= <AslA, & HofdlA P ZE AT dF-EL Holrt FARSE 2395 XA dd T
givkge] 2] DNA wiZd ) P ElE DNA 3-8 AEsted JAFHdT. o)k o] 71Ed HEd 8389 de
Y AR SRY -+42 [Lo YMD et al. 1998 Am J Hum Genet, 62, 768-775] % XA7} RhD-&/4¢) 2%

RAD 412} [Lo YMD et al. 1998 N Engl J Med, 339, 1734-1738]1% X.g 3o},

[0311] Hol EdWo] A&S& S8l A g4& A8ste 71
He ARSW, FA W wAT deld EdAwWelT A Fgdls
A# A [Ding C. et al 2004 Proc Natl Acad Sci USA 101, 10762*10767]% 2 A8
A @TE. olel@ & Al Seld @A Uik, oS .
AWelE b= AeoA= EA A FollAe] AF A EdWol
Aok,

FN
1o
>
JE
e b
o
)
N
L
PE
o
%
@]
oy
—~
=
D
=
rO
o
2
=
i‘:‘

4 fporr ox

{03123 ol ¥ AUl = 239 dAldo] glvk. A7) AlvEled s, 3% ZbEd ol ke, NN, NM OB OMM
o] FASk=tl, o714 N2 AAAQ dHFAAE Uepiaz, 1 Sdve] deEfAAE vUedn.  Sdwol
AHFHAY o= G2 ANE, We-AFnd, d9-2Fand, F4AYTF 9, He Y455, Ad
A 53 A8 585 dorle AL ey, o]g]d Aelle] thE o= OMIM (Online Mendelian Inheritance
in Man) [ www.ncbi.nlm.nih.gov/sites/entrez?db=OMIM& itool=toolbar]o]A] Z-& < i}, =EA] 7 oA,
-9 DNAY ZAZN-E] fei=e] N Alolvk. A7)E 314 ol §xx13E F ol= AldAx=, =A g4
FAAg 55 d=L 8ot 199 55 Hol qdGdAs EAEA] evh. wedA, FAEA dE
> A7l A8d 4 {ivk

{03131 ] ol ¥ & Alv}el

Aol 71 A4S ]l A% 5 vk A 2L Holrk mrh NMel Al edl e N o

FR4 2N A7 dFAHFAA FE o1Fa e Aotk e, BAZE Nl Hlobrk NNel A%

B oAl @ FAA N ARl AhEEE R Badel el Aol adl, A Nl
% 5

& ot r

Hol7h Mgl Aol 2Al G4 T M ARGAAT diEEd duadg 2ol Lol folrh.  mhd
A, Hop malwe] UEE 9@ AR E Hlokrt WM HaAR9) Aol dgfAA Badel =i o
=, OgsdA Eaael =45y N BE M gHads 3 ol fo] drhus

A 7. didrRde
HA =R oo uli} Hol

{03 14] YA Eirde] 24 Ev FAcs 29l 7143 HFAGHE AF23 oxlg PR= AAHE 5 ¢ AR
A Al A, 57 HMH 24 e wA Rl 50/ AX 2 HolmXe e 5070 AXE9 1007}1 M EE
B ey DNAE g3, njipa], o]#d -y ¥ ZOM Hol DNA®] #3& E%= 50%°lvt. REA7}

FAA4HE NS Aol 50709 N B fAA 2 5070 M el RGAt SAG ek, vl A E M)
Al 507e) N AR R 5079 M AGAAA dekel Sa e, N AR o A
2 (22t 10070 Ah]) Abelol = HHG At Bidol EAEkA @ich WH, Holb N FdxtFl Aol

]

A1

_<’>,
©oolel@ el B Fo] 10079) Hlob-falel N clHGAANt EAG Aolh. wakA, & 150719 N o
ARt 50719 M BlER R E EAE Qolth. F, Nok M Aboldl = No| Mol lsko] 3:1e] nlgm vrhxdE
ARG Baae] EalE el

Moo

(0315} whele] el Hobh Mi fAXE) A ole@ el @ Zol 100749 Hob-felel N o HHAA
A EAE AT WA, 15079 WSS 50l N AR A EAR Aol S N bl
el Nl djake] 91 WA e AYF A4 BEE) EAG Aol 1D AU Eade
JAR PR A4 5 A, 24 W G4 0 AL ARRAA BE FHom ated. GAE R

SNP % wl=]gk RCD WA fpAFshAl, wlxlgl PCR AR A ﬂ%%%.ix}ﬂ A X Fokd BE PR Sl
s FAedg. uEpd, 2 Al»‘rdoOﬂHL G da @ ol Axsk 3i1el4t, diEfda 2
del el AxEs dAE P Soll wet geba Aol webA], SPRT -4 ¢
Ao gL, 4 T B FE Y %E (mr)oﬂ 2 s Zrlgho] Abell Bl AbgE Best gl
(0316} Ed3o Ax= "ol DNAS] &3 wxo| wiel gejxlv). A7]d defb
. 574 ol ZARFEL 9071 AX Y HolzN-ElS 1071 Alxel 10071 AX=HH
=" DNAE ot A9E 7Pdan. mebd, ol F-wle] @3 FollA Elo} DNAC] 28] wX= 10% 9]
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o EAE HRAE M AP 0o N dERAA R 90 M At SAG gt Helr
FHAAD ML Ao 10719 N dHAAA 2 10719 M o GRAATE Hokel] oldeh. webAl, N el R
ShM SRR (7 F 1007 AD Aeloli dies A BEgel EAsA izvh. @, Hoksk W A
AP Aol oleld el B Fol 20749 Hlob-faAel N egAdaAst EA4T Helrh. webA, F 110
Aol N sk 907he] M sl A4t EAE Aok,

- ¢

ok

[0317] Z, N3 M Abolole Nol Mol Hleke] ShrhEE W oldsd Bwdel =4 Aoleh,  wkuie] 4ol A, Hopt
WHRAGD Aol @ ¥ule] @4 Fol 20719 Hol-felel M P AAAT EAD ol Al
10709) W Ak 007le] N dgs At EAG Roltk. F, Nob W AbelelE Mol ShiREE gEs
A B@Pel EAT Foldh.  Hlol DSl B8 wws}t 1049 A5l dRRIA BrPe] o)edl Axt
110:909 Aoz, o 4] alalM vhebdl vhsh o] 50% Elo} DNAZE EAEHE 490) 3:1 Mgt golsteh,
wheba], SPRT RAdlAlsh e, Elol DAl R& wwe] A 18 Bugel Alel RRel gl Wat

aieh,

[03 18] npela], B4 DNAE FE8 ol 4 AE T XA H Hol DNAS] & dE So] JE FHE HAAIT
PCR A& [lLo, el al. 1998 Am J Hum Genel 62, 768-775] = "WdxleAl X9 tte 439 A 5,
o & E0] SNP u}# [Dhallan R et al. 2007 Lancet, 369, 474-481]1 2 ®jo} %4 u}#] [Chan KCA et al. 2006
Clin Chem, 52, 2211-22181% |88t A=At Hol INAS] ES(%)E Ak}, olF, vx1gd PR &
AT Eetel 4 wkg o] e Y] T3 22 (N Og#3xd 5% 93, 2 M dEfidxd % I8 E
el s A" g4 NA AE (dE B9 sdsAY 55H 3 &g}, e =Elelw, H 279
Hav 2zw (172 N dfg-faxte] SolAleola, & spubes M gidE-F4
PCR #2418 FaAgr}. 97 Mollwh A<l do] 4 v Q
& AAgste gYHFdx Bwge] A7 dE=ER o
A A FAE Wl dAd SPRTE Ab-g3le] &
M ¥ Nl ebAdl o] & Agse Ax 7sota, Newk kAo gl 2l T
= 7bsahd, ol AFA v&s =Ese AR Jhesitt. @ o], didGAx E73Ee] BAE] S

H A

Fztel A AW Wy, A SPRIE Agstel e 5

s olE o) Mg
#go BAAL Tt D
el kol At
[e]

{0319] o2& RMD (A=A Ed o] 9k (Relative Mutant Dosage))e}il E2]&= Hof F3x2} Sddole] oF AAS ofA]
/a7 (XX/XY) DNA ERE& Al8ete AFskgivt. &9 2 oddo=mRele] do A DNAE /3 DNAsE 22}

3, ¥ 24a0] vERd e} o], Xy v XX e XY F31AEE 27 25% E 50% 0] B8 wxE
e JEs 53
0320 F7lE, A AXE BES £33 1299 @4 2 1299 oA

NOX

]
o
o,
&
dn
O

Tk, od " A X DNA
(=}
e

o
(At XOE 36 veFe] @ g M DNA (X8 X))ok 24zt &Z3bste, XY §3214S 2= DNA 75%
o A XX §--AE LS 2= DNA 25% 5 sl 127019 DNA =2 ES AASS L, o] A3 = X 24bell el
Sk
{0321] SPRT 2A1¢] =A.L |7 DNAd] EA&8ts 4289 FAxEE dAs= Aoldv}h.  75% XY DNAY vl 25%

: 9 FaE Yelok., AE Fe] DNA 25%7}
XX e el7] wiiFel, 41Z Sl & 200709 DNA &A7F EAlsb= 2ol 150709 &27F XY AAAeNA
g8 Ao, wkbA, ¥ dggd1e] 5= 1549 Ao ik, wd, W DNA (53213 XY)e] B Sl
g X Oid-Fx=t] & FA] 750k, A (FRAE XO g X oi"d{iRHxe] = 50 (= 2x25)0|r}.
wbA, X/Y BlE2 125/75 = (1 + 25%)/(1 — 25%) = 5/3°]|t},

[0322] ool FRA FRelA, el Ay JES viv-=E28 2, 5, slxsay, sk (HBB) fdAkel HbE
(G—A) 3 (D41/42 (CITT/-) EdWlelE zte v R A4 ddxlzry s58%040. 58 /el F443

D, MN & NS e W "Hols Bfote o33 ZA (N (4714, M= 5], N = opdd)) =51
FES BA 8 AES 2uetr] A, ol ™At o
sittel dis] olERETE MND $HeRRE ] g9 A% DNAES Y 5o
25E eF g9 Ax DNA AEF Az EFEgig. olmA, o o] ¥d/Ede] DNAE ZHe
DNA EF&o] AR, 53, (D41/42 A dis] FEFAET MDY dAdoe=mR e do A2 DNA AEx
AFg-3le] DNA E@E-& A3k, SPRT Z/HE A3 &4 dl&S A3 sl7] flsiAl, 2z bNa =gE F
W DNAC] H-38 mxE ZFY/X AR e AAsu),
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{0323] YRl ZFY/X AAE o]83le] SPRTE #53l3. & DNA %‘E% Z 979 DNA] 8 Tx&E AAsge. I
A X Ade] old HA(Zine Finger) 99z A (ZFX) 2 GAA] Yo o] ofd sAA dwyd HH (ZFY)e] 4&
q 4%— PCR _HIE)\ g ] ]-OJL} d_ 3'60 R s 3}01‘31 B A AL PG TR T A A TN EAALCTG-RC ( /H ) 47) El 0__1'301_60
o]u—l AT SN % TSR A AT LA S A AT ( /Ho:! 48) = /\],_QL Qla' 7FX Ul LY < 3 XI )4/] 87 bp o‘ljl —;i,a
& A TA FFRARG. 9A8A X " Y el FEslE 2T dAA-So)d "Hav Zens A s
S, o] o] PaR=E= 717} VIR T A G O AC AT TOE S BRI TQY. & (H 19) w1
S SR AN T A A AT DA PR M (e 5009t}
[0324] DNA E3E Fo Bave] de Bvel dAFAA AF A4 dusAAe] UG PR BHow A6y
0. mE Eduele] Ag, A 2 sadwme ougdAe) s7bp WITeEe AWF  Zeolw

$GURDAAGUTCAATOTUIAT 3 (e 51) 2 Gulgl Tglon] S-CTSITOOTOTOOTIARACOIITCITONAA-Y  (1]q
52)= 4 TAl FFRAIAT. A (6 B EAd0] (A) dHEFAA Alo)lE FRske 2FY dE-RAdA-5ol A

=
EH = r{vl» =N % /KE—] Zﬂ ﬁ]_(;)y\:] :_ﬂ., O] ‘9] /\‘1 OE’:]_ % prd vl FEEIY T TGO TR AR (RGO -3" ( }\1 OE’:‘_ 53) \;_l

1
FLGRANTY TGO TR AR URESTC CvVES RT3 ( Aﬂ o‘:jx_ 5 4) S)i E}‘ A HbE %?i % O] oﬂ rﬂ 6]— é J/]» = = 20 oﬂ 1/}5}1}]}1\

[0325] (D41/42 X EeIwolel H9, A4 % BelRe]l dlyHfwASl 87 bp X 83 bp FTHULL AU Tejoln
A

Ll
ST TR AT T TSNS 3 ( }\1 0—2 55) 1 O_ﬂ' HlsE = g]_o] "ﬂ I AELAOCAFC AT AT TGO ALRATT 37 ( }\1 Qj_ 56)
(

Zzbg Algale] S FA FEAG. AR (A 919 R Bl (A4 le) dURUA AlelE s
v 2% gesda-Sold Haw  wens  Addds, o Ade 47
=

R AR FETTYTE R A ML 33 o3 i=1] R E RN AN R T Sty LLEEEN Xty Loz fe:]
B W AT ASRSEMF T PR AT T O F IR O ( }\1 57) P AP ARSI ITNGRGTICOTT M REENRN-F ( /H 58) <
= = =

2

HbE EAWold] gk A5 X 26a L

l-('(

26b) LHERRTE.

3 AP 12.765 UAE ofele]= (ZF| ) E AMEEhe vpelemta™ A2kl (Fpelvp]l) oA Sas)
1] shdel] ojah whe-e 2w fund PR vhe) w2 (o) Febel = npol @ Al A=) AMS S
H3 10 w@ AR dvk. CD41/42 R ZFY/X ARl A5, ZF w82 1< ek quw PCR T}

, 900 nM® &) Z} Z=glol 125 nMRe] ZF =1 2 1 ng/ule] DNA ZEL 3.5 WE 73t cl. HbE

-, A (6) B Ed¥e]l (4) d¥gfdAE #Hom sk, Zh7b 250 oM R 125 nM-Q] ZRng A7}

ME/AAR EFES YreEea™ [FC Aler] (EFelueh)® txg ofdold] mxagrl. kg

& 95 vholempa™ AlzEe)A FABGICh -GS 50THA 28 ek AAE Tl 95T A 10

©) EE 56C (HbEe] AH$), 189 503 F7)

3, Aol ool § g wWAx R

1_4
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L& 9@ Ane) Aunny doles @l
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[0331] 960 kg, 207 AL A ol ARl ol Fgoln], 28 e
£ 2o ARfHAA 2T sl Bdelth. A Gl datel g Wel b vl 7] W, A o
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wEbA, m2 Fold EEE AL g 13, -1n(48/96) = 0.693°]t}.

S

[0332] LOH &3 #dsto], AF7HAAA= 140 ddfida dado] st AZdlA ddfixd=t vlgo] Aoz
kv 7tk olelgh et A, 2% olFfrdAtel digh g de] o] o) WS 1:10]3, o]
uep Ao soxiasd dHEFdAE Hele ARAy 9 (oA 1F9 ¢© Asf ARt A<l
dye] o vEL2 0.5t}

{0333} 299L0H =3 #ddste], dyzbdelA= BE2] AX T 50%04 172 diHfdA ddo] FAste] FEelA
A-FA2E v)&o] "oy glvpa 7hd ettt suaEd dEFAA Ax dyfda Alole] digfda H)
o] 2:10]17] wilel, 4 F AvnEd dHFAA4e] HY 57 Fx dEFAAe By w59 20d Aol
. Zdy, g EEd dgadAd gl de] £ e g 9del Ao o dses] 2n)7) of
Y} Fold X upE Aolr}.

[0334] ARAT A A BE G AHFAAT FHolA D 47] 2F0] AU Skl Bl ohd A= Pl

n
ARG vl Hold HEe] Apo drhwEd URAAET GRes Wel o ol o] AL E
A

=
)
Jo
2
2
2

¥ 6000 Ve vie} vk Ay ddlA, S AFEe] 50%A LoIZF A48 Hol= 9 P 6 dHFAR;
o] HEF FX7F 2x0.693 = 1.386¢€ Ao}, LOH7} = A E 9 50% Zud EAstes ALl A JF 6 Uy
AR A wEI) S7] Aol whE Aelv: 1/[1 (LOHE 2t= vl8)] X m,.

(0335 G dggazle] ool el dlat BRe 1 e ¢ = 0.75 (%, 75% F= 72710l ) FHoly. A E:
dEf el o de] dAe) HAeRta JpAe W, 0.5 < 0.75 = 0.375°] €e] A % ¢ d@FEA =
o ek Ao}, whElA, 0.5 - 0.375 = 0.1259] Qo] $.& A vlHFHAA N Y Ao)ax, 0.75 - 0.375
= 0.375°] We] 97 G PHAAANT AL AL Aelrk. WA, AuAly @e] HlEL 0.125 + 0.375 =
0.5¢ Aol G UPHFAAE e ARAFT A9 o v]&L2 0.375/0.5 = 0.75°]t}. o] F, P.o digh o]¥]
@ el s Agetel, AIEA) desd Age]l weld 49 (5, A71AE L7E EAeER 0] ARE

{0336} o]o] Al tIx|& PCR &A1&
D& AMESte, AR &
a3 X dASEY. AFIME e Oy s PolEelr] 93 P 2
7o st Axkd =, ol A7) fhol u = %
3 #Este] st S5 A5 S AlTste Aoem velwr] wiiteltd ([Zhou, W, et al. (2001)
Nat Biotechnol 19, 78-811, [Zhou et al 2002 (%}7] =) 1). A7) oA, ARAE 49 = 20 + 21 =
440l3, A¥HFow FEH P2 24/44 = 0.5455°1t). AR FAFL FAFIIEE WolEe]r] AsidEe <
0.58790] 4L, TP /HAA-S Wolgolr] H3lAl+= = 0.67390]}.  upebA], o]# g deAe] AEL tH-{Fdx} 1l

el
fo] Hoyt NoTo.R B R

H s

AR BRGol EAHE FF EAHH G AEL 4
el

=

{0337} deHoz, B 7L AE To AMd EFFES AESIe HTEs Lo, 3 Ak, B Uyl
o} Ja8A] o] e] H-F57H HAZd AMEE ¢ i, dE Eo] BA 84 F o} Ak BAL Fsi 4
A 218 HEL F Av. o#I HAoEe 33 g, 3T 5 AE, 1A &, XFEE AE, 1A
gl 5& xdst=, Hol daks dhsle vE AELAE Eddn Aed 4 . A, 2 JFEREe 4
QA 21 dolE BHae A nA ¥ T QAR 21949 wwkdA " HARAI$) PLACA mRNACTA SNP2] o
HF 24 Ewds A48/ f 2 9 =E d5sgy. B4, 2 JdFRe B odwdo] AdanA 219
Y| H 2] o

) tive Chromosome Dosage)) 2 &3] nH]-t}&A
ol# gk vxI& RCD-/1ke] W2 Hiof DNAE $hials A&

£

o2 op
_])‘

o2

iy

=

]

o

Aol dew AlgE o dEs 45E .

& FAA 219 WA ATt FAE: GAA] Hlgte] AR EHAEA AX-E AR Hrkste QS Rkgith
YAE RCD= A3k A=) glolx 25% Ejo} DNAE dhf-ale AZdA Ad A 218 A& 4 A4 3. 2
7zl o BER] AE (SPRT)E A&sle] txg PR dolehs sidsigiet.  AFE AlEueld B8 2
Alale] A 257 dadFe] 52 A4S st

[0338] Fobm, B AFAe /) gevel GAAl ol olsle] dE Fuel da Ad $wyel 44, o Bol ¥
A W F Hol malwlolsl ME B: oY A% L @Y F TY Ko W B ola oby AN A
o HaA A5 L el AFA 488 + e e Lohdy)
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[0339] B RAAG] 4@ Qoo wmTelel AR T ARe Aol Aga UFE 9do], o
Ctt =2 H(Perl) (dAE B0 549 7| £t AA X (object-oriented) 71E& AHET ZD)& *}%ﬂ z=
AN el AAEE pvEde) meeA Add ¢ gt avsde] ms: dde] A Hr guelwA
ARe GY PHE BEAT A ALH 5 Qowl, Agte AE AW oz viZel (RN, randon
ACCEeSS memory ), = 2y HWEg] (ROM, read only memory), AFd wiA], dZlg] sl= =glolB = Z23
teaa, e Ze oA, «Gadg FHE tea (D) Es DWW (A" MAE tlad(digital versatile
disk)), Zeisl w2y 5& g8, e 57k WA e olgd A2 AAY dejof 2gd 4 Qv

(03401 oY@ Lmags B GId TRES, dF S Addel wel §4, 48 WEE TN UEAZE B
AEA=S B Aol ALE Agetel gastsn A5d $= Ak, olsh gol, ¥ W] WAFuel

nE ZFE #Eks Ak olfd Zeagen odusta dolr ALE Al A4E 4+ Ak =z
W mew FEdyd AFEH BS5obe iAE 287k 4Xs A ArIKd S= Qla, wE
w2 AF (A8 S0, AHY themsd ohd s Ak goel old@ BFH BEbs wAE 1719

AFE =g AE (dE So] sl= mrloln gy A AFE AAEAM Y 3 UiFd 98 5
D3, Aldl e UEYT R deld Hie =2 AlFdd dAY o Uil & k. H5RE
A2l HUE, MUE] e 24 A5 doo] diE ARgRA AlFelr] A% gE AR gasy
ol& yxgg 4 gl

[0341] HIFE] Al=®le] o= &= 270 vepsich. &= 270 vebd Al =88 Al Bl (2775)E Bl dsddd
. Y= o] o] gE (2782)011 HAEDE F710] spAl<=, o 2dE (2774), 7IRE (2778), 374 T
2= (2779), EYE] (2776) T vhersich. 1/0 Alel7] (2771l A& d FTH77] % f=E€/&8 (1/0) X
= Ad e 2777 /“ﬂ 09.741 o TAH dolo] o] FEE B3I HFE Al=gd ddd F k. AdE
S, AY XE (2777) v 9N <Eldlelz (2781)S ARSI HFE] AXE BHS He] EYZ, o
& Eo JHY, mlgs OH A e 2 ddd . Ala=d HAEE 53 ASdEde F 2=

AA (2773)7) Z¥2re] A =¥ ) ata Al=El W&y (2772) BE 1A UAm (2779) 2RE]e] XA
FA 8 sheAsE Aol AR w@E Aolshem Frh. syl vl (2772) B/EE 34 Had
(2779)+ HAFE] d571s WAE £ T

(03421 & adsl IS AL Wb ) A s 2 A A
& Geimw G Adses Aol opdw, AV sl vEo] @
Re) o)m R el AAAe 488G Adow Agem 1o v} Be47)
of A ChFE Al MPAA AR BAGHA AHow eT 5 P

St

] ;ﬂo]u} o]:; . Hh:é% }g
SR IRE RS T B
WL yeHE 58§

b AAgEE st )4

10 vH
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i
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<110>

<120>

<130>

<140>

<141>

<150>

<151>

<160>

<170>

<210>

<211>

<212>

<213>

<220>

<223>

Lo, Yuk—Ming Dennis

Chiu, Rossa Wai

Chan, Kwan Chee

Kwun

Zee, Benny Chung Ying

Chong, Ka Chun

The Chinese University of Hong Kong

SEQUENCE LISTING

Dctermining a Nuclcic Acid Sequence mbalance

IPA161076-CN

WO PCI/GB08/02524

2008-07-23
US 60/951,438
2007-07-23

58

FastSEQ for Windows Version 4.0

1

27

DNA

Artificial Sequence

synthetic real-time PCR and digital RNA-SNP analysis

PLAC4 gene-specific reverse transcription primer
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<400> 1

aglalalaga accalgllla ggecaga 27
<210> 2

<211> 21

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic real-time PCR PLAC4 primer

<400> 2

ccgetagggt gtettttaag ¢ 21
<210> 3

<211> 25

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic real-time PCR PLAC4 primer

<400> 3

gtgttgcaat acaaaatgag tttct 25

<210> 4

<211> 14

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic real time PCR PLAC4 fluorescent probe

<220>

<221> modified_base

<222> (1)...(1)

<223> a modified by 6-carboxyfluorescein (FAM)

<220>

<221> modified_base

<222> (14)...(14)

<223> ¢ modificd by minor groove binding non-fluorcscent
quencher  (MGBNFQ)

<400> 4

_74_
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attggagcaa attce 14

<210> 5
<211> 104
<212> DNA
<213> Artificial Sequence
<220>
<223> single-stranded synthetic DNA oligonucleotide
amplicon
<400> 5
cgeegelagg glglelttla agelallgga geadallcaa altlggella aagadaaaga 60
gdaclecallll glallgeade accaggagla Leccaaggega cleg 104
<210> 6
<211> 22
<212> DNA
<213> Artificial Sequence
<220>
<223> synthetic digital RNA-SNP analysis non—intron
spanning forward primer
<400> 6

tttgtattge aacaccattt gg 22

<210> 7

<211> 15

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic allele—G-specific TagMan probe targeting
rs8130833 SNP of PLAC4

<220>

<221> modified_base

<222> (1)...(D)

<223> t modified by 6 carboxyfluorescein (FAM)

<220>

<221> modified_base
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<222> (15)...(15)
<223> g modiflied by minor groove binding non—fluorescent
quencher (MGBNFQ)
<400> 7
tcgtegteta acttg 15
<210> 8
<211> 17
<212> DNA

<

215> Artificial Sequence

<220>

<223> synthelic allele—A-specilic TagMan probe Largeling
rs8130833 SNP of PLAC4

<220>

<221> modified_base

<222> (D)...(D

<223> a modified by fluorescent reporter VIC

<220>

<221> modified_base

<222> (17)...(17)

<223> g modified by minor groove binding non—fluorescent
quencher (MGBNFQ)

<400> 8

attcgtcatc taacttg 17

<210> 9

<211> 23

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic digital RCD analysis co—amplification
forward primer for paralogous loci on chromosome
21 and 1

<400> 9

gttgttctge aaaaaacctt cga 23
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<210>

<211>

<212>

<213>

<220>

<223>

<400>

10
28
DNA

Artificial Sequence

synthetic digital RCD analysis co—amplification
reverse primer for paralogous loci on chromosome
21 and 1

10

cttggccaga aatacttcat taccatat

<210>

<211>

<212>

<213>

<220>

<223>

<220>

<221>

<222>

<223>

<220>

<221>

<222>

<223>

<400>

11
19

DNA

Artificial Sequence

synthetic chromosome—specific TagMan probe

designed to target chromosome 21 paralog

modified_base
(1)...(1)

t modified by 6 carboxyfluorescein (FAM)

modified_base

(19)...(19)

a modified by minor groove binding non-fluorescent
quencher (MGBNFQ)

11

tacctccata atgagtaaa

<210>

<211>

<212>

<213>

<220>

12
20
DNA

Artificial Scquence

_77_
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<223> synthetic chromosome—specific TagMan probe
designed Lo Largel chromosome 1 paralog

<220>

<221> modified_base

<222> (D...(D

<223> ¢ modified by fluorescent reporter VIC

<220>

<221> modified_base

<222> (20)...(20)

<223> a modified by minor groove binding non—fluorescent
quencher (MGBNFQ)

<400> 12

cgtacctectg taatgtgtaa 20

<210> 13

<211> 27

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic digital PCR PLAC4 gene-specific reverse

transcription primer
<400> 13
agtatataga accatgttta ggccaga 27
<210> 14
<211> 22
<212> DNA
<213> Artificial Sequence
<220>
<223> synthetic digital PCR amplification forward primer
for rs8130833 SNP region of PLAC4 gene
<400> 14
tttgtattge aacaccattt gg 22
<210> 15
<211> 15

<212> DNA
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<213>
<220>

<223>

<220>

<221>

<222>

<223>

<220>

<221>

<222>

<223>

<400>

Artificial Sequence

synthetic allele—G—specilic TagMan probe Largeling

PLAC4 rs8130833 SNP

modified_base
(1)...(D

t modified by 6-carboxyfluorescein (FAM)

modi [1ed_base

(15)...015)

g modified by minor groove binding non—fluorescent
quencher (MGBNFQ)

15

tcgtegteta acttg 15

<210>

<211>

<212>

<213>

<220>

<223>

<220>

<221>

<222

> (1D)...

<223>

<220>

<221>

<222>

<223>

<400>

16
17
DNA

Artificial Sequence

synthetic allele A specific TagMan probe targeting

PLAC4 rs8130833 SNP

modified_base

(1)

a modified by fluorescent reporter VIC

modified_base

(17)...4Q17)

g modified by minor groove binding non fluorescent
quencher (MGBNFQ)

16

attcgtcatc taacttg 17
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<210> 17

<211> 20

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic digital PCR amplification serpin
peptidase inhibitor clade B (ovalbumin) member 2
(SERPINB2) gene-specific reverse transcription
primer

<400> 17

cgeagaclle Leaccaaacd 20

<210> 18

<211> 20

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic digital PCR amplification serpin
peptidase inhibitor clade B (ovalbumin) member 2
(SERPINB2) forward primer

<400> 18

ctcagectcetg caatcaatge 20

<210> 19

<211> 16

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic allele-A-specific TagMan probe targeting
serpin peptidase inhibitor clade B (ovalbumin)
member 2 (SERPINB2) rs6098 SNP

<220>

<221> modified_base

<222> (1)...(D)

<223> ¢ modified by 6-carboxyfluorescein (FAM)
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<220>

<221> modi (ied_base

<222> (16)...(16)

<223> t modified by minor groove binding non—fluorescent
quencher (MGBNFQ)

<400> 19

ccacagggaa ttattt 16

<210> 20

<211> 16

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic allele G specific TagMan probe targeting

serpin peptidase inhibitor clade B (ovalbumin)
member 2 (SERPINB2) rsG098 SNP

<220>

<221> modified_base

<222> (D)...(1)

<223> ¢ modified by 6-carboxyfluorescein (FAM)

<220>

<221> modified_base

<222> (16)...(16)

<223> t modified by minor groove binding non fluorescent
quencher (MGBNIQ)

<400> 20

ccacagggga ttattt 16

<210> 21

<211> 23

<212> DNA

<213> Artificial Sequence

<220>

<223> synthctic digital PCR analysis co—amplification

forward primer for 101-bp amplicon for paralogous

_81_
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<400>

loci on chromosome 21 and 1

21

gllgllelge aaadaaccell cga 23

<210>

<211>

<212>

<213>

<220>

<223>

<400>

22
28
DNA

Artificial Sequence

synthetic digital PCR analysis co—amplification
reverse primer for 101-bp amplicon for paralogous
loci on chromosome 21 and 1

22

cttggecaga aatacttcat taccatat 28

<210>

<211>

<212>

<213>

<220>

<223>

<220>

<221>

<222>

<223>

<220>

<221>

<222>

<223>

<400>

23
19
DNA

Artificial Sequence

synthetic chromosome—specific TagMan probe

designed to target chromosome 21 paralog

modified_base
(D...(D

t modified by 6 carboxyfluorescein (FAM)

modified_base

(19)...(19)

a modified by minor groove binding non-fluorescent
quencher (MGBNFQ)

23

tacctccata atgagtaaa 19

<210>

<211>

<212>

24
20

DNA
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<213> Artificial Sequence

<223> synthetic chromosome—specific TagMan probe
designed to target chromosome 1 paralog

<220>

<221> modified_base

<222> (1)...(1)

<223> ¢ modified by fluorescent reporter VIC

<220>

<221> modi (ied_base

<222> (20)...(20)

<223> a modified by minor groove binding non—fluorescent
quencher (MGBNFQ)

<400> 24

cgtacctctg taatgtgtaa 20

<210> 25

<211> 24

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic digital RCD analysis co amplification

forward primer for 128-bp amplicon for paralogous
loci on chromosome 21 and 18

<400> 25

gtacagaaac cacaaactga tcgg 24

<210> 26

<211> 17

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic digital RCD analysis co amplification
reverse primer for 128 bp amplicon for paralogous

loci on chromosome 21 and 18
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<400>

26

glecaggelg Lgggecel

<210>

<211>

<212>

<213>

<220>

<223>

<220>

<221>

<222>

<223>

<220>

<221>

<222>

<223>

<400>

27
14
DNA

Artificial Sequence

synthetic chromosome—specific TagMan probe

designed (o Largel chromosome 21 paralog

modi [1ed_base
(1)...(1)

a modified by 6-carboxyfluorescein (FAM)

modified_base

(14)...(14)

a modified by minor groove binding non—flu
quencher (MGBNFQ)

27

aagaggcgag gcaa

<210>

<211>

<212>

<213>

<220>

<223>

<220>

<221>

<222>

<223>

<220>

<221>

28
15
DNA

Artificial Sequence

synthetic chromosome—specific TagMan probe

designed to target chromosome 18 paralog

modified_base

(D...(D

a modified by fluorescent reporter VIC

modified_base

17

orescent

14
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<222> (15)...(15)
<223> ¢ modified by minor groove binding non—fluorescent
quencher (MGBNFQ)

<400> 28

<212> DNA
<213> Artificial Sequence
<220>

<223> synthetic digital PCR analysis co—amplification

forward primer for 121-bp amplicon for paralogous
loci on chromosome 21 and 1

<400> 29

]
(4%}

acgttggatg gttgttctge aaaaaacctt cga

<210> 30

<211> 38

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic digital PCR analysis co amplification
reverse primer for 121 bp amplicon for paralogous
loci on chromosome 21 and 1

<400> 30

acgttggatg cttggccaga aatacttcat taccatat 38

<210> 31

<211> 21

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic digital PCR analysis co amplification
extension primer for 121 bp amplicon for

paralogous loci on chromosome 21 and 1
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<400> 31
cleatecetea clieglacel ¢ 21
<210> 32
<211> 34
<212> DNA
<213> Artificial Sequence
<220>
<223> synthetic digital RCD analysis co—amplification
forward primer for 148-bp amplicon for paralogous
loci on chromosome 21 and 18
<400> 32
acgttggatg gtacagaaac cacaaactga tcgg 34
<210> 33
<211> 27
<212> DNA
<213> Artificial Sequence
<220>
<223> synthetic digital RCD analysis co—amplification
reverse primer for 148-bp amplicon for paralogous
loci on chromosome 21 and 18
<400> 33
acgttggatg gtccaggetg tgggect 27
<210> 34
<211> 17
<212> DNA
<213> Artificial Sequence
<220>
<223> synthetic digital RCD analysis co—amplification
extension primer for 148-bp amplicon for
paralogous loci on chromosome 21 and 18
<400> 34
acaaaaggeg gaagagg 17
<210> 35
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<211> 35

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic digital RCD analysis co—amplification
forward primer for 81 bp amplicon for paralogous
loci on chromosome 21 and 1

<400> 35

acgttggatg ttgatgaagt ctcatctcta ctteg 35

<210> 36

<211> 33

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic digital RCD analysis co amplification
reverse primer for 81 bp amplicon for paralogous
loci on chromosome 21 and 1

<400> 36

acgttggatg caataagctt ggccagaaat act 33

<210> 37

<211> 37

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic digital RCD analysis co—amplification
forward primer for 82 bp amplicon for paralogous
loci on chromosome 21 and 7

<400> 37

acgttggatg gaatttaagc taaatcagcc tgaactg 37

<210> 38

<211> 37

<212> DNA

<213> Artificial Scquence

<220>
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<223> synthetic digital RCD analysis co—amplification

reverse primer for 82 bp amplicon for paralogous
loci on chromosome 21 and 7
<400> 38
acgttggatg gtttctcata gttcatcgta ggettat 37
<210> 39
<211> 30
<212> DNA
<213> Artificial Sequence
<220>
<223> synthetic digital RCD analysis co—ampliflication
forward primer for 101 bp amplicon for paralogous
loci on chromosome 21 and 2
<400> 39
acgttggatg tcaggcaggg ttctatgecag 30
<210> 40
<211> 30
<212> DNA

<

215> Artilicial Sequence

<220>

<223> synthetic digital RCD analysis co—amplification
reverse primer for 101 bp amplicon for paralogous
loci on chromosome 21 and 2

<400> 40

acgttggatg aggcggette ctggetettg 30

<210> 41

<211> 31

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic digital RCD analysis co amplification
forward primer for 102 bp amplicon for paralogous

loci on chromosome 21 and 6
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<400> 41

acgllggalyg geleglelea ggeleglagl L 31

<210> 42

<211> 30

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic digital RCD analysis co—amplification
reverse primer for 102 bp amplicon for paralogous
loci on chromosome 21 and 6

<400> 42

acgttggatg tttettegag cecttettgg 30

<210> 43

<211> 25

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic extension primer for paralogous sequence
mismatches (PSM) on paralogous loci on chromosomes

21 and 1

gtctecatete tacttegtac cte 23

<211> 19
<212> DNA
<213> Artificial Sequence
<220>
<223> synthetic extension primer for paralogous sequence
mismatches (PSM) on paralogous loci on chromosomes
21 and 7
<400> 44
ttttacgetg tceccattt 19

<210> 45
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<211> 19

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic extension primer for paralogous sequence

mismatches (PSM) on paralogous loci on chromosomes

21 and 2
<400> 45
gglelalgea ggageegac 19
<210> 46
<211> 25
<212> DNA
<213> Artificial Sequence
<220>
<223> synthetic extension primer for paralogous sequence
mismatches (PSM) on paralogous loci on chromosomes
21 and 6
<400> 46
tgggegegge ageggactte getgg 25
<210> 47
<211> 25
<212> DNA
<213> Artificial Sequence
<220>

<223> synthetic digital PCR analysis co—amplification

forward primer for 87-bp amplicon for zinc finger
protein sequences on chromosome X (ZFX) and Y
(ZFY)
<400> 47
caagtgctgg actcagatgt aactg 25
<210> 48
<211> 28

<212> DNA
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<213>
<220>

<223>

<400>

Artificial Sequence

synthetic digital PCR analysis co—amplification
reverse primer for 87-bp amplicon for zinc finger
protein sequences on chromosome X (ZFX) and Y
(ZFY)

48

tgaagtaatg tcagaagcta aaacatca 28

<210>

<211>

<212>

<213>

<220>

<223>

<220>

<221>

<222>

<223>

<220>

<221>

<222>

<223>

<400>

49
16
DNA

Artificial Sequence

synthetic chromosome—specific TagMan probe

designed to target chromosome X paralog

modified_base
(D...(D

t modified by fluorescent reporter VIC

modified_base

(16)...(16)

a modified by minor groove binding non fluorescent
quencher (MGBNIQ)

49

tctttagcac attgea 16

<210>

<211>

<212

> DNA

<213>

<220>

<223>

50
17

Artificial Sequence

synthetic chromosome specific TagMan probe

designed to target chromosome Y paralog
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<220>

<221>

<222>

<223>

<220>

<221>

<222>

<223>

<400>

modi [1ed_base
(1)...(1D)

t modified by 6-carboxyfluorescein (FAM)

modified_base

(17)...(17)

¢ modified by minor groove binding non—fluorescent
quencher (MGBNFQ)

50

tctttaccac actgcac 17

<210>

<211>

<212>

<213>

<220>

<223>

<400>

51
19
DNA

Artificial Sequence

synthetic digital PCR co—amplification forward
primer for 87-bp amplicon of beta—globin
(hemoglobin beta (HBB)) HbE mutation forward
primer

51

gggcaaggtg aacgtggat 19

<210>

<211>

<212>

<213>

<220>

<223>

<400>

52
29
DNA

Artificial Sequence

synthetic digital PCR co—amplification forward
primer for 87-bp amplicon of beta-globin
(hemoglobin beta (HBB)) HbE mutation reverse
primer

52

ctattggtct ccttaaacct gtcttgtaa 29
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<210>

<211>

<212>

<213>

<220>

<223>

<220>

<221>

<222>

<223>

<220>

<221>

<222>

<223>

<400>

53
14
DNA

Artificial Sequence

synthetic allele-G-specific TagMan probe targeting
beta—globin (hemoglobin beta (HBB)) HbE mutation

normal allele

modified_base
(1)...(1)

t modified by fluorescent reporter VIC

modified_base
(14>...(14)
¢ modified by minor groove binding non-fluorescent

quencher (MGBNFQ)

53

ttggtggtga ggcc 14

<210>

<211>

<212>

<213>

<220>

<223>

<220>

<221>

<222>

<223>

<220>

<221>

<222>

54
14
DNA

Artificial Sequence

synthetic allele-A-specific TagMan probe targeting
beta—globin (hemoglobin beta (HBB)) HbE mutation

mutant allele

modified_base

(... (D

t modificd by 6-carboxyfluorcsccin (FAM)

modificd_basc

(14)...(14)
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<223> ¢ modified by minor groove binding non—fluorescent

quencher (MGBNFQ)

<400> 54
ttggtggtaa ggee 14
<210> 55
<211> 20
<212> DNA
<213> Artificial Sequence
<220>
<223> synthetic digital PCR co—amplification florward
primer for 87-bp and 83-bp amplicon of CD41/42

deletion mutation normal and mutant allele

ttttcoccace cttaggetge 20

<212> DNA
<213> Artificial Sequence
<220>

<223> synthetic digital PCR co—amplification reverse

primer for 87-bp and 83-bp amplicon of CD41/42
deletion mutation normal and mutant allele

<400> 56

acagcatcag gagtggacag atc 23

<210> 57

<211> 19

<212> DNA

<213> Artificial Sequence

<220>

<223> synthetic allele specific TagMan probe targeting
CD41/42 deletion mutation normal allele (without
deletion)

<220>
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<221>

<222>

<223>

<220>

<221>

<222>

<223>

<400>

modified_base
(1)...(1D)

¢ modified by (luorescent reporter VIC

modified_base

(19>...(19)
t modified by minor groove binding non-fluorescent
quencher (MGBNFQ)

a7

cagaggllel Llgaglecel 19

<210>

<211>

<212>

<213>

<220>

<223>

<220>

<221>

<222>

<223>

<220>

<221>

<222>

<223>

<400>

agaggttgag tcctt 15

o8
15
DNA

Artificial Sequence

synthetic allele—specific TagMan probe targeting
CD41/42 deletion mutation mutant allele (with

deletion)

modified_base
(1)...(1)

a modified by 6 carboxyfluorescein (FAM)

modified_base

(15)...(15)
t modified by minor groove binding non—fluorescent
quencher (MGBNFQ)

58
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In re Application of: Confirmation No.: 2092
Yuk-Ming Dennis Lo et al. Examiner: Laura B. Goddard
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Filed: July 19, 2021
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Customer No.: 20350
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P.O. Box 1450
Alexandria, VA 22313-1450
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Patents and U.S. Patent Application Publications are not provided. Copies of the remaining cited
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“references cited” on any patent to issue therefrom.
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David D. Hsu
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United States of America
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In re Application of :

Loetal. : DECISION ON PETITION
Application No. 17/379,544 : UNDER 37 C.F.R. § 1.84(a)(2)
Filed: 07/19/2021 :

Attorney Docket No. 080015-028420US-1249377

This is a decision on the Petition to Accept Color Drawings under 37 C.F.R 1.84(a)(2), received
in the United States Patent and Trademark Office on July 19, 2021.

37 C.F.R. § 1.84(a)(2) in part states:

[t]he Office will accept color drawings in utility patent applications only after granting a
petition filed under this paragraph explaining why the color drawings are necessary---
Any such petition must include the following:

1. Payment of the fee set forth under 37 C.F.R. 1.17(h),

2. Submission of three (3) sets of color drawings, or one (1) set of color drawings if filed by
EFS-Web, and

3. The first paragraph of the brief description of the drawings in the Specification contains
the following required language:

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

A review of the Patent and Trademark records indicate that the petition did not meet the
following requirement(s): 1 (O 2 0O 3 O Other

In accordance with 37 CFR 1.84(a)(2), color drawings are only accepted on rare occasions
when they are the only practical medium by which to disclose the subject matter to be
patented and a petition for color drawings must explain why the color drawings are necessary
. See also MPEP 608.02(VIII). Applicant’s explanation does not clearly explain why color
drawings are the only practical medium by which to disclose the subject matter sought to be
patented. An explanation should include which figure(s) require color as the only practical
medium, what features of the drawings require color, and why the features can only be
depicted using color.

Unless a color drawings petition is filed and granted, Applicant will be required to either
cancel the drawings or provide substitute black and white drawings. The specification will
also need to be amended to remove the requisite color drawings language. See MPEP
608.02 (VIII).

Accordingly, the petition is DISMISSED

A renewed petition filed under 37 C.F.R. 1.84(a)(2) must be filed within TWO (2) MONTHS of
this decision. No extension of time is permitted. No additional fee is required with the renewed
petition.



Application No. 17/379,544 Page 2

Should there be any questions about this decision, please contact MARIANNE C SEIDEL, by
letter addressed to Director, TC 1600 at the address listed above, or by telephone at (571)272-
0584, or by facsimile sent to the general Office facsimile number, 571-273-8300.

/MARIANNE C SEIDEL/ /ANNE M. GUSSOW/
Quality Assurance Specialist, Technology Supervisory Patent Examiner, Technology
Center 1600 Center 1600
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-- The MAILING DATE of this communication appears on the cover sheet with the corresponderice address --
Period for Reply

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 2 MONTHS FROM THE MAILING
DATE OF THIS COMMUNICATION.

Extensions of time may be available under the provisions of 37 CFR 1.136(a). In no event, however, may a reply be timely filed after SIX (6) MONTHS from the mailing
date of this communication.

- If NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6} MONTHS from the mailing date of this communication.

- Failure to reply within the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U.S.C. § 133).
Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any earned patent term
adjustment. See 37 CFR 1.704(b).

Status
1) Responsive to communication(s) filed on 7/19/2021.
03 A declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filedon
2a)(] This action is FINAL. 2b) ¥ This action is non-final.

3)(J An election was made by the applicant in response to a restriction requirement set forth during the interview
on ; the restriction requirement and election have been incorporated into this action.

4)[0) Since this application is in condition for allowance except for formal matters, prosecution as to the merits is
closed in accordance with the practice under £x parre Quayte, 1935 C.D. 11, 453 O.G. 213.

Disposition of Claims*
5) Claim(s) 1-30 is/are pending in the application.

5a) Of the above claim(s) _____is/are withdrawn from consideration.
6) (J Claim(s) ____is/are allowed.
7) [OJ Claim(s) ____is/are rejected.
8) O Claim(s) is/are objected to.
9) Claim(s) 1-30 are subiject to restriction and/or election requirement

* If any claims have been determined allowable, you may be eligible to benefit from the Patent Prosecution Highway program at a
participating intellectual property office for the corresponding application. For more information, please see
http://www.uspto.gov/patents/init_events/pph/index.jsp or send an inquiry to PPHfeedback@uspto.gov.

Application Papers
10)(1 The specification is objected to by the Examiner.

11)(J The drawing(s) filed on is/fare: a)(] accepted or b)(] objected to by the Examiner.
Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1.85(a).
Replacement drawing sheet(s) including the correction is required if the drawing(s) is objected to. See 37 CFR 1.121(d).

Priority under 35 U.S.C. § 119

12)[] Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f).
Certified copies:

a)d All b)(J Some** ¢) None of the:
1.0 Certified copies of the priority documents have been received.
2.(J Certified copies of the priority documents have been received in Application No.

3.0 Copies of the certified copies of the priority documents have been received in this National Stage
application from the International Bureau (PCT Rule 17.2(a)).

** See the attached detailed Office action for a list of the certified copies not received.

Attachment(s)

1) [ Notice of References Cited (PTO-892) 3) [ Interview Summary (PTO-413)
. . Paper No(s)/Mail Date

2) [ Information Disclosure Statement(s) (PTO/SB/08a and/or PTO/SB/08b) 4) (] Other:

Paper No(s)/Mail Date
U.S. Patent and Trademark Office

PTOL-326 (Rev. 11-13) Office Action Summary Part of Paper No./Mail Date 20211118
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Application/Control Number: 17/379,544 Page 2
Art Unit: 1642

Notice of Pre-AIA or AIA Status
The present application, filed on or after March 16, 2013, is being examined

under the first inventor to file provisions of the AlA.

Election/Restriction

Restriction to one of the following inventions is required under 35 U.S.C. 121:

I. Claims 1-13, drawn to a method for determining whether a sample nucleic acid
molecule is of fetal or maternal origin, wherein the sample nucleic acid molecule is cell-
free and obtained from a biological sample of a female subject pregnant with a fetus,
the method comprising: (a) receiving data acquired by measuring pulses in an optical
signal corresponding to nucleotides sequenced in the sample nucleic acid molecule
and obtaining, from the data, values for the following properties: for each
nucleotide: an identity of the nucleotide, a position of the nucleotide within the sample
nucleic acid molecule, a width of the pulse corresponding to the nucleotide, and an
interpulse duration representing a time between the pulse corresponding to the
nucleotide and a pulse corresponding to a neighboring nucleotide; (b) for each of one
or more nucleotides of the nucleotides sequenced in the sample nucleic acid molecule,
creating an input data structure, the input data structure comprising a window of the
nucleotides sequenced in the sample nucleic acid molecule, wherein the input
data structure includes, for each nucleotide within the window, the properties: the
identity of the nucleotide, a position of the nucleotide with respect to a target position

within the1 window, the width of the pulse corresponding to the nucleotide, and the
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interpulse duration; (c) for each of one or more nucleotides of the nucleotides
sequenced in the sample5 nucleic acid molecule, inputting the input data structure into
a model, the model configured to: receive the input data structure, generated using the
data acquired by measuring the pulses in the optical signal corresponding to the
nucleotides, apply optimized parameters of the model to the properties of the input
data structure; and output a methylation status specifying whether the nucleotide at the
target position in the respective window has a methylation; and (d) for each of one or
more nucleotides of the nucleotides sequenced in the sample nucleic acid molecule,
determining, using the model, the methylation status for whether the methylation is
present in the nucleotide when the nucleotide is at the target position within the window
in the input data structure; and (e) determining whether the sample nucleic acid
molecule is of fetal or maternal origin using the methylation statuses of the one or more

nucleotides, classified in C12Q 1/6816.

[I. Claims 14-17, drawn to A method of determining whether a copy number
aberration is present in a region of a fetal genome, the method comprising: for each
sample nucleic acid molecule of a plurality of sample nucleic acid molecules, wherein
the plurality of sample nucleic acid molecules is cell-free and obtained from a biological
sample of a female subject pregnant with a fetus: (a) receiving data acquired by
measuring pulses in an optical signal corresponding to nucleotides sequenced in the
sample nucleic acid molecule and obtaining, from the data, values for the following
properties: for each nucleotide: an identity of the nucleotide, a position of the nucleotide

within the sample nucleic acid molecule, a width of the pulse corresponding to the
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nucleotide, and an interpulse duration representing a time between the pulse
corresponding to the nucleotide and a pulse corresponding to a neighboring

nucleotide; (b) for each of one or more nucleotides of the nucleotides sequenced in

the sample nucleic acid molecule, creating an input data structure, the input data
structure comprising a window of the nucleotides sequenced in the sample nucleic acid
molecule, wherein the input data structure includes, for each nucleotide within the
window, the properties: the identity of the nucleotide, a position of the nucleotide with
respect to a target position within the window, the width of the pulse corresponding to
the nucleotide, and the interpulse duration; (c) for each of one or more nucleotides of
the nucleotides sequenced in the sample nucleic acid molecule, inputting the input data
structure into a model, the model configured to: receive the input data structure,
generated using the data acquired by measuring the pulses in the optical signal
corresponding to the nucleotides, apply optimized parameters of the model to the
properties of the input data structure; and output a methylation status specifying
whether the nucleotide at the target position in the respective window has a methylation,
(d) for each of one or more nucleotides of the nucleotides sequenced in the sample
nucleic acid molecule, determining, using the model, a methylation status for whether
the methylation is present in the nucleotide when the nucleotide is at the target position
within the window in the input data structure; and (e) identifying the sample nucleic acid
molecule as aligning to the region; determining a methylation level of the region using
the plurality of methylation statuses of the one or more nucleotides for each sample

nucleic acid molecule of the plurality of sample nucleic acid molecules; and determining
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whether the copy number aberration is present at the region of the fetal genome using

the methylation level, classified in C12Q 1/6816.

[ll. Claims 18-27, drawn to a method for determining whether a sample nucleic
acid molecule is of fetal or maternal origin, wherein the sample nucleic acid molecule is
cell-free and obtained from a biological sample of a female subject pregnant with a
fetus, the method comprising: (a) sequencing the sample nucleic acid molecule by
measuring pulses in an optical signal corresponding to nucleotides in the sample
nucleic acid molecule; (b) receiving data acquired by sequencing the sample nucleic
acid molecule, and obtaining, from the data, values for the following properties: for each
nucleotide: an identity of the nucleotide, a position of the nucleotide within the sample
nucleic acid molecule, a width of the pulse corresponding to the nucleotide, and an
interpulse duration representing a time between the pulse corresponding to the
nucleotide and a pulse corresponding to a neighboring nucleotide; (c) for each of one
or more nucleotides of the nucleotides sequenced in the sample nucleic acid molecule,
creating an input data structure, the input data structure comprising a window of the
nucleotides sequenced in the sample nucleic acid molecule, wherein the input
data structure includes, for each nucleotide within the window, the properties: the
identity of the nucleotide, a position of the nucleotide with respect to a target position
within the window, the width of the pulse corresponding to the nucleotide, and the
interpulse duration; (d) for each of one or more nucleotides of the nucleotides
sequenced in the sample nucleic acid molecule, inputting the input data structure into a

model, the model configured to: receive the input data structure, generated using the
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data acquired by measuring the pulses in the optical signal corresponding to the
nucleotides, apply optimized parameters of the model to the properties of the input data
structure; and output a methylation status specifying whether the nucleotide at the
target position in the respective window has a methylation; and (e) determining whether
the sample nucleic acid molecule is of fetal or maternal origin using the methylation

statuses of the one or more nucleotides, classified in C12Q 1/6816.

IV. Claims 28-30, drawn to a method of determining whether a copy number
aberration is present in a region of a fetal genome, the method comprising: for each
sample nucleic acid molecule of a plurality of sample nucleic acid molecules, wherein
the plurality of sample nucleic acid molecules is cell-free and obtained from abiological
sample of a female subject pregnant with a fetus: (a) sequencing the sample nucleic
acid molecule by measuring pulses in an optical signal corresponding to nucleotides in
the sample nucleic acid molecule; (b) receiving data acquired by sequencing the sample
nucleic acid molecule, and obtaining, from the data, values for the following
properties: for each nucleotide: an identity of the nucleotide, a position of the
nucleotide within the sample nucleic acid molecule, a width of the pulse corresponding
to the nucleotide, and an interpulse duration representing a time between the pulse
corresponding to the nucleotide and a pulse corresponding to a neighboring
nucleotide; (c) for each of one or more nucleotides of the nucleotides sequenced in the
sample nucleic acid molecule, creating an input data structure, the input data
structure comprising a window of the nucleotides sequenced in the sample nucleic acid

molecule, wherein the input data structure includes, for each nucleotide within the
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window, the properties: the identity of the nucleotide, a position of the nucleotide with
respect to a target position within the window, the width of the pulse corresponding to
the nucleotide, and the interpulse duration; (d) for each of one or more nucleotides of
the nucleotides sequenced in the sample nucleic acid molecule, inputting the input data
structure into a model, the model configured to: receive the input data structure,
generated using the data acquired by measuring the pulses in the optical signal
corresponding to the nucleotides, apply optimized parameters of the model to the
properties of the input data structure; and output a methylation status specifying
whether the nucleotide at the target position in the respective window has a
methylation, (e) for each of one or more nucleotides of the nucleotides sequenced in

the sample nucleic acid molecule, determining, using the model, a methylation status for
whether the methylation is present in the nucleotide when the nucleotide is at the target
position within the window in the input data structure; and (f) identifying the sample
nucleic acid molecule as aligning to the region; determining a methylation level of the
region using the plurality of methylation statuses of the one or more nucleotides for
each sample nucleic acid molecule of the plurality of sample nucleic acid molecules;
and determining whether the copy number aberration is present at the region of the fetal

genome using the methylation level, classified in C12Q 1/6816.

The inventions are independent or distinct, each from the other because:
Inventions I-1V are directed to related methods. The related inventions are
distinct if: (1) the inventions as claimed are either not capable of use together or can

have a materially different design, mode of operation, function, or effect; (2) the
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inventions do not overlap in scope, i.e., are mutually exclusive; and (3) the inventions as
claimed are not obvious variants. See MPEP § 806.05(j). In the instant case, the
inventions as claimed are drawn to materially distinct methods which differ at least in
objectives, method steps, reagents used, response variables, and criteria for success.
Furthermore, the inventions as claimed do not encompass overlapping subject matter

and there is nothing of record to show them to be obvious variants.

Restriction for examination purposes as indicated is proper because all the
inventions listed in this action are independent or distinct for the reasons given above
and there would be a serious search and/or examination burden if restriction were not
required because one or more of the following reasons apply: (a) the inventions have
acquired a separate status in the art due to their recognized divergent subject matter;
(b) the inventions require a different field of search (for example, employing different
search queries for the different steps and reagents); (c) the prior art applicable to one
invention would not likely be applicable to another invention; (d) the inventions are likely

to raise different non-prior art issues under 35 U.S.C. 101 and/or 35 U.S.C. 112, first

paragraph.

Applicant is advised that the reply to this requirement to be complete must
include (i) an election of an invention to be examined even though the requirement
may be traversed (37 CFR 1.143) and (ii) identification of the claims encompassing

the elected invention.
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The election of an invention may be made with or without traverse. To reserve a
right to petition, the election must be made with traverse. If the reply does not distinctly
and specifically point out supposed errors in the restriction requirement, the election
shall be treated as an election without traverse. Traversal must be presented at the time
of election in order to be considered timely. Failure to timely traverse the requirement
will result in the loss of right to petition under 37 CFR 1.144. If claims are added after
the election, applicant must indicate which of these claims are readable upon the
elected invention.

Should applicant traverse on the ground that the inventions are not patentably
distinct, applicant should submit evidence or identify such evidence now of record
showing the inventions to be obvious variants or clearly admit on the record that this is
the case. In either instance, if the examiner finds one of the inventions unpatentable
over the prior art, the evidence or admission may be used in a rejection under 35 U.S.C.

103 or pre-AlA 35 U.S.C. 103(a) of the other invention.

Applicant is reminded that upon the cancellation of claims to a non-elected
invention, the inventorship must be corrected in compliance with 37 CFR 1.48(a) if one
or more of the currently named inventors is no longer an inventor of at least one claim
remaining in the application. A request to correct inventorship under 37 CFR 1.48(a)
must be accompanied by an application data sheet in accordance with 37 CFR 1.76 that
identifies each inventor by his or her legal name and by the processing fee required

under 37 CFR 1.17().
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Any inquiry concerning this communication or earlier communications from the
examiner should be directed to LAURA B GODDARD whose telephone number is
(671)272-8788. The examiner can normally be reached Mon-Fri, 7am-3:30pm.

Examiner interviews are available via telephone, in-person, and video
conferencing using a USPTO supplied web-based collaboration tool. To schedule an
interview, applicant is encouraged to use the USPTO Automated Interview Request
(AIR) at http://www.uspto.gov/interviewpractice.

If attempts to reach the examiner by telephone are unsuccessful, the examiner’'s
supervisor, Misook Yu can be reached on 571-272-0839. The fax phone number for the
organization where this application or proceeding is assigned is 571-273-8300.

Information regarding the status of published or unpublished applications may be
obtained from Patent Center. Unpublished application information in Patent Center is
available to registered users. To file and manage patent submissions in Patent Center,
visit: https://patentcenter.uspto.gov. Visit https://www.uspto.gov/patents/apply/patent-
center for more information about Patent Center and
https://www.uspto.gov/patents/docx for information about filing in DOCX format. For
additional questions, contact the Electronic Business Center (EBC) at 866-217-9197
(toll-free). If you would like assistance from a USPTO Customer Service

Representative, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000.

/Laura B Goddard/
Primary Examiner, Art Unit 1642
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Application No. Applicant(s)

17/379,544 Lo et al.
Decision Granting Request for
Prioritized Examination (Track /) |Examiner Art Unit AlA (FITF) Status
TERRI S JOHNSON OPET Yes

1. THE REQUEST FILED 19 July 2021 IS GRANTED .

The above-identified application has met the requirements for prioritized examination
A for an original nonprovisional application (Track ).
B. 0J for an application undergoing continued examination (RCE).

2. The above-identified application will undergo prioritized examination. The application will be
accorded special status throughout its entire course of prosecution until one of the following occurs:

A. filing a petition for extension of time to extend the time period for filing a reply;

B. filing an amendment to amend the application to contain more than four
independent claims, more than thirty total claims , or a multiple dependent claim;

filing a request for continued examination ;
filing a notice of appeal;

filing a request for suspension of action;
mailing of a notice of allowance;

mailing of a final Office action;

I o mmo O

completion of examination as defined in 37 CFR 41.102; or

abandonment of the application.

Telephone inquiries with regard to this decision should be directed to TERRI JOHNSON at (571)272
-2991. In his/her absence, calls may be directed to Petition Help Desk at (571) 272-3282.

{TERRI S JOHNSON/
Paralegal Specialist, OPET

U.S. Patent and Trademark Office
PTO-2298 (Rev. 02-2012)
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examination in due course. Applicant will be notified as to the results of the examination. Any correspondence
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Inventor(s)
Yuk-Ming Dennis Lo, Homantin, CHINA;
Rossa Wai Kwun Chiu, Shatin, CHINA;
Kwan Chee Chan, Mei Foo Sun Cheun, CHINA;
Peiyong Jiang, Pak Shek Kok, CHINA,;
Suk Hang Cheng, Fanling, CHINA;
Wenlei Peng, Shatin, CHINA;
On Yee Tse, Fanling, CHINA;
Applicant(s)
The Chinese University of Hong Kong, Shatin, HONG KONG;

Power of Attorney: The patent practitioners associated with Customer Number 20350

Domestic Priority data as claimed by applicant
This application is a CON of 16/995,607 08/17/2020 PAT 11091794
which claims benefit of 63/051,210 07/13/2020
and claims benefit of 63/019,790 05/04/2020
and claims benefit of 62/991,891 03/19/2020
and claims benefit of 62/970,586 02/05/2020
and claims benefit of 62/887,987 08/16/2019

Foreign Applications for which priority is claimed (You may be eligible to benefit from the Patent Prosecution
Highway program at the USPTO. Please see http://www.uspto.gov for more information.) - None.

page 1 of 4

Pg.1084



Foreign application information must be provided in an Application Data Sheet in order to constitute a claim to
foreign priority. See 37 CFR 1.55 and 1.76.

Permission to Access Application via Priority Document Exchange: Yes
Permission to Access Search Results: Yes

Applicant may provide or rescind an authorization for access using Form PTO/SB/39 or Form PTO/SB/69 as
appropriate.

If Required, Foreign Filing License Granted: 08/13/2021

The country code and number of your priority application, to be used for filing abroad under the Paris Convention,
is US 17/379,544

Projected Publication Date: 11/25/2021
Non-Publication Request: No

Early Publication Request: No
Title

DETERMINATION OF BASE MODIFICATIONS OF NUCLEIC ACIDS

Preliminary Class

Statement under 37 CFR 1.55 or 1.78 for AlA (First Inventor to File) Transition Applications: No
PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same
effect as a regular national patent application in each PCT-member country. The PCT process simplifies the filing
of patent applications on the same invention in member countries, but does not result in a grant of "an international
patent” and does not eliminate the need of applicants to file additional documents and fees in countries where patent
protection is desired.

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific
foreign countries to ensure that patent rights are not lost prematurely.

Applicants also are advised that in the case of inventions made in the United States, the Director of the USPTO must
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application
serves as a request for a foreign filing license. The application's filing receipt contains further information and
guidance as to the status of applicant's license for foreign filing.

Applicants may wish to consult the USPTO booklet, "General Information Concerning Patents” (specifically, the

section entitled "Treaties and Foreign Patents") for more information on timeframes and deadlines for filing foreign
page 2 of 4

Pg.1085



patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9199, or it
can be viewed on the USPTO website at http://www.uspto.gov/web/offices/pac/doc/general/index.html.

For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish
to consult the U.S. Government website, http://www.stopfakes.gov. Part of a Department of Commerce initiative,
this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific
countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may
call the U.S. Government hotline at 1-866-999-HALT (1-866-999-4258).

LICENSE FOR FOREIGN FILING UNDER
Title 35, United States Code, Section 184

Title 37, Code of Federal Regulations, 5.11 & 5.15
GRANTED

The applicant has been granted a license under 35 U.S.C. 184, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as
set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier
license has been issued under 37 CFR 5.15(b). The license is subject to revocation upon written notification. The
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under
37 CFR 5.13 or 5.14.

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This
license is not retroactive.

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national
security or the export of technical data. Licensees should apprise themselves of current regulations especially with
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of
Treasury (31 CFR Parts 500+) and the Department of Energy.

NOT GRANTED

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12,
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35
U.S.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b).

page 3 of 4

Pg.1086



SelectUSA

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for
business investment, innovation, and commercialization of new technologies. The U.S. offers tremendous resources
and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation works to
promote and facilitate business investment. SelectUSA provides information assistance to the international investor
community; serves as an ombudsman for existing and potential investors; advocates on behalf of U.S. cities, states,
and regions competing for global investment; and counsels U.S. economic development organizations on investment
attraction best practices. To learn more about why the United States is the best country in the world to develop
technology, manufacture products, deliver services, and grow your business, visit http://www.SelectUSA.gov or call
+1-202-482-6800.

page 4 of 4

Pg.1087



PATENT APPLICATION FEE DETERMINATION RECORD

Application or Docket Number

Substitute for Form PTO-875 17/379,544
APPLICATION AS FILED - PART | OTHER THAN
(Column 1) (Column 2) SMALL ENTITY OR SMALL ENTITY
FOR NUMBER FILED NUMBER EXTRA RATE($) FEE($) RATE($) FEE($)
BASIC FEE
e .00 0) N/A N/A N/A N/A 320
SEARCH FEE
o o o N/A N/A N/A N/A 700
EXAMINATION FEE
N FEE N/A N/A N/A N/A 800
TOTAL CLAIMS ) *
(37 CFR 1.16(i)) 30 minus 20= 10 OR |x 100 1000
INDEPENDENT CLAIMS . *
(37 CFR 1.16(h)) 4 minus 3 = 1 x 480 480
If the specification and drawings exceed 100
APPLICATION SIZE | sheets of paper, the application size fee due is
FEE $310 ($155 for small entity) for each additional 1680
(37 CFR 1.16(s)) 50 sheets or fraction thereof. See 35 U.S.C.
41(a)(1)(G) and 37 CFR 1.16(s).
MULTIPLE DEPENDENT CLAIM PRESENT (37 CFR 1.16(j)) 0.00
* |f the difference in column 1 is less than zero, enter "0" in column 2. TOTAL TOTAL 4980
APPLICATION AS AMENDED - PART I
OTHER THAN
(Column 1) (Column 2) (Column 3) SMALL ENTITY OR SMALL ENTITY
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
< AFTER PREVIOUSLY EXTRA RATE(S) FEE($) RATE(S) FEE($)
E AMENDMENT PAID FOR
i Total . i = =
s (37 CF% ?.16(i)) Minus OR |x
% Independent * Minus | *** = OR M
i (37 CFR 1.16(h))
<§( Application Size Fee (37 CFR 1.16(s))
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j)) OR
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE
{Column 1) {Column 2) {Column 3)
CLAIMS HIGHEST
REMAINING NUMBER PRESENT ADDITIONAL ADDITIONAL
m AFTER PREVIOUSLY EXTRA RATE(S) FEE($) RATE(S) FEE($)
E AMENDMENT PAID FOR
L Total * Minus b =
= (37 CF% ?.16(i)) OR |x
% Independent * Minus | *** = OR N
L (37 CFR 1.16(h))
<§( Application Size Fee (37 CFR 1.16(s))
OR
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j))
TOTAL OR TOTAL
ADD'L FEE ADD'L FEE

* If the entry in column 1 is less than the entry in column 2, write "0" in column 3.
** |f the "Highest Number Previously Paid For" IN THIS SPACE is less than 20, enter "20".

*** |f the "Highest Number Previously Paid For" IN THIS SPACE is less than 3, enter "3".
The "Highest Number Previously Paid For" (Total or Independent) is the highest found in the appropriate box in column 1.

Pg.1088




Sequence Listing was accepted.

If you need help call the Patent Electronic Business Center at (866)
217-9197 (toll free).

Reviewer: Zhang, Yizhu (ASRC)

Timestamp: [year=2021; month=7; day=21; hr=9; min=2; sec=52; ms=545; ]

Pg.1089



Validated By CRFValidator v 1.0.5

Application No:

17379544 Version No:
Input Set:
Output Set:
Started: 2021-07-19 20:52:47.761
Finished: 2021-07-19 20:52:47.882
Elapsed: 0 hr(s) 0 min(s) 0 sec(s)
Total Warnings: 5
Total Errors: 0
No. of SeqIDs Defined: 5
Actual SeqID Count: 5
Error code Error Description
W 213 Artificial or Unknown found in <213> in SEQ
W 213 Artificial or Unknown found in <213> in SEQ
w213 Artificial or Unknown found in <213> in SEQ
W 213 Artificial or Unknown found in <213> in SEQ
W 213 Artificial or Unknown found in <213> in SEQ

1.0
121 ms
ID (1)
ID (2)
ID (3)
ID (4)
ID (5)

Pg.1090



SEQUENCE LISTING
<110> THE CHINESE UNIVERSITY OF HONG KONG
<120> DETERMINATION OF BASE MODIFICATIONS OF NUCLEIC ACIDS
<130> 080015-028420U5-1249377

<140> Us 17/379,544
<141> 2021-07-19

<150> 16/995, 607
<151> 2020-08-17

<150> 63/051,210
<151> 2020-07-13

<150> 63/019, 790
<151> 2020-05-04

<150> 62/991,891
<151> 2020-03-19

<150> 62/970,586
<151> 2020-02-05

<150> 62/887, 987
<151> 2019-08-16

<160> 5
<170> PatentIn version 3.5

<210> 1
<211> 36
<212> RNA

<213>» Artificial Sequence

<220>
<223> Description of Artificial Segquence: Synthetic

oligonucleotide

<400> 1

gcocuguaauc ccagcacuuu guuuuagagce uaugcu 36

<210> 2
<211> 67
<212> RNA

<213> Artificial Sequence

<220>
<223> Description of Artificial Sequence: Synthetic

oligonucleotide

<400> 2

agcauagcaa dguuaaaauaa ggcuaguccg uuaucaacuu gaaaaagugg caccgagucg 60

Pg.1091



gugcuuu

<210>
<211>
<212>
<213>

<220>
<223>

<400>

3
36
RNA

Artificial Sedquence

Description of Artificial Sedquence:

oligonucleotide

3

agggucucgc ucugucgcce guuuuagagce uaugcu

<210>
<211>
<212>
<213>

<220>
<223>

<400>

4
10
DNA

Artificial Sequence

Description of Artificial Sedquence:

oligonucleotide

4

atacgtacgt

<210>
<211>
<212>
<213>

<220>

<223>

<400>

5
10
DNA

Artificial Sedquence

Description of Artificial Segquence:

oligonucleotide

5

atacgtacgt

67

Synthetic

36
Synthetic

10
Synthetic

10

Pg.1092



DocCode — SCORE

SCORE Placeholder Sheet for IFW Content

Application Number: 17379544 Document Date: 07/19/2021

The presence of this form in the IFW record indicates that the following document type was received
in electronic format on the date identified above. This content is stored in the SCORE database.

Since this was an electronic submission, there is no physical artifact folder, no artifact folder is
recorded in PALM, and no paper documents or physical media exist. The TIFF images in the IFW
record were created from the original documents that are stored in SCORE.

Drawing

At the time of document entry (noted above):
e USPTO employees may access SCORE content via DAV or via the SCORE web page.

e External customers may access SCORE content via PAIR using the Supplemental Content
tab.

Form Revision Date: March 1, 2019

Pg.1093



DocCode — SEQ.TXT

SCORE Placeholder Sheet for IFW Content

Application Number: 17379544 Document Date: 07/19/2021

The presence of this form in the IFW record indicates that the following document type was received
in electronic format on the date identified above. This content is stored in the SCORE database.

Since this was an electronic submission, there is no physical artifact folder, no artifact folder is
recorded in PALM, and no paper documents or physical media exist. The TIFF images in the IFW
record were created from the original documents that are stored in SCORE.

Sequence Listing

At the time of document entry (noted above):
e USPTO employees may access SCORE content via DAV or via the SCORE web page.

e External customers may access SCORE content via PAIR using the Supplemental Content
tab.

Form Revision Date: March 1, 2019

Pg.1094



Anpironed i isse thy

Under the Paparwork Redusiion Act of 1905, nn Dersons a6 regoired 1o respangd

POWER QF ATTORNEY TO PROSECUTE APPLICATIONS REFORE THE USPTO

\

§ bereby revoke all previous powers of aftormey givae it the spplication identified in e atteched siatement urser
37 CFR 3.'?3{0},

3V
i heraby appoint

pe

- . S350
B Praciiionars associated with Customsr Nomber:
OB i
7] Fraciiioner(s) niamed below {if more than ten patent practitionars are to b narmed, then @ cusiomey number must be usedh
bisme Registation Narmie Registration
Numtier Nutnhes

As attorieys) of agent{s) i regresant ihe undearsingned before
with any and all patent
docurnanis sitached to i

ne United States Patent and Tranlemark Office {USPTOY in connection
tications assigned oniy to the undersigned according to the USPTO assignment records or assigntent

is form in accordance with 37 CRR 3.73¢(c).

Please change the correspondance address for the application i@erih

o i the attached stalement vnaer 37 CFR 3.73(0) o

$3 The address assosiated with Customer Mumber:

DR
{3 Firmor
{ricividusl Narme

Address

P Slate Zin

Gotalry

Telephone | Bmadl

Assignee Nams and Address:
The Chiness University of Hong Kang
Knowisdge Transter Office
1 Qi Building
Shatin, New Territories, Hong Kong SAR
Peopte’'s Republic of China
A wopy of this form, logather with 3 statement e 37 CFR 5.73{c) (Form PTQISBISE or equivalent) is requirad to be Rled in eagh

application in which this form is used. The staternant under 37 OFR 3.73(c} may be completed by one of the gractitioners appointed in
this tarm, and must identity tne application it which this Power of Attarney i3 to be filed.

SiGNATJRF af & ‘susgrec\ of Record
pplied below {s authovized

4 10 act o behall 1 e assignes

Signaturs

Knowiedgs Transfer Office, The Chinese Uinivers: ity of iHeng Kang

s codachors. of informalion i3 requl
spnbaeation Canfidentisiity is
ubiriting he completed apg Hcation fum o
uggestions for

; .»ep =34 ,g Al"d
t° this forrgs-analor
n o Commeste, 2.0, Bor 1480, Mexandiiy, VA
43(} flexandria, YA ZRI131480.

#

cipg this burden, shoud be set u tu mc, t,r 2f t\tfo

3
i
FEANBA450. DO NOT SEND FEES OR SOMELE

# you need-agsislance

PIHON

n CD-TT;C.’L mg g ‘oa

Pg.1095



PATENT
Attorney Docket No.: 080015-028420US-1249377
Client Reference No.: 19/MED/901 US Conl

PATENT APPLICATION
DETERMINATION OF BASE MODIFICATIONS OF NUCLEIC ACIDS

Inventors:
Yuk-Ming Dennis Lo, a citizen of United Kingdom, residing at
Homantin, Kowloon, Hong Kong SAR China

Rossa Wai Kwun Chiu, a citizen of Australia, residing at
Shatin, New Territories, Hong Kong SAR China

Kwan Chee Chan, a citizen of Hong Kong, residing at
Mei Foo Sun Chuen, Kowloon, Hong Kong SAR China

Peiyong Jiang, a citizen of China, residing at
Pak Shek Kok, Tai Po, New Territories, Hong Kong SAR China

Suk Hang Cheng, a citizen of Hong Kong, residing at
Fanling, New Territories, Hong Kong SAR China

Wenlei Peng, a citizen of the China, residing at
Shatin, New Territories, Hong Kong SAR China

On Yee Tse, a citizen of Hong Kong, residing at
Fanling, New Territories, Hong Kong SAR China

Assignee: The Chinese University of Hong Kong
Office of Research and Knowledge Transfer Services
Room 301, Pi Ch'iu Building
Shatin, New Territories Hong Kong

Entity: Large

KILPATRICK TOWNSEND & STOCKTON LLP

Pg.1096



10

15

20

25

PATENT
Attorney Docket No. 080015-028420US-1249377
Client Ref. No. 19/MED/901 US Conl

DETERMINATION OF BASE MODIFICATIONS OF NUCLEIC ACIDS

CROSS-REFERENCES TO RELATED APPLICATIONS
[0001] The present application is a continuation application of U.S. Patent Application No.
16/995,607, entitled “DETERMINATION OF BASE MODIFICATIONS OF NUCLEIC
ACIDS,” filed on August 17, 2020, which claims the benefit of priority to U.S. Provisional
Application No. 63/051,210, entitled “DETERMINATION OF BASE MODIFICATIONS OF
NUCLEIC ACIDS,” filed on July 13, 2020; U.S. Provisional Application No. 63/019,790,
entitled “DETERMINATION OF BASE MODIFICATIONS OF NUCLEIC ACIDS,” filed on
May 4, 2020; U.S. Provisional Application No. 62/991,891, entitled “DETERMINATION OF
BASE MODIFICATIONS OF NUCLEIC ACIDS,” filed on March 19, 2020; U.S. Provisional
Application No. 62/970,586, entitled “DETERMINATION OF BASE MODIFICATIONS OF
NUCLEIC ACIDS,” filed on February 5, 2020; and U.S. Provisional Application No.
62/887,987, entitled “DETERMINATION OF BASE MODIFICATIONS OF NUCLEIC
ACIDS,” filed on August 16, 2019, the entire contents of all of which are herein incorporated by

reference for all purposes.

REFERENCE TO A "SEQUENCE LISTING" SUBMITTED AS ASCII TEXT FILES VIA
EFS-WEB
[0002] The instant application contains a Sequence Listing which has been filed electronically
in ASCII format and is hereby incorporated by reference in its entirety. Said ASCII copy, created
on May 24, 2021, is named 080015-028420US-1249377 SL txt and is 1,709 bytes in size.

BACKGROUND
[0003] The existence of base modifications in nucleic acids varies throughout different
organisms including viruses, bacteria, plants, fungi, nematodes, insects, and vertebrates (e.g.
humans), etc. The most common base modifications are the addition of a methyl group to

different DNA bases at different positions, so-called methylation. Methylation has been found on
1
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cytosines, adenines, thymines and guanines, such as SmC (5-methylcytosine), 4mC (N4-
methylcytosine), ShmC (5-hydroxymethylcytosine), SfC (5-formylcytosine), ScaC (5-
carboxylcytosine), ImA (N1-methyladenine), 3mA (N3-methyladenine), 7mA (N7-
methyladenine), 3mC (N3-methylcytosine), 2mG (N2-methylguanine), 6mG (06-
methylguanine), 7mG (N7-methylguanine), 3mT (N3-methylthymine), and 4mT (O4-
methylthymine). In vertebrate genomes, SmC is the most common type of base methylation,

followed by that for guanine (i.e. in the CpG context).

[0004] DNA methylation is essential for mammalian development and has notable roles in
gene expression and silencing, embryonic development, transcription, chromatin structure, X
chromosome inactivation, protection against activity of the repetitive elements, maintenance of

genomic stability during mitosis, and the regulation of parent-of-origin genomic imprinting.

[0005] DNA methylation plays many important roles in the silencing of promoters and
enhancers in a coordinated manner (Robertson, 2005; Smith and Meissner, 2013). Many human
diseases have been found to be associated with aberrations of DNA methylation, including but
not limited to the process of carcinogenesis, imprinting disorders (e.g. Beckwith—Wiedemann
syndrome and Prader—Willi syndrome), repeat-instability diseases (e.g. fragile X syndrome),
autoimmune disorders (e.g. systemic lupus erythematosus), metabolic disorders (e.g. type I and

type II diabetes), neurological disorders, aging, etc.

[0006] The accurate measurement of methylomic modification on DNA molecules would have
numerous clinical implications. One widely used method to measure DNA methylation is
through the use of bisulfite sequencing (BS-seq) (Lister ef al., 2009, Frommer ef al., 1992). In
this approach, DNA samples are first treated with bisulfite which converts unmethylated cytosine
(i.e. C) touracil. In contrast, the methylated cytosine remains unchanged. The bisulfite modified
DNA is then analyzed by DNA sequencing. In another approach, following bisulfite conversion,
the modified DNA is then subjected to polymerase chain reaction (PCR) amplification using
primers that can differentiate bisulfite converted DNA of different methylation profiles (Herman

et al., 1996). This latter approach is called methylation-specific PCR.
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[0007] One disadvantage of such bisulfite-based approaches is that the bisulfite conversion
step has been reported to significantly degrade the majority of the treated DNA (Grunau, 2001).
Another disadvantage is that the bisulfite conversion step would create strong CG biases (Olova
et al., 2018), resulting in the reduction of signal-to-noise ratios typically for DNA mixtures with
heterogeneous methylation states. Furthermore, bisulfite sequencing would not be able to
sequence long DNA molecules because of the degradation of DNA during bisulfite treatment.
Thus, there is a need to determine the modification of bases of nucleic acids, without prior

chemical (e.g. bisulfite conversion) and nucleic acid amplification (e.g. using the PCR).

BRIEF SUMMARY
[0008] We have developed a new method that, in one embodiment, allows the determination of
base modifications, such as SmC in nucleic acids without template DNA pre-treatment such as
enzymatic and/or chemical conversions, or protein and/or antibody binding. While such template
DNA pre-treatment is not necessary for the determination of the base modifications, in examples
that are shown, certain pre-treatment (e.g. digestion with restriction enzymes) may serve to
enhance aspects of the invention (e.g. allowing the enrichment of CpG sites for analysis). The
embodiments present in this disclosure could be used for detecting different types of base
modification, for example, including but not limited to 4mC, ShmC, 5fC, and 5caC, ImA, 3mA,
7mA, 3mC, 2mG, 6mG, 7mG, 3mT, and 4mT, etc. Such embodiments can make use of features
derived from sequencing, such as kinetic features, that are affected by the various base
modifications, as well as an identity of nucleotides in a window around a target position whose

methylation status is determined.

[0009] Embodiments of the present invention can be used for, but is not limited to, single
molecule sequencing. One type of single molecule sequencing is single molecule, real-time
sequencing in which the progress of the sequencing of a single DNA molecule is monitored in
real-time. One type of single molecule, real-time sequencing is that commercialized by Pacific
Biosciences using their Single Molecule, Real-Time (SMRT) system. Methods may use the pulse
width of a signal from sequencing bases, the interpulse duration (IPD) of bases, and the identity

of the bases in order to detect a modification in a base or in a neighboring base. Another single
3
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molecule system is that based on nanopore sequencing. One example of a nanopore sequencing

system is that commercialized by Oxford Nanopore Technologies.

[0010] The methods we have developed can serve as tools to detect base modifications in
biological samples to assess the methylation profiles in the samples for various purposes
including but not limited to research and diagnostic purposes. The detected methylation profiles
can be used for different analysis. The methylation profiles can be used to detect the origin of
DNA (e.g., maternal or fetal, tissue, bacterial, or DNA obtained from tumor cells enriched from
the blood of a cancer patient). Detection of aberrant methylation profiles in tissues aids the
identification of developmental disorders in individuals, identify and prognosticate tumors or

malignancies.

[0011] Embodiments of the present invention may include analyzing the relative methylation
levels of haplotypes of an organism. An imbalance in the methylation levels between the two
haplotypes may be used to determine a classification of a disorder. A higher imbalance may

indicate the presence of a disorder or a more severe disorder. The disorder may include cancer.

[0012] Methylation patterns in a single molecule can identify chimera and hybrid DNA.
Chimeric and hybrid molecules may include sequences from two different genes, chromosomes,
organelles (e.g. mitochondria, nucleus, chloroplasts), organisms (mammals, bacteria, viruses,

etc.), and/or species. Detecting junctions of chimeric or hybrid DNA molecules may allow for

detecting gene fusions for various disorders or diseases, including cancer, prenatal, or congenital

disorders.

[0013] A better understanding of the nature and advantages of embodiments of the present
invention may be gained with reference to the following detailed description and the

accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0014] The patent or application file contains at least one drawing executed in color. Copies of
this patent or patent application publication with color drawing(s) will be provided by the Office

upon request and payment of the necessary fee.

[0015] FIG. 1 illustrates SMRT sequencing of molecules carrying base modifications

according to embodiments of the present invention.

[0016] FIG. 2 illustrates SMRT sequencing of molecules carrying methylated and

unmethylated CpG sites according to embodiments of the present invention.

[0017] FIG. 3 illustrates interpulse durations and pulse width according to embodiments of the

present invention.

[0018] FIG. 4 shows an example of a measurement window of the Watson strand of DNA for

detecting a base modification according to embodiments of the present invention.

[0019] FIG. S shows an example of a measurement window of the Crick strand of DNA for

detecting a base modification according to embodiments of the present invention.

[0020] FIG. 6 shows an example of a measurement window by combining data from the
Watson strand of DNA and its complementary Crick strand for detecting any base modification

according to embodiments of the present invention.

[0021] FIG. 7 shows an example of a measurement window by combining data from the
Watson strand of DNA and its nearby region’s Crick strand for detecting any base modification

according to embodiments of the present invention.

[0022] FIG. 8 shows examples of measurement windows of the Watson strand, the Crick
strand, and both strands for determining methylation states at CpG sites according to

embodiments of the present invention.

[0023] FIG. 9 shows a general procedure of constructing analytical, computational,
mathematical, or statistical models for classifying base modifications according to embodiments

of the present invention.
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[0024] FIG. 10 shows a general procedure of classifying base modifications according to

embodiments of the present invention.

[0025] FIG. 11 shows a general procedure of constructing the analytical, computational,
mathematical, or statistical models for classifying methylation states at CpG sites using samples
with known methylation states of the Watson strand according to embodiments of the present

invention.

[0026] FIG. 12 shows a general procedure of classifying methylation states of the Watson

strand for an unknown sample according to embodiments of the present invention.

[0027] FIG. 13 shows a general procedure of constructing the analytical, computational,
mathematical, or statistical models for classifying methylation states at CpG sites using samples
with known methylation states of the Crick strand according to embodiments of the present

invention.

[0028] FIG. 14 shows a general procedure of classifying methylation states of the Crick strand

for an unknown sample according to embodiments of the present invention.

[0029] FIG. 15 shows a general procedure of constructing the statistical models for classifying
methylation states at CpG sites using samples with known methylation states from both the

Watson and Crick strands according to embodiments of the present invention.

[0030] FIG. 16 shows a general procedure of classifying methylation states of an unknown

sample from the Watson and Crick strands according to embodiments of the present invention.

[0031] FIGS. 17A and 17B show the performance of a training dataset and a testing dataset for

determining methylation according to embodiments of the present invention.

[0032] FIGS. 18A and 18B show the performance of a training dataset and a testing dataset for

determining methylation according to embodiments of the present invention.

[0033] FIGS. 19A and 19B show the performance of a training dataset and a testing dataset at
different sequencing depths for determining methylation according to embodiments of the

present invention.
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[0034] FIGS. 20A and 20B show the performance of a training dataset and a testing dataset for

different strands for determining methylation according to embodiments of the present invention.

[0035] FIGS. 21A and 21B show the performance of a training dataset and a testing dataset for
different measurement windows for determining methylation according to embodiments of the

present invention.

[0036] FIGS. 22A and 22B show the performance of a training dataset and a testing dataset for
different measurement windows using downstream bases only for determining methylation

according to embodiments of the present invention.

[0037] FIGS. 23A and 23B show the performance of a training dataset and a testing dataset for
different measurement windows using upstream bases only for determining methylation

according to embodiments of the present invention.

[0038] FIG. 24 shows the performance of methylation analysis using kinetic patterns
associated with downstream and upstream bases using asymmetric flanking sizes in the training

dataset according to embodiments of the present invention.

[0039] FIG. 25 shows the performance of methylation analysis using kinetic patterns
associated with downstream and upstream bases using asymmetric flanking sizes in the testing

dataset according to embodiments of the present invention.

[0040] FIG. 26 shows the relative importance of features in regard to classification of

methylation states at CpG sites according to embodiments of the present invention.

[0041] FIG. 27 shows the performance of the motif-based IPD analysis for methylation
detection without using the pulse width signal according to embodiments of the present

invention.

[0042] FIG. 28 is a graph of a principal component analysis technique using 2-nt upstream and
6-nt downstream of a cytosine that is subjected to methylation analysis according to

embodiments of the present invention.
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[0043] FIG. 29 is a graph of a performance comparison between a method using principal
component analysis and a method using a convolutional neural network according to

embodiments of the present invention.

[0044] FIGS. 30A and 30B show the performance of a training dataset and a testing dataset for
different analytical, computational, mathematical, or statistical models using upstream bases only

for determining methylation according to embodiments of the present invention.

[0045] FIG. 31A shows an example of one approach for generating molecules with
unmethylated adenines by whole genome amplification according to embodiments of the present

invention. FIG. discloses SEQ ID NO: 4.

[0046] FIG. 31B shows an example of one approach for generating molecules with methylated
adenines by whole genome amplification according to embodiments of the present invention.

FIG. discloses SEQ ID NO: 5.

[0047] FIGS. 32A and 32B show interpulse duration (IPD) values across sequenced A bases in
template DNA of the Watson strand between unmethylated and methylated datasets according to

embodiments of the present invention.

[0048] FIG. 32C shows a receiver operating characteristic curve for determining methylation

in the Watson strand according to embodiments of the present invention.

[0049] FIGS. 33A and 33B show interpulse duration (IPD) values across sequenced A bases in
template DNA of the Crick strand between unmethylated and methylated datasets according to

embodiments of the present invention.

[0050] FIG. 33C shows a receiver operating characteristic curve for determining methylation

in the Crick strand according to embodiments of the present invention.

[0051] FIG. 34 illustrates 6mA determination of the Watson strand according to embodiments

of the present invention.

[0052] FIG. 35 illustrates 6mA determination of the Crick strand according to embodiments of

the present invention.
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[0053] FIGS. 36A and 36B show the determined probability of being methylated for
sequenced A bases of the Watson strand between uA and mA datasets using a measurement
window based convolutional neural network model according to embodiments of the present

invention.

[0054] FIG. 37 shows an ROC curve for the detection of 6mA using a measurement window
based CNN model for sequenced A bases of the Watson strand according to embodiments of the

present invention.

[0055] FIG. 38 shows a performance comparison between IPD-metric-based 6mA detection
and a measurement window based 6mA detection according to embodiments of the present

invention.

[0056] FIGS. 39A and 39B show the determined probability of being methylated for those
sequenced A bases of the Crick strand between uA and mA datasets using measurement window

based CNN model according to embodiments of the present invention.

[0057] FIG. 40 shows the performance of 6mA detection using measurement window based
CNN model on sequenced A bases of the Crick strand according to embodiments of the present

invention.

[0058] FIG. 41 shows examples of methylation states across A bases in a molecule including

the Watson and Crick strands according to embodiments of the present invention.

[0059] FIG. 42 shows an example of enhanced training by selectively using A bases in mA
dataset with IPD values greater than its 10" percentile according to embodiments of the present

invention.

[0060] FIG. 43 is a graph of the percentages of unmethylated adenines in the mA dataset

versus the number of subreads in each well according to embodiments of the present invention.

[0061] FIG. 44 shows methyladenine patterns between the Watson and Crick strands of a
double-stranded DNA molecule in a testing dataset according to embodiments of the present

invention.

Pg.1105



10

15

20

25

[0062] FIG. 45 is a table showing the percentage of fully-unmethylated molecules, hemi-
methylated molecules, fully-methylated molecules, and molecules with interlaced methyladenine

patterns in training and testing datasets according to embodiments of the present invention.

[0063] FIG. 46 illustrates representative examples for molecules with fully-unmethylated
molecules regarding adenine sites, hemi-methylated molecules, fully-methylated molecules, and
molecules with interlaced methyladenine patterns according to embodiments of the present

invention.

[0064] FIG. 47 shows an example of a long read (6,265 bp) harboring a CpG island (as shaded

in yellow) according to embodiments of the present invention.

[0065] FIG. 48 is a table showing that the 9 DNA molecules were sequenced by Pacific
Biosciences SMRT sequencing and which overlapped with imprinted regions according to

embodiments of the present invention.

[0066] FIG. 49 shows an example of a genomic imprinting according to embodiments of the

present invention.

[0067] FIG. 50 shows an example for the determination of methylation patterns in an

imprinted region according to embodiments of the present invention.

[0068] FIG. 51 shows a comparison of methylation levels deduced by between the new
approach and conventional bisulfite sequencing according to embodiments of the present

invention.

[0069] FIGS. 52A and 52B show the performance of detection of methylation of plasma DNA
according to embodiments of the present invention. (A) The relationship between the predicted
probability of methylation versus the ranges of methylation levels quantified by bisulfite
sequencing. (B) The correlation between the methylation levels determined by Pacific
Biosciences (PacBio) sequencing according to the embodiments present in this disclosure (y-

axis) and methylation levels quantified by bisulfite sequencing (x-axis) in 10-Mb resolution.

10
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[0070] FIG. 53 shows a correlation of the genomic presentation (GR) of the Y chromosome
between Pacific Biosciences SMRT sequencing and BS-seq according to embodiments of the

present invention.

[0071] FIG. 54 shows an example of CpG block based detection of methylation using CpG
blocks each of which harbor a series of CpG sites according to embodiments of the present

invention. SmC: methylation; C: unmethylation.

[0072] FIGS. 55A and 55B show training and testing of methylation calling for human DNA
molecules using the CpG block-based approach according to embodiments of the present
invention. (A) Performance in the training dataset. (B) Performance in an independent testing

dataset.

[0073] FIGS. 56A and 56B show copy number changes in tumor tissue according to

embodiments of the present invention.

[0074] FIGS. 57A and 57B show copy number changes in tumor tissue according to

embodiments of the present invention.

[0075] FIG. 58 shows a schematic illustration of plasma DNA tissue mapping from the plasma
of a pregnant woman using the methylation levels deduced according to embodiments of the

present invention.

[0076] FIG. 59 shows a correlation between the placental contribution to maternal plasma
DNA deduced and fetal DNA fraction deduced by Y chromosome reads according to

embodiments of the present invention.

[0077] FIG. 60 shows a table summarizing sequencing data from different human tissue DNA

samples according to embodiments of the present invention.

[0078] FIG. 61 shows an illustration of various ways of analyzing methylation patterns

according to embodiments of the present invention.
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[0079] FIGS. 62A and 62B show a comparison of methylation densities at the whole-genome
level quantified by bisulfite sequencing and single molecule, real-time sequencing according to

embodiments of the present invention.

[0080] FIGS. 63A, 63B, and 63C show different correlations of overall methylation levels
quantified by bisulfite sequencing and single molecule, real-time sequencing according to

embodiments of the present invention.

[0081] FIGS. 64A and 64B show methylation patterns at 1-Mnt resolution for a hepatocellular
carcinoma (HCC) cell line and a buffy coat sample from a health control subject with
methylation levels determined by bisulfite sequencing and by single molecule, real-time

sequencing according to embodiments of the present invention.

[0082] FIGS. 65A and 65B show scatter plots of methylation levels at a 1-Mnt resolution
determined by bisulfite sequencing and single molecule, real-time sequencing according to
embodiments of the present invention for an HCC cell line (HepG2) and bufty coat sample from

a healthy control subject.

[0083] FIGS. 66A and 66B show scatter plots of methylation levels at a 100-knt resolution
determined by bisulfite sequencing and single molecule, real-time sequencing according to
embodiments of the present invention for HCC cell line (HepG2) and buffy coat sample from a

healthy control subject.

[0084] FIGS. 67A and 67B show methylation patterns at 1-Mnt resolution for an HCC tumor
tissue and adjacent normal tissue with methylation levels determined by bisulfite sequencing and

by single molecule, real-time sequencing according to embodiments of the present invention.

[0085] FIGS. 68A and 68B show scatter plots of methylation levels at a 1-Mnt resolution
determined by bisulfite sequencing and single molecule, real-time sequencing according to

embodiments of the present invention for HCC tumor tissue and adjacent normal tissue.

[0086] FIGS. 69A and 69B show scatter plots of methylation levels at a 100-knt resolution
determined by bisulfite sequencing and single molecule, real-time sequencing according to

embodiments of the present invention for HCC tumor tissue and adjacent normal tissue.
12
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[0087] FIGS. 70A and 70B show methylation patterns at 1-Mnt resolution for an HCC tumor
tissue and adjacent normal tissue with methylation levels determined by bisulfite sequencing and

by single molecule, real-time sequencing according to embodiments of the present invention.

[0088] FIGS. 71A and 71B show scatter plots of methylation levels at a 1-Mnt resolution
determined by bisulfite sequencing and single molecule, real-time sequencing according to

embodiments of the present invention for HCC tumor tissue and adjacent normal tissue.

[0089] FIGS. 72A and 72B show scatter plots of methylation levels at a 100-knt resolution
determined by bisulfite sequencing and single molecule, real-time sequencing according to

embodiments of the present invention for HCC tumor tissue and adjacent normal tissue.

[0090] FIG. 73 shows an example of the aberrant pattern of methylation nearby the tumor

suppressor gene CDKN2A4 according to embodiments of the present invention.

[0091] FIGS. 74A and 74B show differential methylation regions detected by single molecule,

real-time sequencing according to embodiments of the present invention.

[0092] FIG. 75 shows methylation patterns of hepatitis B virus DNA between HCC tissues
and adjacent non-tumoral tissues using single molecule, real-time sequencing according to

embodiments of the present invention.

[0093] FIG. 76A shows methylation levels of hepatitis B virus DNA in liver tissues from
patients with cirrhosis but without HCC using bisulfite sequencing according to embodiments of

the present invention.

[0094] FIG. 76B shows methylation levels of hepatitis B virus DNA in HCC tissues using

bisulfite sequencing according to embodiments of the present invention.

[0095] FIG. 77 illustrates methylation haplotype analysis according to embodiments of the

present invention.

[0096] FIG. 78 shows the size distribution of the sequenced molecules determined from

consensus sequences according to embodiments of the present invention.
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[0097] FIGS. 79A, 79B, 79C, and 79D show examples of allelic methylation patterns in the

imprinted regions according to embodiments of the present invention.

[0098] FIGS. 80A, 80B, 80C, and 80D show examples of allelic methylation patterns in non-

imprinted regions according to embodiments of the present invention.

[0099] FIG. 81 shows a table of methylation levels of allele-specific fragments according to

embodiments of the present invention.

[0100] FIG. 82 shows an example for determining the placental origin of plasma DNA in

pregnancy using methylation profiles according to embodiments of the present invention.

[0101] FIG. 83 illustrates fetal-specific DNA methylation analysis according to embodiments

of the present invention.

[0102] FIGS. 84A, 84B, and 84C show the performance of different measurement window
sizes across different reagent kits for SMRT-seq according to embodiments of the present

invention.

[0103] FIGS. 85A, 85B, and 85C show the performance of different measurement window
sizes across different reagent kits for SMRT-seq according to embodiments of the present

invention.

[0104] FIGS. 86A, 86B, and 86C show the correlation of overall methylation levels quantified
by bisulfite sequencing and SMRT-seq (Sequel II Sequencing Kit 2.0) according to embodiments

of the present invention.

[0105] FIGS. 87A and 87B show a comparison of overall methylation level between various
tumor tissues and paired adjacent non-tumoral tissues according to embodiments of the present

invention.

[0106] FIG. 88 shows determining the methylation status using a sequence context determined

from a circular consensus sequence (CCS) according to embodiments of the present invention.

[0107] FIG. 89 shows an ROC curve for the detection of methylated CpG sites using a

sequence context determined from CCS according to embodiments of the present invention.
14
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[0108] FIG. 90 shows an ROC curve for the detection of methylated CpG sites without CCS
information and without prior alignment to a reference genome according to embodiments of the

present invention.

[0109] FIG. 91 shows an example of preparing molecules for single molecule, real-time

sequencing according to embodiments of the present invention.

[0110] FIG. 92 shows an illustration of the CRISPR/Cas9 system according to embodiments

of the present invention.

[0111] FIG. 93 shows an example of a Cas9 complex for introducing two cuts spanning an

end-blocked molecule of interest according to embodiments of the present invention.

[0112] FIG. 94 shows methylation distribution of Alu regions determined by bisulfite
sequencing and single molecule, real-time sequencing according to embodiments of the present

invention.

[0113] FIG. 95 shows the distribution of methylation levels of Alu regions determined by
model using results from single molecule, real-time sequencing according to embodiments of the

present invention.

[0114] FIG. 96 shows a table of tissues and the methylation levels of Alu regions in the tissues

according to embodiments of the present invention.

[0115] FIG. 97 shows clustering analysis for different cancer types using methylation signals

related to Alu repeats according to embodiments of the present invention.

[0116] FIG. 98A and 98B show the effect of read depth on the overall methylation level
quantification in the testing datasets which were involved with the whole genome amplification

and M. Ssssl treatment according to embodiments of the present invention.

[0117] FIG. 99 shows a comparison between overall methylation levels determined by SMRT-
seq (Sequel II Sequencing Kit 2.0) and BS-seq with the use of different subread depth cutofts

according to embodiments of the present invention.
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[0118] FIG. 100 is a table showing the effect of the subread depth on the correlation of
methylation levels between two measurements by SMRT-seq (Sequel II Sequencing Kit 2.0) and

BS-seq according to embodiments of the present invention.

[0119] FIG. 101 shows the subread depth distribution with respect to fragment sizes in data

generated by Sequel II Sequencing Kit 2.0 according to embodiments of the present invention.

[0120] FIG. 102 shows a method of detecting a modification of a nucleotide in a nucleic acid

molecule according to embodiments of the present invention.

[0121] FIG. 103 shows a method for detecting a modification of a nucleotide in a nucleic acid

molecule according to embodiments of the present invention.

[0122] FIG. 104 illustrates relative haplotype-based methylation imbalance analysis according

to embodiments of the present invention.

[0123] FIG. 105A and 105B are a table of the haplotype blocks showing differential
methylation levels between Hap I and Hap II in the tumor DNA compared with the adjacent non-

tumoral tissue DNA for the case TBR3033 according to embodiments of the present invention.

[0124] FIG. 106 is a table of the haplotype blocks showing differential methylation levels
between Hap I and Hap II in the tumor DNA compared with the adjacent normal tissue DNA for

the case TBR3032 according to embodiments of the present invention.

[0125] FIG. 107A is a table summarizing the number of haplotype blocks showing
methylation imbalance between two haplotypes between tumor and adjacent nontumoral tissues
on the basis of data generated by Sequel II Sequencing Kit 2.0 according to embodiments of the

present invention.

[0126] FIG. 107B is a table summarizing the number of haplotype blocks showing
methylation imbalance between two haplotypes in tumor tissues for different tumor stages on the
basis of data generated by Sequel II Sequencing Kit 2.0 according to embodiments of the present

invention.
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[0127] FIG. 108 illustrates relative haplotype-based methylation imbalance analysis according

to embodiments of the present invention.

[0128] FIG. 109 shows a method of classifying a disorder in an organism having a first

haplotype and a second haplotype according to embodiments of the present invention.

[0129] FIG. 110 illustrates creating human-mouse hybrid fragments for which the human part
is methylated while the mouse part is unmethylated according to embodiments of the present

invention.

[0130] FIG. 111 illustrates creating human-mouse hybrid fragments for which the human part
is unmethylated while the mouse part is methylated according to embodiments of the present

invention.

[0131] FIG. 112 shows the length distribution of DNA molecules in a DNA mixture (sample

MIXO01) after ligation according to embodiments of the present invention.

[0132] FIG. 113 illustrates a junction region by which a first DNA (A) and a second DNA (B)

are joined together according to embodiments of the present invention.

[0133] FIG. 114 illustrates methylation analysis for the DNA mixture according to

embodiments of the present invention.

[0134] FIG. 115 shows a boxplot of the probabilities of being methylated for CpG sites in the

sample MIXO01 according to embodiments of the present invention.

[0135] FIG. 116 shows length distribution of DNA molecules in the DNA mixture after cross-

ligation of sample MIX02 according to embodiments of the present invention.

[0136] FIG. 117 shows a boxplot of the probabilities of being methylated for CpG sites in the

sample MIXO02 according to embodiments of the present invention.

[0137] FIG. 118 is a table comparing methylation determined by bisulfite sequencing and

Pacific Biosciences sequencing for MIXO01 according to embodiments of the present invention.
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[0138] FIG. 119 is a table comparing methylation determined by bisulfite sequencing and

Pacific Biosciences sequencing for MIX02 according to embodiments of the present invention.

[0139] FIGS. 120A and 120B show methylation levels in 5-Mb bins for human-only and
mouse-only DNA for MIX01 and MIX02 according to embodiments of the present invention.

[0140] FIGS. 121A and 121B show methylation levels in 5-Mb bins for the human part and
the mouse part of human-mouse hybrid DNA fragments for MIX01 and MIX02 according to

embodiments of the present invention.

[0141] FIGS. 122A and 122B are representative graphs showing methylation states in a single

human-mouse hybrid molecule according to embodiments of the present invention.

[0142] FIG. 123 shows a method of detecting chimeric molecules in a biological sample

according to embodiments of the present invention.

[0143] FIG. 124 illustrates a measurement system according to embodiments of the present

invention.

[0144] FIG. 125 shows a block diagram of an example computer system usable with systems

and methods according to embodiments of the present invention.

[0145] FIG. 126 shows Mspl-based targeted single molecule, real-time sequencing with the

use of DNA end repair and A-tailing according to embodiments of the present invention.

[0146] FIGS. 127A and 127B show the size distribution of Mspl-digested fragments according

to embodiments of the present invention.

[0147] FIG. 128 shows a table with the number of DNA molecules for certain selected size

ranges according to embodiments of the present invention.

[0148] FIG. 129 is a graph of the percentage coverage of CpG sites within CpG islands versus
size of DNA fragments after restriction enzyme digestion according to embodiments of the

present invention.
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[0149] FIG. 130 shows Mspl-based targeted single molecule, real time sequencing without the

use of DNA end repair and A-tailing according to embodiments of the present invention.

[0150] FIG. 131 shows Mspl-based targeted single molecule, real time sequencing with a

reduced probability of adapter self-ligation according to embodiments of the present invention.

[0151] FIG. 132 is a graph of the overall methylation levels between placenta and buffy DNA
samples determined by Mspl-based targeted single molecule, real-time sequencing according to

the embodiments of the present invention.

[0152] FIG. 133 shows a clustering analysis of placental and buffy coat samples using their
DNA methylation profiles determined by Mspl-based targeted single molecule, real-time

sequencing according to the embodiments of the present invention.

TERMS
[0153] A “rissue” corresponds to a group of cells that group together as a functional unit. More
than one type of cells can be found in a single tissue. Different types of tissue may consist of
different types of cells (e.g., hepatocytes, alveolar cells or blood cells), but also may correspond
to tissue from different organisms (mother vs. fetus; tissues in a subject who has received
transplantation; tissues of an organism that are infected by a microorganism or a virus) or to
healthy cells vs. tumor cells. “Reference tissues” can correspond to tissues used to determine
tissue-specific methylation levels. Multiple samples of a same tissue type from different

individuals may be used to determine a tissue-specific methylation level for that tissue type.

[0154] A “biological sample” refers to any sample that is taken from a human subject. The
biological sample can be a tissue biopsy, a fine needle aspirate, or blood cells. The sample can
also be for example, plasma or serum or urine from a pregnant woman. Stool samples can also be
used. In various embodiments, the majority of DNA in a biological sample from a pregnant
woman that has been enriched for cell-free DNA (e.g., a plasma sample obtained via a
centrifugation protocol) can be cell-free, e.g., greater than 50%, 60%, 70%, 80%, 90%, 95%, or
99% of the DNA can be cell-free. The centrifugation protocol can include, for example, 3,000 g
x 10 minutes, obtaining the fluid part, and re-centrifuging at for example, 30,000 g for another 10
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minutes to remove residual cells. In certain embodiments, following the 3,000 g centrifugation
step, one can follow up with filtration of the fluid part (e.g. using a filter of pore size of 5 um, or

smaller, in diameter).

[0155] A “sequence read’ refers to a string of nucleotides sequenced from any part or all of a
nucleic acid molecule. For example, a sequence read may be a short string of nucleotides (e.g.,
20-150) sequenced from a nucleic acid fragment, a short string of nucleotides at one or both ends
of a nucleic acid fragment, or the sequencing of the entire nucleic acid fragment that exists in the
biological sample. A sequence read may be obtained in a variety of ways, e.g., using sequencing
techniques or using probes, e.g., in hybridization arrays or capture probes, or amplification
techniques, such as the polymerase chain reaction (PCR) or linear amplification using a single

primer or isothermal amplification.

[0156] A “subread’ is a sequence generated from all bases in one strand of a circularized DNA
template that has been copied in one contiguous strand by a DNA polymerase. For example, a
subread can correspond to one strand of circularized DNA template DNA. In such an example,
after circularization, one double-stranded DNA molecule would have two subreads: one for each
sequencing pass. In some embodiments, the sequence generated may include a subset of all the

bases in one strand, e.g., because of the existence of sequencing errors.

[0157] A “site” (also called a “genomic site”) corresponds to a single site, which may be a
single base position or a group of correlated base positions, e.g., a CpG site or larger group of
correlated base positions. A “locus” may correspond to a region that includes multiple sites. A

locus can include just one site, which would make the locus equivalent to a site in that context.

[0158] A “methylation status” refers to the state of methylation at a given site. For example, a

site may be either methylated, unmethylated, or in some cases, undetermined.

[0159] The “methylation index” for each genomic site (e.g., a CpG site) can refer to the
proportion of DNA fragments (e.g., as determined from sequence reads or probes) showing
methylation at the site over the total number of reads covering that site. A “read” can correspond

to information (e.g., methylation status at a site) obtained from a DNA fragment. A read can be
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obtained using reagents (e.g. primers or probes) that preferentially hybridize to DNA fragments
of a particular methylation status at one or more sites. Typically, such reagents are applied after
treatment with a process that differentially modifies or differentially recognizes DNA molecules
depending on their methylation status, e.g. bisulfite conversion, or methylation-sensitive
restriction enzyme, or methylation binding proteins, or anti-methylcytosine antibodies, or single
molecule sequencing techniques (e.g. single molecule, real-time sequencing and nanopore
sequencing (e.g. from Oxford Nanopore Technologies)) that recognize methylcytosines and

hydroxymethylcytosines.

[0160] The “methylation density” of a region can refer to the number of reads at sites within
the region showing methylation divided by the total number of reads covering the sites in the
region. The sites may have specific characteristics, e.g., being CpG sites. Thus, the “CpG
methylation density” of a region can refer to the number of reads showing CpG methylation
divided by the total number of reads covering CpG sites in the region (e.g., a particular CpG site,
CpG sites within a CpG island, or a larger region). For example, the methylation density for each
100-kb bin in the human genome can be determined from the total number of cytosines not
converted after bisulfite treatment (which corresponds to methylated cytosine) at CpG sites as a
proportion of all CpG sites covered by sequence reads mapped to the 100-kb region. This
analysis can also be performed for other bin sizes, e.g. 500 bp, 5 kb, 10 kb, 50-kb or 1-Mb, etc. A
region could be the entire genome or a chromosome or part of a chromosome (e.g. a
chromosomal arm). The methylation index of a CpG site is the same as the methylation density
for a region when the region only includes that CpG site. The “proportion of methylated
cytosines” can refer the number of cytosine sites, “C’s”, that are shown to be methylated (for
example unconverted after bisulfite conversion) over the total number of analyzed cytosine
residues, i.e. including cytosines outside of the CpG context, in the region. The methylation
index, methylation density, count of molecules methylated at one or more sites, and proportion
of molecules methylated (e.g., cytosines) at one or more sites are examples of “methylation
levels.” Apart from bisulfite conversion, other processes known to those skilled in the art can be
used to interrogate the methylation status of DNA molecules, including, but not limited to

enzymes sensitive to the methylation status (e.g. methylation-sensitive restriction enzymes),
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methylation binding proteins, single molecule sequencing using a platform sensitive to the
methylation status (e.g. nanopore sequencing (Schreiber et al. Proc Natl Acad Sci 2013; 110:
18910-18915) and by single molecule, real-time sequencing (e.g. that from Pacific Biosciences)

(Flusberg et al. Nat Methods 2010; 7: 461-465)).

[0161] A “methylome” provides a measure of an amount of DNA methylation at a plurality of
sites or loci in a genome. The methylome may correspond to all of the genome, a substantial part

of the genome, or relatively small portion(s) of the genome.

[0162] A “pregnant plasma methylome” is the methylome determined from the plasma or
serum of a pregnant animal (e.g., a human). The pregnant plasma methylome is an example of a
cell-free methylome since plasma and serum include cell-free DNA. The pregnant plasma
methylome is also an example of a mixed methylome since it is a mixture of DNA from different
organs or tissues or cells within a body. In one embodiment, such cells are the hematopoietic
cells, including, but not limited to cells of the erythroid (i.e. red cell) lineage, the myeloid lineage
(e.g., neutrophils and their precursors), and the megakaryocytic lineage. In pregnancy, the
plasma methylome may contain methylomic information from the fetus and the mother. The
“cellular methylome” corresponds to the methylome determined from cells (e.g., blood cells) of
the patient. The methylome of the blood cells is called the blood cell methylome (or blood

methylome).

[0163] A “methylation profile” includes information related to DNA or RNA methylation for
multiple sites or regions. Information related to DNA methylation can include, but not limited to,
a methylation index of a CpG site, a methylation density (MD for short) of CpG sites in a region,
a distribution of CpG sites over a contiguous region, a pattern or level of methylation for each
individual CpG site within a region that contains more than one CpG site, and non-CpG
methylation. In one embodiment, the methylation profile can include the pattern of methylation
or non-methylation of more than one type of base (e.g. cytosine or adenine). A methylation
profile of a substantial part of the genome can be considered equivalent to the methylome. “DNA
methylation” in mammalian genomes typically refers to the addition of a methyl group to the 5’

carbon of cytosine residues (i.e. S-methylcytosines) among CpG dinucleotides. DNA
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methylation may occur in cytosines in other contexts, for example CHG and CHH, where H is
adenine, cytosine or thymine. Cytosine methylation may also be in the form of 5-
hydroxymethylcytosine. Non-cytosine methylation, such as N°-methyladenine, has also been

reported.

[0164] A “methylation pattern” refers to the order of methylated and non-methylated bases.
For example, the methylation pattern can be the order of methylated bases on a single DNA
strand, a single double-stranded DNA molecule, or another type of nucleic acid molecule. As an
example, three consecutive CpG sites may have any of the following methylation patterns: UUU,
MMM, UMM, UMU, UUM, MUM, MUU, or MMU, where “U” indicates an unmethylated site
and “M” indicates a methylated site. When one extends this concept to base modifications that
include, but not restricted to methylation, one would use the term “modification pattern,” which
refers to the order of modified and non-modified bases. For example, the modification pattern
can be the order of modified bases on a single DNA strand, a single double-stranded DNA
molecule, or another type of nucleic acid molecule. As an example, three consecutive potentially
modifiable sites may have any of the following modification patterns: UUU, MMM, UMM,
UMU, UUM, MUM, MUU, or MMU, where “U” indicates an unmodified site and “M” indicates
a modified site. One example of base modification that is not based on methylation is oxidation

changes, such as in 8-oxo-guanine.

[0165] The terms “hypermethylated’ and “hypomethylated’ may refer to the methylation
density of a single DNA molecule as measured by its single molecule methylation level, e.g., the
number of methylated bases or nucleotides within the molecule divided by the total number of
methylatable bases or nucleotides within that molecule. A hypermethylated molecule is one in
which the single molecule methylation level is at or above a threshold, which may be defined
from application to application. The threshold may be 5%, 10%, 20%, 30%, 40%, 50%, 60%,
70%, 80%, 90%, or 95%. A hypomethylated molecule is one in which the single molecule
methylation level is at or below a threshold, which may be defined from application to
application, and which may change from application to application. The threshold may be 5%,

10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 95%.
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[0166] The terms “hypermethylated” and “hypomethylated” may also refer to the methylation
level of a population of DNA molecules as measured by the multiple molecule methylation
levels of these molecules. A hypermethylated population of molecules is one in which the
multiple molecule methylation level is at or above a threshold which may be defined from
application to application, and which may change from application to application. The threshold
may be 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 95%. A hypomethylated
population of molecules is one in which the multiple molecule methylation level is at or below a
threshold which may be defined from application to application. The threshold may be 5%, 10%,
20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 95%. In one embodiment, the population of
molecules may be aligned to one or more selected genomic regions. In one embodiment, the
selected genomic region(s) may be related to a disease such as cancer, a genetic disorder, an
imprinting disorder, a metabolic disorder, or a neurological disorder. The selected genomic
region(s) can have a length of 50 nucleotides (nt), 100 nt, 200 nt, 300 nt, 500 nt, 1000 nt, 2 knt, 5
knt, 10 knt, 20 knt, 30 knt, 40 knt, 50 knt, 60 knt, 70 knt, 80 knt, 90 knt, 100 knt, 200 knt, 300
knt, 400 knt, 500 knt, or 1 Mnt.

[0167] The term “sequencing depth” refers to the number of times a locus is covered by a
sequence read aligned to the locus. The locus could be as small as a nucleotide, or as large as a
chromosome arm, or as large as the entire genome. Sequencing depth can be expressed as 50x,
100x, etc., where “x” refers to the number of times a locus is covered with a sequence read.
Sequencing depth can also be applied to multiple loci, or the whole genome, in which case x can
refer to the mean number of times the loci or the haploid genome, or the whole genome,

respectively, is sequenced. Ultra-deep sequencing can refer to at least 100x in sequencing depth.

[0168] The term “classification” as used herein refers to any number(s) or other characters(s)
that are associated with a particular property of a sample. For example, a “+” symbol (or the
word “positive”) could signify that a sample is classified as having deletions or amplifications.
The classification can be binary (e.g., positive or negative) or have more levels of classification

(e.g., ascalefrom 1to 10 or O to 1).
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[0169] The terms “cutoff’ and “threshold” refer to predetermined numbers used in an
operation. For example, a cutoff size can refer to a size above which fragments are excluded. A
threshold value may be a value above or below which a particular classification applies. Either of
these terms can be used in either of these contexts. A cutoff or threshold may be “a reference
value” or derived from a reference value that is representative of a particular classification or
discriminates between two or more classifications. Such a reference value can be determined in
various ways, as will be appreciated by the skilled person. For example, metrics can be
determined for two different cohorts of subjects with different known classifications, and a
reference value can be selected as representative of one classification (e.g., a mean) or a value
that is between two clusters of the metrics (e.g., chosen to obtain a desired sensitivity and
specificity). As another example, a reference value can be determined based on statistical

analyses or simulations of samples.

[0170] The term “level of cancer” can refer to whether cancer exists (i.e., presence or absence),
a stage of a cancer, a size of tumor, whether there is metastasis, the total tumor burden of the
body, the cancer’s response to treatment, and/or other measure of a severity of a cancer (e.g.
recurrence of cancer). The level of cancer may be a number or other indicia, such as symbols,
alphabet letters, and colors. The level may be zero. The level of cancer may also include
premalignant or precancerous conditions (states). The level of cancer can be used in various
ways. For example, screening can check if cancer is present in someone who is not previously
known to have cancer. Assessment can investigate someone who has been diagnosed with cancer
to monitor the progress of cancer over time, study the effectiveness of therapies or to determine
the prognosis. In one embodiment, the prognosis can be expressed as the chance of a patient
dying of cancer, or the chance of the cancer progressing after a specific duration or time, or the
chance or extent of cancer metastasizing. Detection can mean ‘screening’ or can mean checking
if someone, with suggestive features of cancer (e.g. symptoms or other positive tests), has

cancer.

[0171] A “level of pathology” (or level of disorder) can refer to the amount, degree, or severity
of pathology associated with an organism, where the level can be as described above for cancer.

Another example of pathology is a rejection of a transplanted organ. Other example pathologies
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can include gene imprinting disorders, autoimmune attack (e.g., lupus nephritis damaging the
kidney or multiple sclerosis), inflammatory diseases (e.g., hepatitis), fibrotic processes (e.g.
cirrhosis), fatty infiltration (e.g. fatty liver diseases), degenerative processes (e.g. Alzheimer’s
disease), and ischemic tissue damage (e.g., myocardial infarction or stroke). A heathy state of a

subject can be considered a classification of no pathology.

[0172] A “pregnancy-associated disorder” include any disorder characterized by abnormal
relative expression levels of genes in maternal and/or fetal tissue. These disorders include, but
are not limited to, preeclampsia, intrauterine growth restriction, invasive placentation, pre-term
birth, hemolytic disease of the newborn, placental insufficiency, hydrops fetalis, fetal
malformation, HELLP syndrome, systemic lupus erythematosus, and other immunological

diseases of the mother.

[0173] The abbreviation “bp” refers to base pairs. In some instances, “bp” may be used to
denote a length of a DNA fragment, even though the DNA fragment may be single stranded and
does not include a base pair. In the context of single-stranded DNA, “bp” may be interpreted as

providing the length in nucleotides.

[0174] The abbreviation “nt” refers to nucleotides. In some instances, “nt” may be used to
denote a length of a single-standed DNA in a base unit. Also, “nt” may be used to denote the
relative positions such as upstream or downstream of the locus being analyzied. In some contexts
concerning technological conceptualization, data presentation, processing and analysis, “nt” and

“bp” may be used interchangeably.

[0175] The term “sequence context” can refer to the base compositions (A, C, G, or T) and the
base orders in a stretch of DNA. Such a stretch of DNA could be surrounding a base that is
subjected to or the target of base modification analysis. For example, the seqeunce context can
refer to bases upstream and/or downstream of a base that is subjected to base modification

analysis.

[0176] The term “kinetic features” can refer to features derived from sequencing, including

from single molecule, real-time sequencing. Such features can be used for base modification
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analysis. Example kinetic features include upstream and downstream sequence context, strand

information, interpulse duration, pulse widths, and pulse strength. In single molecule, real-time
sequencing, one is continuously monitoring the effects of activities of a polymerase on a DNA
template. Hence, measurements generated from such a sequencing can be regarded as kinetic

features, e.g., nucleotide sequences.

[0177] The term “machine learning models” may include models based on using sample data
(e.g., training data) to make predictions on test data, and thus may include supervised learning.
Machine learning models often are developed using a computer or a processor. Machine learning

models may include statistical models.

[0178] The term “data analysis framework” may include algorithms and/or models that can
take data as an input and then output a predicted result. Examples of “data analysis frameworks”
include statistical models, mathematical models, machine learning models, other artificial

intelligence models, and combinations thereof.

[0179] The term “real-time sequencing” may refer to a technique that involves data collection
or monitoring during progress of a reaction involved in sequencing. For example, real-time
sequencing may involve optical monitoring or filming the DNA polymerase

incorporatingincorporate a new base.

[0180] The term “about’ or “approximately” can mean within an acceptable error range for the
particular value as determined by one of ordinary skill in the art, which will depend in part on
how the value is measured or determined, i.e., the limitations of the measurement system. For
example, “about” can mean within 1 or more than 1 standard deviation, per the practice in the
art. Alternatively, “about” can mean a range of up to 20%, up to 10%, up to 5%, or up to 1% of a
given value. Alternatively, particularly with respect to biological systems or processes, the term
“about” or “approximately” can mean within an order of magnitude, within 5-fold, and more
preferably within 2-fold, of a value. Where particular values are described in the application and
claims, unless otherwise stated the term “about” meaning within an acceptable error range for the

particular value should be assumed. The term “about” can have the meaning as commonly
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understood by one of ordinary skill in the art. The term “about” can refer to +£10%. The term

“about” can refer to £5%.

DETAILED DESCRIPTION
[0181] Achieving bisulfite-free determination of a base modification, include a methylated
base, is the subject of different research efforts but none have been shown to be commercially
viable. Recently, a bisulfite-free method for detecting SmC and ShmC has been published (Y.
Liu et al., 2019) using a mild condition for SmC and ShmC base conversion. This method
involves multiple steps of enzymatic and chemical reactions including ten-eleven translocation
(TET) oxidation, pyridine borane reduction, and PCR. The efficiency for each step of conversion
reaction as well as PCR bias would adversely affect the ultimate accuracy in SmC analysis. For
example, the SmC conversion rate has been reported to be around 96%, with a false-negative rate
of around 3%. Such performance would potentially limit one’s ability to detect certain subtle
changes of methylation in a genome. On the other hand, the enzymatic conversion would not be
able to perform equally well across the genome. For example, the conversion rate of ShmC was
8.2% lower than that for SmC, and the conversion rate for non-CpG was 11.4% lower than that
for CpG contexts (Y. Liu ef al., 2019). Thus, the ideal situation is the development of approaches
for measuring base modifications of a native DNA molecule without any prior conversion

(chemical or enzymatic, or combinations thereof) step and even without an amplification step.

[0182] There were a number of proof-of-concept studies (Q. Liu ef al., 2019; Ni et al., 2019)
in which the electric signals produced by a long-read nanopore sequencing approach (e.g., using
the system developed by Oxford Nanopore Technologies) enabled one to detect methylation
states with the use of a deep learning method. In addition to Oxford Nanopore, there are other
single molecule sequencing approaches that allow long reads. One example is the single
molecule, real-time sequencing. One example of a single molecule, real-time sequencing is that
commercialized the Pacific Biosciences SMRT system. As the principle of single molecule, real-
time sequencing (e.g., the Pacific Biosciences SMRT system) is different from that of a non-
optical based nanopore system (e.g. by Oxford Nanopore Technologies), approaches for base

modification detection developed for such non-optical based nanopore system cannot be used for
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single molecule, real-time sequencing. For example, a non-optical nanopore system is not
designed for capturing the patterns of fluorescent signals produced by immobilized DNA
polymerase based DNA synthesis (employed by single molecule, real-time sequencing such as
by the Pacific Biosciences SMRT system). As a further example, in the Oxford Nanopore
sequencing platform, each measured electric event is associated with a k-mer (e.g., 5-mer) (Q.
Liu et al., 2019). However, in the Pacific Biosciences SMRT sequencing platform, each
fluorescent event is generally associated with a single incorporated base. Furthermore, a single
DNA molecule would be sequenced multiple times in Pacific Biosciences SMRT sequencing
including Watson and Crick strands. Conversely, for the Oxford Nanopore long-read sequencing

approach, sequence readout is performed once for each of the Watson and Crick strands.

[0183] It has been reported that the polymerase kinetics would be affected by methylation
states in the sequences of £. coli (Flusberg et al., 2010). Previous studies showed that when
compared with the detection of 6mA, 4mC, ShmC, and 8-oxo-guanine, it is much more
challenging to use the polymerase kinetics of single molecule, real-time sequencing for deducing
the methylation states (SmC versus C) of a particular CpG in a single molecule. The reason is
that the methyl group is small and oriented towards the major groove and is not involved in base
pairing, leading to very subtle interruption in the kinetics caused by SmC (Clark ez al., 2013).
Hence, there is a paucity of approaches for determining the methylation states of cytosines at the

single-molecule level.

[0184] Suzuki et al developed an algorithm (Suzuki ef al., 2016) attempting to combine the
interpulse duration (IPD) ratios for neighboring CpG sites to increase the confidence in
identifying the methylation states of those sites. However, this algorithm only allowed one to
predict a genomic region of being completely methylated or completely unmethylated, but

lacked the ability to determine intermediate methylation patterns.

[0185] Regarding single molecule, real-time sequencing, current approaches only used one or
two parameters independently, achieving a very limited accuracy in detecting SmC because of
the measurement difference between 5-methylcytosine and cytosine. For example, Flusberg ez al.

demonstrated that IPD was altered in base modifications including N6-methyladenosine, 5-
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methylcytosine, and 5-hydroxymethylcytosine. However, pulse width (PW) of the sequencing
kinetics was not found to have a significant effect. Hence, in the method they used for predicting
base modification, using the detection of N6-methyladenosine as an example, only IPD but not

PW was used.

[0186] In follow-up publications by the same group (Clark ez al., 2012; Clark et al. 2013), IPD
but not PW was incorporated in the algorithms for the detection of S-methylcytosine. In Clark e?
al. 2012, the detection rate of 5-methylcytosine without converting it to S-methylcytosine only
ranged from 1.9% to 4.3%. Furthermore, in Clark ez al. 2013, the authors had further reaftirmed
the subtlety of the kinetic signature of 5-methylcytosine. To overcome the low sensitivity of
detecting 5-methylcytosine, Clark et al. further developed a method which converted 5-
methylcytosine to S5-carboxylmethylcytosine using Ten-eleven translocation (Tet) proteins so as
to improve the sensitivity of 5-methylcytosine (Clark ez al. 2013) because the alteration of IPD

caused by S-carboxylcytosine was much more than by 5-methylcytosine.

[0187] In a more recent report by Blow et al., the IPD ratio-based method previously described
by Flusberg ef al was used to detect the base modifications in 217 bacterial and 13 archaeal
species with 130-fold read coverage per organism (Blow ef al., 2016). Among all the base
modifications they identified, only 5% involved 5-methylcytosine. They attributed this low
detection rate of S-methylcytosine to the low sensitivity of single-molecule real-time sequencing
for detecting 5-methylcytosine. In most bacteria, a set of sequence motifs were targeted by DNA
methyltransferases (MTases) for methylation (e.g. 5’-GmATC-3’ by Dam or 5’-CmCWGG-3’ by
Dcm in E. coli) at nearly all of these motifs in the genome, with only a small fraction of these
motif sites remaining non-methylated (Beaulaurier ef al. 2019). Furthermore, the use of the IPD-
based method to classify the methylation status of the second C in the 5’-CCWGG-3" motif with,
or without treatment, with Tet proteins yielded detection rates of 5-methylcytosine of 95.2% and
1.9%, respectively (Clark ef al. 2013). Taken as a whole, the IPD method without prior base

conversion (e.g., using Tet proteins) missed the majority of S-methylcytosine.

[0188] In the studies mentioned above (Clark ef al., 2012; Clark et al., 2013; Blow et al.,

2016), IPD-based algorithms were used without consideration of the sequence context at where
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the candidate base modification was located. Other groups have attempted to take into account
the sequence context of a nucleotide for the detection of base modification. For example, Feng et
al. used a hierarchical model to analyze IPDs for the detection of 4-methylcytosine and 6-
methyladenosine in a respective sequence context (Feng ef al. 2013). However, in their method,
they only considered the IPD at the base of interest and the sequence context adjacent to that
base, but did not use the IPD information of all neighboring bases adjacent to the base of interest.
In addition, PW was not considered in the algorithm, and they did not present any data on the

detection of 5-methylcytosine.

[0189] In another study, Schadt ef al. developed a statistical method, called conditional
random field, to analyze the IPD information of the base of interest and the neighboring bases to
determine if the base of interest was a S-methylcytosine (Schadt ez al., 2012). In this work, they
also considered the IPD interaction between these bases by inputting them into an equation.
However, they did not input the nucleotide sequence, namely A, T, G, or C, in their equation.
When they applied the method to determine the methylation status of the M.Sau3 Al plasmid, the
area under ROC curve was close to 0.5 even at an 800-fold sequence coverage of the plasmid

sequence. Moreover, in their method, they had not taken into account PW in their analysis.

[0190] In yet another study by Beckman ef al., they compared the IPD of all sequences that
shared the same 4-nt or 6-nt motif in the genome between a target bacterial genome and a
completely unmethylated genome, e.g., obtained through whole genome amplification (Beckman
et al. 2014). The purpose of such analysis was only to identify motifs that would be more
frequently affected by base modifications. In the study, they only considered the IPD of a
potentially modified base but not the IPD of the neighboring base or PW. Their method was not

informative about the methylation status of individual nucleotide.

[0191] In summary, these previous attempts of utilizing IPD only or with combination of
sequence information in the neighboring nucleotides for grouping data were not able to
determine the base modification of S-methylcytosine with meaningful or practical accuracy. In a
recent review by Gouil ef al., the authors concluded that because of the low signal-to-noise ratio,

the detection of 5-methylcytosine in a single molecule using single-molecule real-time
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sequencing is inaccurate (Gouil ef al., 2019). In these previous studies, it remains unknown as to
whether it may be feasible to use the kinetic features for genomewide methylomic analysis,

especially for complex genomes such as human genomes, cancer genomes, or fetal genomes.

[0192] In contrast to previous studies, some embodiments of methods described in this
disclosure are based on measuring and utilizing IPD, PW, and sequence context for every base
within the measurement window. We reasoned that if we can use a combination of multiple
metrics, for example, concurrently making use of features including upstream and downstream
sequence context, strand information, IPD, pulse widths as well as pulse strength, we might be
able to achieve the accurate measurement of base modifications (e.g. mC detection) at single-
base resolution. Sequence context refers to the base compositions (A, C, G, or T) and the base
orders in a stretch of DNA. Such a stretch of DNA could be surrounding a base that is subjected
to or the target of base modification analysis. In one embodiment, the stretch of DNA could be
proximal to a base that is subjected to base modification analysis. In another embodiment, the
stretch of DNA could be far away from a base that is subjected to base modification analysis.
The stretch of DNA could be upstream and/or downstream of a base that is subjected to base

modification analysis.

[0193] In one embodiment, the features of upstream and downstream sequence context, strand
information, IPD, pulse widths as well as pulse strength, which are used for base modification

analysis, are referred to as kinetic features.

[0194] The embodiments present in this disclosure can be used for DNA obtained from, but
not limited to, cell lines, samples from an organism (e.g. solid organs, solid tissues, a sample
obtained via endoscopy, blood, or plasma or serum or urine from a pregnant woman, chorionic
villus biopsy, etc.), samples obtained from the environment (e.g. bacteria, cellular contaminants),
food (e.g., meat). In some embodiments, the methods present in this disclosure can also be
applied following a step in which a fraction of the genome is first enriched, e.g. using
hybridization probes (Albert et al., 2007; Okou et al., 2007, Lee et al., 2011), or approaches
based on physical separation (e.g. based on sizes, etc) or following restriction enzyme digestion

(e.g. Mspl), or Cas9-based enrichment (Watson ef al., 2019). While the invention does not
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require enzymatic or chemical conversion to work, in certain embodiments, such a conversion

step can be included to further enhance the performance of the invention.

[0195] Embodiments of the present disclosure allow for improved accuracy or practicality or
convenience in detecting base modifications or measuring modification levels. The modification
may be detected directly. Embodiments may avoid enzymatic or chemical conversion, which
may not preserve all modification information for detection. Additionally, certain enzymatic or
chemical conversions may not be compatible with certain types of modifications. Embodiments
of the present disclosure may also avoid amplification by PCR, which may not transfer base-
modification information to the PCR products. Additionally, both strands of DNA may be
sequenced together, thereby enabling the pairing of the sequence from one strand with its
complementary sequence to the other strand. By contrast, PCR amplification splits the two

strands of double-stranded DNA, so such pairing of sequences is difficult.

[0196] Methylation profiles, determined with or without enzymatic or chemical conversion,
can be used for analyzing biological samples. In one embodiment, the methylation profiles can
be used to detect the origin of cellular DNA (e.g., maternal or fetal, tissue, viral, or tumor).
Detection of aberrant methylation profiles in tissues aid the identification of developmental
disorders in individuals and the identification and prognostication of tumors or malignancies.
Imbalances in methylation levels between hapltoypes can be used to detect disorders, including
cancer. Methylation patterns in a single molecule can identify chimeric (e.g., between a virus and
human) and hybrid DNA, (e.g., between two genes normally unfused in a natural genome); or

between two species (e.g., through genetic or genomic manipulation).

[0197] Methylation analysis may be improved by enhanced training, which may include
narrowing the data used in a training set. Specific regions may be targeted for analysis. In
embodiments, such targeting can involve an enzyme that either alone, or in combination with
other reagent(s), may cleave a DNA sequence or a genome based on its sequence. In some
embodiments the enzyme is a restriction enzyme that recognizes and cleaves a specific DNA
sequence(s). In other embodiments, more than one restriction enzymes with different recognition

sequences can be used in combination. In some embodiments, the restriction enzyme may cleave
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or not cleave based on the methylation status of the recognition sequences. In some
embodiments, the enzyme is one within the CRISPR/Cas family. For example, genomic regions
of interest can be targeted using a CRISPR/Cas9 system or other system based on guide RNA
(i.e., short RNA sequences which bind to a complementary target DNA sequences and in the
process guides an enzyme to act at a target genomic location). In some instances, methylation

analysis may be possible without alignment to a reference genome.

I METHYLATION DETECTION WITH SINGLE MOLECULE, REAL-TIME
SEQUENCING

[0198] Embodiments of the present disclosure allow for directly detecting base modifications,
without enzymatic or chemical conversion. Kinetic features (e.g., sequence context, IPD, and
PW) obtained through single molecule, real-time sequencing can be analyzed with machine
learning to develop a model to detect modification or the absence of a modification.
Modification levels may be used to determine the origin of DNA molecules or the presence or

level of the disorder.

[0199] Using Pacific Biosciences SMRT sequencing as an example of single molecule, real-
time sequencing for illustration purposes, a DNA polymerase molecule is positioned at the
bottom of wells that serve as zero-mode waveguides (ZMW). The ZMW is a nanophotonic
device for confining light to a small observation volume, which can be a hole whose diameter is
very small and does not allow the propagation of light in the wavelength range used for detection
such that only emission of optical signals from dye-labeled nucleotide incorporated by the
immobilized polymerase are detectable against a low and constant background signal (Eid ef al.,
2009). The DNA polymerase catalyzes the incorporation of fluorescently labeled nucleotides into

complementary nucleic acid strands.

[0200] FIG. 1 shows an example of molecules carrying base modifications that were
sequenced by single-molecule circular consensus sequencing. Molecules 102, 104, and 106 carry
base modifications. DNA molecules (e.g., molecule 106) may be ligated with hairpin adapters to

form ligated molecule 108. Ligated molecule 108 can then form circularized molecule 110. The
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circularized molecules can bind to immobilized DNA polymerase and can initiate the DNA

synthesis. Molecules not carrying base modifications can also be sequenced.

[0201] FIG. 2 shows an example of molecules carrying methylated and/or unmethylated CpG
sites that were sequenced by single molecule, real-time sequencing. DNA molecules were first
ligated with hairpin adapters to form circularized molecules which would bind to immobilized
DNA polymerase and to initiate the DNA synthesis. In FIG. 2, DNA molecule 202 is ligated
with hairpin adapters to form ligated molecule 204. Ligated molecule 204 then forms
circularized molecule 206. The molecules without CpG sites can also be sequenced. Circularized

molecule 206 includes an unmethylated CpG site 208, which may still be sequenced.

[0202] Once the DNA synthesis was initialized, fluorescently dye-labeled nucleotides would
be incorporated into the newly synthesized strand by the immobilized polymerase on the basis of
a circular DNA template, leading to the emission of optical signals. Because the DNA templates
were circularized, the entire circular DNA template would go through the polymerase multiple
times (i.e. one nucleotide in a DNA template would be sequenced multiple times). A sequence
generated from the process, in which all bases in the circularized DNA template entirely passed
through the DNA polymerase, is called a subread. One molecule in a ZMW would generate
multiple subreads because the polymerase can continue around the entire circular DNA template
multiple times. In one embodiment, a subread may only contain a subset of the sequence, base
modifications or other molecular information of the circular DNA template because, in one

embodiment, of the existence of sequencing errors.

[0203] Asillustrated in FIG. 3, the arrival times and durations of the resultant fluorescence
pulses would allow one to measure the polymerase kinetics. The interpulse duration (IPD) is a
metric for the length of a time period between two emission pulses each of which would be
suggestive of an incorporated fluorescently labeled nucleotide in a nascent strand (FIG. 3). As
shown in FIG. 3, the pulse width (PW) is another metric, reflecting polymerase kinetics, in
association with the duration of the pulses related to a base call. PW could be the duration of the
pulse at 0% of the height of signal peak (i.e., fluorescent intensity of dye-labeled nucleotide as

incorporated). In one embodiment, PW could be defined by, for example, but not limited to, the
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duration of the pulse at 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, or 90% of the height
of signal peak. In some embodiments, the PW may be the area under the peak divided by the
height of the signal peak.

[0204] Such polymerase kinetics such as IPDs have been shown to be affected by base
modifications such as N6-methyladenine (6mA), S-methylcytosine (SmC) and 5-
hydroxymethylcytosine (ShmC) in synthetic and microbial sequences (e.g. £. coli) (Flusberg et
al., 2010). Flusberg et al. 2010 did not use sequence context and IPD as independent inputs to
detect a modification, which resulted in a model that lacked practically meaningful accuracy for
detection. Flusberg ef al. only used sequence context to confirm 6mA occurred in GATC.
Flusberg et al. is silent as to using sequence context in combination with IPD as inputs to detect

methylation status.

[0205] The weak interruptions conferred on the new base incorporation to the 5-
methylcytosine in complementary strands make methylation calling extremely challenging even
for relatively simple microbial genomes when using IPD signals only, as it was reported that the
detection of methylation motif C"CWGG was only ranged from 1.9% to 4.3% (Clark et al.,
2013). For example, the analytic software package (SMRT Link v6.0.0) provided by Pacific
Biosciences is not able to perform SmC analysis. Furthermore, a previous version of the SMRT
Link v5.1.0 required one to use the Tet]l enzyme to convert SmC to 5-carboxylcytosine (ScaC)
prior to methylation analysis, since the IPD signals associated with ScaC would be enhanced
(Clark et al., 2013). Thus, it is not surprising that there are no studies showing the feasibility of
using single molecule, real-time sequencing to analyze native DNA in a genomewide manner for

the human genome.

I1. MEASUREMENT WINDOW PATTERNS AND MACHINE LEARNING
MODELS

[0206] Techniques to detect modifications in bases without enzymatic or chemically
converting the modification and/or the base are desired. As described herein, modifications in a
target base may be detected using kinetic feature data obtained from single molecule, real-time

sequencing for bases surrounding the target base. Kinetic features may include interpulse
36

Pg.1132



10

15

20

25

duration, pulse width, and sequence context. These kinetic features may be obtained for a
measurement window of a certain number of nucleotides upstream and downstream of the target
base. These features (e.g., at particular locations in the measurement window) can be used to
train a machine learning model. As an example of the sample preparation, the two strands of a
DNA molecule may be connected by hairpin adapters, thereby forming a circular DNA
molecule. The circular DNA molecule allows for kinetic features to be obtained for either or both
of the Watson and Crick strands. A data analysis framework can be developed based on the
kinetic features in the measurement windows. This data analysis framework may then be used to
detect modifications, including methylation. The section describes various techniques for

detecting modifications.

A. Using single strand

[0207] As shown in FIG. 4, as an example, we obtained the subreads of the Watson strand
from Pacific Biosciences SMRT sequencing to analyze one particular base regarding the states of
base modifications. In FIG. 4, the 3 bases from each side of a base that was subjected to base
modification analysis would be defined as a measurement window 400. In one embodiment,
sequence context, IPDs, and PWs for these 7 bases (i.e. 3-nucleotide (nt) upstream and
downstream sequence and one nucleotide for base modification analysis) were compiled into a 2-
dimensional (i.e. 2-D) matrix as a measurement window. In the example shown, the
measurement window 400 is for one subread of the Watson strand. Other variations are

described herein.

[0208] The first row 402 of the matrix indicated the sequence that was studied. In the second
row 404 of the matrix, the position of 0 represented the base for base modification analysis. The
relative positions of -1, -2, and -3 indicated the position 1-nt, 2-nt, and 3-nt, respectively,
upstream of the base that was subjected to base modification analysis. The relative positions of
+1, +2, and +3 indicated the position 1-nt, 2-nt and 3-nt, respectively, downstream of the base
that was subjected to base modification analysis. Each position includes 2 columns, which
contain the corresponding IPD and PW values. The following 4 rows (rows 408, 412, 416, and
420) corresponded to 4 types of nucleotides (A, C, G, and T) in the strand (e.g. Watson strand),
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respectively. The presence of IPD and PW values in the matrix depended on which
corresponding nucleotide type was sequenced at a particular position. As shown in FIG. 4, at the
relative position of 0, the IPD and PW values were shown in the row indicating ‘G’ in the
Watson strand, suggesting that a guanine was called in the sequence result at that position. The
other grids in a column that did not correspond to a sequenced base would be coded as ‘0’. As an
example, the sequence information corresponding to the 2-D digital matrix (FIG. 4) would be 5°-

GATGACT-3’ for the Watson strand.

[0209] As shown in one embodiment depicted in FIG. §, the measurement window could be
applied to data from the Crick strand. We obtained the subreads of the Crick strand from single
molecule, real-time sequencing to analyze one particular base regarding the states of base
modifications. In FIG. 5, the 3 bases from each side of a base that was subjected to base
modification analysis and the base subjected to base modification analysis would be defined as a
measurement window. In one embodiment, sequence context, IPDs, PWs for these 7 bases (i.e.
3-nucleotide (nt) upstream and downstream sequence and one nucleotide for base modification
analysis) were compiled into a 2-dimensional (i.e. 2-D) matrix as a measurement window. The
first row of the matrix indicated the sequence that was studied. In the second row of the matrix,
the position of 0 represented the base for base modification analysis. The relative positions of -1,
-2, and -3 indicated the position 1-nt, 2-nt and 3-nt, respectively, upstream of the base that was
subjected to base modification analysis. The relative positions of +1, +2, and +3 indicated the
position 1-nt, 2-nt and 3-nt, respectively, downstream of the base that was subjected to base
modification analysis. Each position includes 2 columns, which contained the corresponding IPD
and PW values. The following 4 rows corresponded to 4 types of nucleotides (A, C, G, and T) in
this strand (e.g. the Crick strand). The presence of IPD and PW values in the matrix depended on
which corresponding nucleotide type was sequenced at a particular position. As shown in FIG. 5,
at the relative position of 0, the IPD and PW values were shown in the row indicating ‘T’ in the
Crick strand, suggesting that a thymine was called in the sequence result at that position. The
other grids in a column that did not correspond to a sequenced base would be coded as ‘0’. As an
example, the sequence information corresponding to the 2-D digital matrix (FIG. 5) would be 5°-

ACTTAGC-3’ for the Crick strand.
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B. Using both Watson and Crick strands

[0210] FIG. 6 shows an embodiment where the measurement window could be implemented
in a way that data from the Watson strand and its complementary Crick strand could be
combined. As shown in FIG. 6, we obtained the subreads of the Watson and Crick strands from
single molecule, real-time sequencing to analyze one particular base for modifications. In one
embodiment, the measurement window from the Crick strand of the circular DNA template was
complementary to the measurement window from the Watson strand, which was subjected to
base modification analysis. In FIG. 6, the 3 bases from each side of the first base in the Watson
strand that was subject to base modification analysis and the first base would be defined as the
first measurement window. The 3 bases from each side of the second base in the Crick strand and
the second base would be defined as the second measurement window. The second base was
complementary to the first base. In one embodiment, the sequence context, IPDs, PWs for these
7 bases (i.e. 3-nucleotide (nt) upstream and downstream sequence and one nucleotide for base
modification analysis) from the Watson and Crick strands were compiled into a 2-dimensional
(i.e. 2-D) matrices. These measurement windows from the Watson and Crick strands were

considered as the first and second measurement windows, respectively.

[0211] The first row of the matrix of the Watson and Crick strands indicated the sequence that
was studied. In the second row of the matrix of the Watson strand, the position of 0 represented
the first base for base modification analysis. The position of O shown in the second row of the
matrix of the Crick strand represented the second base complementary to the first base. The
relative positions of -1, -2, and -3 indicated the position 1-nt, 2-nt, and 3-nt, respectively,
upstream of the first and second bases. The relative positions of +1, +2, and +3 indicated the
position 1-nt, 2-nt, and 3-nt, respectively, downstream of the first and second bases. Each
position derived from the Watson and Crick strands would correspond to 2 columns which
contained the corresponding IPD and PW values. The following 4 rows in the matrices of the
Watson and Crick strands corresponded to 4 types of nucleotides (A, C, G, and T) in the specific
strand (e.g., the Crick strand), respectively. The presence of IPD and PW values in the matrix

depended on which corresponding nucleotide type was sequenced at a particular position.
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[0212] As shown in FIG. 6, at the relative position of 0, the IPD and PW values were shown in
the row indicating ‘A’ in the Watson strand and ‘T’ in the Crick strand, suggesting that an
adenine and thymine were called in the sequence result at that position of the Watson and Crick
strands, respectively. The other grids in a column that did not correspond to sequenced base
would be coded as ‘0’. As an example, the sequence information corresponding to the 2-D digital
matrix of the Watson strand (FIG. 6) would be 5’-ATAAGTT-3’. The sequence information
corresponding to the 2-D digital matrix of the Crick strand (FIG. 6) would be 5’-AACTTAT-3’.

[0213] As shown in this example, data from the Watson and Crick strands can be combined to
form a new matrix, which may also be considered as a measurement window. This new matrix
can be used used as a single sample that is used to train a machine learning model. Thus, all of
the values in the new matrix can be treated as separate features, although the particular
placement in the 2D matrix can have an impact, e.g., when a convolutional neural network
(CNN) 1s used. The sequence context at the various positions for the different strands can be

conveyed via the non-zero entries in the matrix.

[0214] FIG. 7 shows that the measurement window could be implemented in a way that data
from the Watson and Crick strands are not the positions exactly complementary to each other. As
shown in FIG. 7, the first measurement window was 5’-ATAAGTT-3’; and the second
measurement window was 5’-GTAACGC-3’. In some embodiments, the Watson and Crick

strands may be shifted from each other so that the positions are not complementary.

[0215] FIG. 8 shows that a measurement window could be used to analyze the methylation
states at CpG sites. The position of O corresponds to the cytosine of the CpG site, and thus there
is a shift by one position between the two strands, so that the C is at the O position for both
strands. Accordingly, only a portion of the sequences included in the measurement window from
the Watson and Crick strands are complementary to each other. In other embodiments, all of the
sequences in the measurement window from the Watson and Crick strands can be
complementary to each other. In yet other embodiments, none of the sequences in the

measurement window from the Watson and Crick strands are complementary to each other.
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[0216] In one embodiment, for a measurement window, the length of DNA stretch surrounding
a base that was subjected to base modification analysis could be asymmetrical. For example, X-
nt upstream and Y-nt downstream of that base could be used for base modification analysis. X
could include, but is not limited to, 0, 1,2, 3,4, 5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45,
46, 47, 48, 49, 50, 100, 150, 200, 300, 400, 500, 1000, 2000, 4000, 5000, and 10000; Y could
include, but was not limited to, 0, 1,2, 3,4, 5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
21,22, 23,24, 25, 26,27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46,
47,48, 49, 50, 100, 150, 200, 300, 400, 500, 1000, 2000, 4000, 5000, and 10000.

C. Training models and detecting modifications

[0217] FIG. 9 shows a general procedure as to how to use the measurement window to
determine any base modifications. DNA samples known to be unmodified and modified were
subjected to single molecule, real-time sequencing. The modified DNA (e.g., modified molecule
902) means that the base (e.g., base 904) has the modification (e.g., methylation) at the site. The
unmodified DNA (e.g., unmodified molecule 906) means that the base (e.g., base 908) does not
have the modification at the site. Both sets of DNA can be artificially created or processed to

form the modified/unmodified DNA.

[0218] At stage 910, the samples can then undergo single molecule, real-time sequencing. As
part of SMRT sequencing, circular molecules could be sequenced multiple times by passing
through the immobilized DNA polymerase repeatedly. The sequence information obtained from
each time would be deemed as a subread. Thereby, one circular DNA template would generate
multiple subreads. The sequencing subreads can be aligned to a reference genome using, for
example but not limited to, BLASR (Mark J Chaisson et al, BMC Bioinformatics. 2012; 13:
238). In various other embodiments, BLAST (Altschul SF et al, J Mol Biol. 1990;215(3):403-
410), BLAT (Kent WJ, Genome Res. 2002;12(4):656-664), BWA (Li H et al,

Bioinformatics. 2010;26(5):589-595), NGMLR (Sedlazeck FJ et al, Nat

Methods. 2018;15(6):461-468), LAST (Kielbasa SM et al, Genome Res. 2011;21(3):487-493)
and Minimap2 (Li H, Bioinformatics. 2018;34(18):3094-3100) could be used for aligning
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subreads to a reference genome. The alignment can allow the data from multiple subreads to be

combined (e.g., averaged) as the data in each subread for the same postion can be identified.

[0219] At stage 912, from the alignment result, IPDs, PWs, and sequence context surrounding
a base that was subjected to base modification analysis were obtained. At stage 914, the IPDs,
PWs, and sequence context were recorded in a certain structure, for example but not limited to,

2-D matrix as shown in FIG. 9.

[0220] At stage 916, a number of 2-D matrices containing the reference kinetic patterns
derived molecules with known base modifications were used to train the analytical,
computational, mathematical, or statistical model(s). At stage 918, a statistical model is
developed resulting from the training. For simplicity, FIG. 9 shows only a statistical model
developed by training, but any model or data analysis framework can be developed. Example
data analysis frameworks include machine learning models, statistical models, and mathematical
models. The statistical models could include, but was not limited to, linear regression, logistic
regression, deep recurrent neural network (e.g., long short-term memory, LSTM), Bayes
classifier, hidden Markov model (HMM)), linear discriminant analysis (LDA), k-means
clustering, density-based spatial clustering of applications with noise (DBSCAN), random forest
algorithm, and support vector machine (SVM). A DNA stretch surrounding a base that was
subjected to base modification analysis could be X-nt upstream and Y-nt downstream of that

base, namely “measurement window.”

[0221] The data structures can be used in a training process, as the correct outputs (i.e.,
modification state) are known. For example, the IPDs, PWs, and sequence context corresponding
to 3-nt upstream and downstream of a base from the Watson and/or Crick strand(s) can be used
for constructing the 2-D matrix to be used to train the statistical model(s) for classifying base
modifications. In this manner, the training can provide a model that can classify a base

modification at a position of a nucleic acid with a previously known status.

[0222] FIG. 10 shows a general procedure as to how the statistical model(s) learned from
DNA samples that carried known states of base modifications can detect base modifications. A
sample with unknown states of base modifications was subjected to SMRT sequencing. The
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sequencing subreads were aligned to a reference genome using, for example, the techniques
mentioned above. In addition or instead, the subreads can be aligned to each other. Yet other
embodiments can use just one subread or analyze them independently such that alignment is not

performed.

[0223] For a base that was subjected to base modification analysis, one would obtain IPDs,
PWs, and sequence context from the Watson and/or Crick strand(s) in the alignment results using
a comparable measurement window as used in the training step (FIG. 9), and was associated with
that base. In another embodiment, the measurement windows between training and testing
procedures would be different. For example, the size of the measurement windows between
training and testing procedures might be different. Those IPDs, PWs, and sequence context
would be transformed into a 2-D matrix. Such 2-D matrix of a testing sample would be
compared with the reference kinetic features to determine base modifications. For example, the
2-D matrix of a testing sample can be compared with reference kinetic features through the
statistical model(s) that were learned from the training samples, so that the base modifications at
sites in nucleic acid molecules in a testing sample could be determined. The statistical models
could include, but was not limited to, linear regression, logistic regression, deep recurrent neural
network (e.g., long short-term memory, LSTM), Bayes classifier, hidden Markov model (HMM)),
linear discriminant analysis (LDA), k-means clustering, density-based spatial clustering of
applications with noise (DBSCAN), random forest algorithm, and support vector machine

(SVM).

[0224] FIG. 11 shows a general procedure as to how the method could be made for classifying
methylation states at CpG sites. DNA samples known to be unmethylated and methylated at CpG
sites were subjected to single molecule, real-time sequencing. The sequencing subreads were

aligned to a reference genome. Watson strand data were used.

[0225] From the alignment result, [IPDs, PWs, and sequence context surrounding a cytosine at
a CpG site that was subjected to methylation analysis were obtained and recorded in a certain
structure, for example but not limited to, 2-D matrix as shown in FIG. 11. A number of 2-D

matrices containing the reference kinetic patterns derived molecules with known methylation

43

Pg.1139



10

15

20

25

states were used to train the statistical model(s). A stretch of DNA surrounding a base under
interrogation could be X-nt upstream and Y-nt downstream of that base, namely the
“measurement window.” X could include, but is not limited to, 0, 1, 2, 3,4, 5,6, 7, 8,9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37,
38,39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 100, 150, 200, 300, 400, 500, 1000, 2000, 4000,
5000, and 10000; Y could include, but is not limited to, 0, 1,2, 3,4, 5,6, 7,8,9, 10, 11, 12, 13,
14,15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39,
40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 100, 150, 200, 300, 400, 500, 1000, 2000, 4000, 5000,
and 10000. In one embodiment, IPDs, PWs, and sequence context corresponding to 3-nt
upstream and downstream of a base from the Watson strand could be used for constructing the 2-

D matrix that was used to train the statistical model(s) to classify base modifications.

[0226] FIG. 12 shows a general procedure of classifying methylation states of an unknown
sample. A sample with unknown methylation states was subject to single molecule, real-time

sequencing. The sequencing subreads were aligned to a reference genome.

[0227] For a cytosine of a CG site in the alignment result, one would obtain IPDs, PWs, and
sequence context from the Watson strand using a comparable measurement window which was
applied in the training step (FIG. 11), associated with that base whose modification was under
interrogation. Those IPDs, PWs, and sequence context can be transformed into a 2-D matrix.
Such 2-D matrix of a testing sample would be compared with the reference kinetic patterns

illustrated in FIG. 11 to determine methylation states. X11

[0228] FIG. 13 and FIG. 14 show that kinetic features from the Crick strand could be used for
training and testing procedures as elaborated above, similar to procedures with the Watson
strand. The statistical model(s) could be the same or different models. When different models,
they could be used to obtain independent classifications, which can be compared, e.g., if they are
in agreement then a modification status is identified. If they are not in agreement, then an
unclaossified status could be identified. When they are the same model, the data can be

combined into a single data structure, e.g., the matrix in FIG. 6.
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[0229] FIG. 15 and FIG. 16 show that kinetic features from both the Watson and Crick
strands could be used for training and testing procedures as elaborated above. DNA samples
known to be unmethylated and methylated at CpG sites were subjected to single molecule, real-
time sequencing. The sequencing subreads were aligned to a reference genome, although
alignment of the subreads to each other is possible, as can be done for other methods described

herein.

[0230] For a subread in the alignment result, IPDs, PWs, and sequence context surrounding a
cytosine of a CpG site which was subject to methylation analysis were obtained. Because DNA
molecules were circularized through the use of two hairpin adaptors (e.g., following a SMRTBell
template preparation protocol), the circular molecules could be sequenced more than once,
thereby generating multiple subreads of a molecule. The subreads can be used for generating
circular consensus sequencing (CCS) reads. In general for all methods described herein, one

ZMW could generate multiple subreads but only correspond to one CCS read.

[0231] In some embodiments, the fully unmethylated dataset could be created by PCR on
human DNA fragments. For example, the fully methylated dataset could be produced through
human DNA fragments treated by CpG methyltransferase M.Sssl, in which all CpG sites were
assumed to be methylated. In other examples, another CpG methyltransferase could be used,
such as M. Mpel. In other embodiments, synthetic sequences with known methylation states or
pre-existing DNA samples with different methylation levels, or hybrid methylated states creating
by restriction enzyme cutting of methylated and unmethylated DNA molecules followed by
ligation (which would create a proportion of chimeric methylated/unmethylated DNA molecules)

could be used for training the methylation prediction models or classifiers.

[0232] The transformation of kinetic patterns, including sequence context, IPD and pulse
width (PW), can be a 2-D matrix comprising features from Watson and Crick strands for
analyzing methylation sates at CG sites, as illustrated in FIG. 15. This approach allowed us to
accurately capture the subtle kinetic changes caused by methylated cytosines as well as its
nearby sequence context. As with any of the various methods described herein, for each CpG

present in a subread, the measurement window of (e.g., 3-bases upstream and downstream of a
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cytosine of a CpG site) can be used for subsequent analyses, thus leading to a total of 7
nucleotides (including cytosine of a CpG site) being analyzed together. The IPD and PW for
each base among those 7 nucleotides can be calculated. To capture the sequence context
attributing to kinetic changes, the IPD and PW signals can be compiled into a particular base
call, relative sequencing positions, and the strand information as shown in FIG. 15. Such a data

structure 1s named 2-D digital matrix of kinetics for simplicity.

[0233] Such a 2-D digital matrix is analogous to a “2-D digital image”. For instance, the first
row of the 2-D digital matrix contained the relative positions surrounding a cytosine of a CpG
locus that was subjected to methylation analysis, with 3-nt upstream and downstream of that
cytosine site. The position of 0 represented the cytosine site whose methylation was to be
determined. The relative positions of -1 and -2 indicated the 1-nt and 2-nt upstream of the
cytosine that was in question. The relative positions of +1 and +2 indicated the 1-nt and 2-nt
downstream of the cytosine that would be used. Each position would correspond to 2 columns
which contained the corresponding IPD and PW values. Each row corresponded to the 4 types of
nucleotides (A, C, G, and T) in the Watson and Crick strands. The filling of IPD and PW values
in the matrix depended on which corresponding nucleotide type was preset in the sequenced

result (i.e. subread) at a particular position.

[0234] As shown in FIG. 15, at the relative position of 0, the IPD and PW values were shown
in the row of ‘C’ in the Watson strand, suggesting that cytosine was called at that position. The
other grids in a column that did not correspond to a sequenced base would be coded as ‘0’. As an
example, the sequence information corresponded the 2-D digital matrix (FIG. 15) would be 5°-
ATACGTT-3’ and 5’-TAACGTA-3’ for the Watson and Crick strands, respectively. In this
context, upstream and downstream sequences flanking a cytosine of a CpG site in the Watson
and Crick strands would be different. Since the methylation at CpG sites would be symmetrical
between the Watson and Crick strands (Lister ef al., 2009), the kinetics in both strands were used
for training the methylation prediction model in one preferred embodiment. In another
embodiment, the Watson and Crick strands might be used for training the methylation prediction

model separately.
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[0235] Considering the high data throughput of single molecule, real-time sequencing, in one
embodiment, a deep learning algorithm (e.g. convolutional neural networks (CNN)) (LeCun ef
al., 1989) may be suited for distinguishing the methylated CpGs from unmethylated CpGs. Other
algorithms could also be used in addition or instead, for example, but not limited to, linear
regression, logistic regression, deep recurrent neural network (e.g., long short-term memory,
LSTM), Bayes classifier, hidden Markov model (HMM)), linear discriminant analysis (LDA), k-
means clustering, density-based spatial clustering of applications with noise (DBSCAN), random
forest algorithm, and support vector machine (SVM), etc. The training can used the Watson and

Crick strands separately or in a combined new matrix, as described in FIGS. 6-8.

[0236] Another transformation of kinetic patterns could be a N-dimensional matrix. N could,
for example, be 1, 3, 4, 5, 6, and 7. For example, the 3-D matrix would be a stack of 2-D
matrices stratified according to the number of tandem CG sites for a DNA stretch being
analyzed, in which the 3™ dimension would be the number of tandem CG sites in that DNA
stretch. The pulse strength or pulse magnitude (e.g. measured by the peak height of a pulse, or by
the area under the pulse signal) might be also incorporated into a matrix in some embodiments.
The pulse strength (a metric for the amplitude of the pulse peak, FIG. 3) could be either added to
an extra column adjacent to columns in association with PW and IPD values on top of the

original 2-D matrix, or added to a 3™ dimension to form a 3-D matrix.

[0237] As further exampples, a 2D matrix of 8(row)x21(column) can be transformed into a 1-
D matrix (i.e. vector) comprising 168 elements. And we can scan this 1-D matrix, e.g., to
perform CNN or other modeling. As another example, methods can split an 8x21 2-D matrix to
multiple smaller matrices, e.g., two 4x21 2-D matrices. Putting these two smaller matrices
together in a vertical direction provides a 3-D matrix (i.e. x=21, y=4, z=2). Methods can scan the
Ist 2-D matrix and then the 2nd 2-D matrix, to form the data presentation for machine learning.
The data can be split further to form a higher dimensional matrix. Additinally, secondary
structure information can be added to the data structure, e.g., an extra matrix (1-D matrix) on top
of 2-D matrix. Such an extra matrix can code whether each base within the measurement window
is involved in a secondary structure (e.g. stem-loop structure), for example, the base involving

the “stem” is coded as 0 and base involving the “loop” is coded as 1.
47

Pg.1143



10

15

20

25

[0238] In one embodiment, the methylation status of a CpG site within a single DNA molecule
can be expressed as a probability of being methylated based on a statistical model, rather than
giving a qualitative result of “methylated” or “unmethylated.” A probability of 1 indicates that,
based on the statistical model, a CpG site may be deemed as methylated. A probability of 0
indicates that, based on the statistical model, a CpG site may be deemed as unmethylated. In
subsequent downstream analysis, a cutoff value can be used to classify if a particular CpG site is
classified as “methylated” or “unmethylated” based on the probability. The possible values of the
cutoff include 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%,
75%, 80%, 85%, 90%, or 95%. The predicted probability of being methylated for a CpG site
greater than a predefined cutoff may be classified as “methylated,” while the probability of being
methylated for a CpG site not greater than a predefined cutoff may be classified as
“unmethylated.” A desired cutoff would be obtained from training dataset using, for example,

receiver operating characteristics (ROC) curve analysis.

[0239] FIG. 16 shows a general procedure of classifying methylation states of an unknown
sample from the Watson and Crick strands. sample with unknown methylation states was
subjected to single molecule, real-time sequencing. The sequencing subreads can be aligned to a
reference genome or to each other, as with other methods, to determine consensus values (e.g.,
average, median, mode, or other statistical value) for a given position. As shown, the measured

values for the two strands can be combined into a single 2D matrix.

[0240] For a cytosine of a CG site in the alignment result, one would obtain IPDs, PWs, and
sequence context from the Watson strand using a comparable measurement window (3-nt
upstream and downstream of a cytosine of a CpG site) as applied in the training step (FIG. 16),
associated with that base whose modification was under interrogation, although different sized
windows can be used. Such a 2-D matrix of a testing sample can be compared with the reference

kinetic patterns illustrated in FIG. 16 to determine the methylation states.

Im1. EXAMPLE MODEL TRAINING FOR DETECTION OF METHYLATION

[0241] To test the feasibility and validity of proposed approaches, we prepared a placenta

DNA library with M.Sssl treatment (methylated library) and PCR amplification (unmethylated
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library) prior to single molecule, real-time sequencing. We obtained 44,799,736 and 43,580,452
subreads for methylated and unmethylated libraries, respectively, corresponding to 421,614 and
446,285 circular consensus sequences (CCSs). As a result, each molecule was sequenced with a
median of 34 and 32 times in methylated and unmethylated libraries. The data set was generated
from DNA prepared by the Pacific Biosciences Sequel Sequencing Kit 3.0. This kit was
developed to be used for use of the original Pacific Biosciences Sequel sequencer. To
differentiate the Sequel from its successor, the Sequel II, we herein refer to the original Sequel as
Sequel 1. Hence, the Sequel Sequencing Kit 3.0 would be referred herein as the Sequel I
Sequencing Kit 3.0. Sequencing kits designed for the Sequel II sequencer include the Sequel 11
Sequencing Kit 1.0 and Sequel II Sequencing Kit 2.0 that are also described in this disclosure.

[0242] We used 50% of the sequenced molecules generated from methylated and
unmethylated libraries to train a statistical model (and used the remaining 50% for validation),
which in this case is a convolutional neural network (CNN) model. As an example, the CNN
model can have one or more convolutional layers (e.g., 1D or 2D layers). A convolutional layer
can use one or more different filters, with each filter using a kernel that operates on matrix values
local (e.g., in neighboring or surrounding) to a particular matrix element, thereby providing a
new value to the particular matrix element. One implementation used two 1D-convolution layers
(each with 100 filters with a kernel size of 4). The filters can be applied separately and then

combined (e.g., in a weighted average). A resulting matrix can be smaller than the input matrix.

[0243] The convolutional layers can be followed by a ReLLU (rectified linear unit) layer, which
can be followed by a dropout layer with a dropout rate of 0.5. The ReLU is an example of an
activiation function that can operate on the individual values resulting in the new matrix (image)
from the convolutional layer(s). Other activation functions (e.g., sigmoid, softmax, etc.) can also
be used. One or more of such layers can be used. The dopout layer can be used on the ReLU
layer or on a maximum pooling layer and act as a regularization to prevent overfitting. The
dropout layer can be used during the training process to ignore different (e.g., random) values
during different iterations of an optimization process (e.g., to reduce a cost/loss function) that is

performed as part of training.
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[0244] A maximum pooling layer (e.g., a pool size of 2) may be used after the ReLU layer.
The the maximum pooling layer can act similar to the convolution layer but instead of taking a
dot product between the input and the kernel, the maximum of the region from the input
overlapped by the kernel can be taken. Further convolutional layer(s) can be used. For example,
the data from a pooling layer can be input to another two 1D-convolution layers (e.g., each with
128 filters with a kernel size of 2 followed by a ReLU layer), further using a dropout layer with a
dropout rate of 0.5. A maximum pooling layer with a pool size of 2 was used. Finally, a fully
connected layer (e.g., with 10 neurons followed by a ReLU layer) can be used. An output layer
with one neuron can be followed by a sigmoid layer, thereby yielding the probability of
methylation. Various settings of layers, filters, and kernel sizes can be adapted. In this training

dataset, we used 468,596 and 432,761 CpG sites from methylated and unmethylated libraries.

A. Results of training and testing datasets

[0245] FIG. 17A shows the probability of being methylated for each CpG site in each single
DNA molecule in the training dataset. The probability of methylation was much higher in the
methylated library than the unmethylated library. For a cutoff of 0.5 for the probability of being
methylated, 94.7% of unmethylated CpG sites were correctly predicted to be unmethylated, and
84.7% of methylated CpG were correctly predicted to be methylated.

[0246] FIG. 17B shows the performance of the testing dataset. We used a model trained by the
training dataset to predict the methylation states of 469,729 and 432,024 CpG sites in an
independent testing dataset from methylated and unmethylated libraries. For a cutoff of 0.5 for
probability of being methylated, 94.0% of unmethylated CpG sites were correctly predicted to be
unmethylated, and 84.1% of methylated CpG were correctly predicted to be methylated. These
results suggested that the use of a novel transformation of kinetics coupled with sequence context

could enable the determination of methylation states in DNA (e.g. from human subjects).

[0247] We evaluated the power of each feature (sequence context, IPD, and PW) in predicting
the methylation state of CpG by including a subset of the features in the model. In the training
dataset, models with (1) sequence context only, (ii) IPD only, and (iii) PW only gave area-under-

the-curve (AUC) values of 0.5, 0.74 and 0.86, respectively. While combining IPD and sequence
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context improved the performance with an AUC of 0.86. The combined analysis of sequence
context (“Seq”), IPD, and PW substantially improved the performance with an AUC of 0.94
(FIG. 18A). The performance of an independent testing dataset was comparable to the training

dataset (FIG. 18B).

[0248] We defined the subread depth of a CpG site as the average number of subreads
covering it and its surrounding 10 bp. As shown in FIG. 19A and FIG. 19B, the higher the
subread depth of a CpG site, the higher the accuracy of detection of methylation we would
achieve. For example, as shown in the testing dataset (FIG. 19B), if the depth of each CpG site
was at least 10, the AUC of predicting methylation states would be 0.93. However, if the subread
depth of each CpG site is at least 300, the AUC of predicting methylation states would be 0.98.
On the other hand, even for the depth of 1, we could achieve an AUC of 0.9, suggesting that our

approach could achieve methylation prediction with the use of low sequencing depth.

[0249] To test the effect of strand information on the performance of methylation analysis, the
sequence context, IPD and PW originating from the Watson and Crick strands were used to train
according to the embodiments present in this disclosure, respectively. FIG. 20A and FIG. 20B
showed that it is feasible to use a single strand, namely either the Watson or Crick strand, for
training and testing as the AUC could be achieved up to 0.91 and 0.87 in training and testing
datasets. The use of both strands (e.g., as described in FIGS. 6-8) including the Watson and
Crick strands would give rise to the best performance (AUC: 0.94 and 0.90 in training and
testing datasets, respectively), suggesting the strand information would be important to achieve

the optimal performance.

[0250] We further tested the different number of nucleotides upstream and downstream of a
CpG site, to study how this parameter affected the performance of according to the embodiments
present in this disclosure developed in this disclosure. FIG. 21A and FIG. 21B show that the
number of nucleotides upstream and downstream of a cytosine in the context of CpG would
affect the accuracy of methylation prediction. For example, as an illustration purpose,
considering but not limited to 2 nucleotides (nt), 3 nt, 4 nt, 6 nt, 8 nt, 10 nt, 15 nt, and 20 nt

upstream and downstream of a cytosine being analyzed, the AUC of a method using 2 nt
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upstream and downstream of cytosine being interrogated would be only 0.50 in both training and
testing datasets, whereas the AUC of a method using 15 nt upstream and downstream of a
cytosine being interrogated would increase to 0.95 and 0.92 in the training and testing datasets.
These results suggested that varying the length of upstream and downstream regions flanking
cytosines being analyzed would allow to figure out the optimal performance. In one
embodiment, as shown in FIG. 21B, one would use 3 nt upstream and downstream of a cytosine

to determine the methylation states, which could achieve an AUC of 0.89.

[0251] In one embodiment, one could use asymmetrical sequences flanking a cytosine being
interrogated to perform the analysis according to the embodiments present in this disclosure. For
example, 2 nt upstream combined with 1 nt, 3 nt, 4 nt, 5 nt, 6 nt, 7 nt, 8 nt, 9 nt, 10 nt, 11 nt, 12
nt, 13 nt, 14 nt, 15 nt, 16 nt, 17 nt, 18 nt, 19 nt, 20 nt, 25 nt, 30 nt, 35 nt, and 40 nt downstream
of a cytosine could be used; 3 nt upstream combined with 1 nt, 2 nt, 4 nt, 5 nt, 6 nt, 7 nt, 8 nt, 9
nt, 10 nt, 11 nt, 12 nt, 13 nt, 14 nt, 15 nt, 16 nt, 17 nt, 18 nt, 19 nt, 20 nt, 25 nt, 30 nt, 35 nt, and
40 nt downstream of a cytosine could be used; 4 nt upstream combined with 1 nt, 2 nt, 3 nt, 5 nt,
6nt, 7nt, 8nt, 9nt, 10nt, 11 nt, 12 nt, 13 nt, 14 nt, 15 nt, 16 nt, 17 nt, 18 nt, 19 nt, 20 nt, 25 nt,
30 nt, 35 nt, and 40 nt downstream of a cytosine could be used. As another example, 2 nt
downstream combined with 1 nt, 3 nt, 4 nt, 5 nt, 6 nt, 7 nt, 8 nt, 9 nt, 10 nt, 11 nt, 12 nt, 13 nt, 14
nt, 15 nt, 16 nt, 17 nt, 18 nt, 19 nt, 20 nt, 25 nt, 30 nt, 35 nt, and 40 nt upstream of a cytosine
could be used; 3 nt downstream combined with 1 nt, 2 nt, 4 nt, 5 nt, 6 nt, 7 nt, 8 nt, 9 nt, 10 nt, 11
nt, 12 nt, 13 nt, 14 nt, 15 nt, 16 nt, 17 nt, 18 nt, 19 nt, 20 nt, 25 nt, 30 nt, 35 nt, and 40 nt
upstream of a cytosine could be used; 4 nt downstream combined with 1 nt, 2 nt, 3 nt, 5 nt, 6 nt,
7nt,8nt,9nt, 10nt, 11 nt, 12nt, 13 nt, 14 nt, 15 nt, 16 nt, 17 nt, 18 nt, 19 nt, 20 nt, 25 nt, 30 nt,
35 nt, and 40 nt upstream of a cytosine could be used. By taking advantage of IPDs, PWs, strand
information, and sequence context in association with n-nt upstream and m-nt downstream of a
cytosine could provide an improved accuracy in determining the methylation states in certain
embodiments. Such varying measurement windows could be applied to other types of base
modification analysis, such ShmC, 6mA, 4mC, and oxoG, or any modification disclosed herein.

Such varying measurement windows could include DNA secondary structure analysis, such as
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G-quadruplex and stem-loop structure. Such an example is explained above. Such secondary

structure information could also be added as another column in a matrix.

[0252] FIG. 22A and FIG. 22B show that it is feasible to determine the methylation states
using kinetic patterns associated with only downstream bases of at least 3 bases. According to
the embodiments present in this disclosure, with the use of features associated with cytosine and
its downstream 3, 4, 6, 8, and 10 bases, the AUCs of the determination of methylation states in
training dataset were 0.91, 0.92, 0.94, 0.94, and 0.94, respectively, in the training dataset; the
AUCs were 0.87, 0.88, 0.90, 0.90, and 0.90, respectively, in the testing dataset.

[0253] FIG. 23A and FIG. 23B show, however, if one only uses the features associated with
the upstream bases, the classification power appears to diminish in one’s ability in distinguishing
the methylation states. The AUCs in the training dataset and the testing dataset were all 0.50 for

2 to 10 upstream bases.

[0254] FIG. 24 and FIG. 25 show that different combinations of upstream and downstream
bases would allow one to achieve an optimal classification power in determining methylation
states. For example, the features associated with 8-base upstream and 8-base downstream of a
cytosine would achieve a best performance in this dataset, with an AUC of 0.94 and 0.91 in the

training and testing datasets, respectively.

[0255] FIG. 26 shows the relative importance of features in regard to classification of
methylation states at CpG sites. “W’ and ‘C’ in the brackets indicate the strand information, ‘W’
for the Watson strand and ‘C’ for the Crick strand. The importance of each feature, including
sequence context, IPD and PW, was determined using random forest. The random forest tree
analysis showed that the feature importance of IPDs and PWs peaked in the downstream of a
cytosine that was under interrogation, revealing that the major contributions to classification

power were the IPDs and PWs downstream to a cytosine that was under interrogation.

[0256] The random forest was composed of multiple decision trees. During the construction of
the decision tree, Gini impurity was used to determine which decision logic for decision nodes

should be taken. Important features that have more influence on the final classification outcome
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were likely in nodes closer to the root of the decision tree, while unimportant features that have
less influence on the final classification outcome are likely in nodes further away from the root.
So, the feature importance could be estimated by computing the average distance relative to the

roots of all decision trees in the random forest.

[0257] In some embodiments, the consensus of methylation calls at CpG sites between the
Watson and Crick strands could be further used for improving the specificity. For example, it
could be required that both strands showing methylated would be called as a methylated state,
and both strands showing unmethylated would be called as unmethylated state. Since the
methylation at CpG sites was known to be typically symmetrical, the confirmation from each

strand can improve the specificity.

[0258] In various embodiments, the overall kinetic features from a whole molecule might be
used for the determination of methylation states. For example, the methylation in a whole
molecule would affect kinetics of the whole molecule during single molecule, real-time
sequencing. By modelling sequencing kinetics of the entire template DNA molecule including
IPDs, PWs, fragment sizes, strand information, and sequence context, it may improve the
accuracy of the classification as to whether a molecule is methylated or not. As an example, the

measurement windows may be the entire template molecule. Statistical values (e.g., mean,

median, mode, percentile, etc) of IPD, PW, or other kinetic features may be used for determining

methylation of a whole molecule.

B. Limitations of other analysis techniques

[0259] It was reported that the detection of methylation based on IPD for a particular C in a
particular sequence motif was very low, for example, a sensitivity of only 1.9% (Clark ez al.,
2013). We also attempted to reproduce such analysis by combining different sequence motifs
with IPDs without using the PW metric, and just using a cutoff for the IPD and not the data
structures as descrined herein. For example, 3-nt upstream and downstream flanking a CpG
being interrogated were extracted. [PDs of that CpG were stratified into different groups (4096

groups for the 6 positions) depending on the context of 6-nt flanking sequences (i.e. upstream

and downstream 3 nt, respectively) that was centered on that CpG. The IPDs between methylated
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and unmethylated CpGs within the same sequence motif were studied using ROC. For example,
IPDs of CpG in the unmethylated “AATCGGAC” motif and methylated “AAT"CGGAC” motif
were compared, showing an AUC of 0.48. Thus, the use of cutoffs in a particular sequence group

performed poorly relatively to embodiment that use various

[0260] FIG . 27 shows the performance of the above motif-based IPD analysis (Beckmann et
al. BMC Bioinformatics. 2014) for methylation detection without using the pulse width signal.
The vertical bar plots represent the averaged AUCs across different k-mer motifs flanking CpG
sites being studied (i.e. the number of bases surrounding CpG sites being interrogated). FIG. 27
showed that the averaged AUCs for IPD based discriminative powers between methylated and
unmethylated cytosines across different k-mer motifs (e.g. 2-mer, 3-mer, 4-mer, 6-mer, 8-mer,
10-mer, 15-mer, 20-mer surrounding CpG sites in question) was found to be less than 60%.
These results suggested that the consideration of the IPD of the candidate nucleotide in a given
motif context without taking into account the IPDs of the neighboring nucleotides (Flusberg et
al., 2010) would be inferior to the methods disclosed herein for the determination of CpG

methylation.

[0261] We also tested the method present in Flusberg ez al. study (Flusberg ez al., 2010). We
analyzed a total of 5,948,348 DNA segments which were 2-nt upstream and 6-nt downstream of
a cytosine that was subjected to methylation analysis. There were 2,828 848 segments that were
methylated and 3,119,500 segments that were unmethylated. As shown in FIG. 28, the signals
deduced from the principal component analysis with the use of IPDs and PWs were found to be
largely overlapping between fragments with methylated cytosines (mC) and unmethylated
cytosines (C), suggesting that the method as described by Flusberg et a/ lacks practically
meaningful accuracy. These results suggested that the principal component analysis, which
linearly combined PW and IPD values at the bases and neighboring bases, as used in Flusberg et
al’s study (Flusberg et al., 2010) could not reliably or meaningfully differentiate 5-

methylcytosine and unmethylated cytosines.

[0262] FIG. 29 shows that the AUC of the method based on the principal component analysis

for which two principal components were used in Flusberg ef al’s study (Flusberg et al., 2010)
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involving IPDs and PWs were much less accurate (AUC: 0.55) than the approach based on a
convolutional neural network involving IPD and PW as well as sequence context as shown in our

disclosure (AUC: 0.94).

C. Other mathematical/statistical models

[0263] In another embodiment, other mathematical/statistical models, for example including
but not limited to a random forest and logistic regression, could be trained by adapting features
developed above. As for the CNN model, the training and testing datasets were constructed from
the DNA with M.Sssl treatment (methylated) and PCR amplification (unmethylated), which
were used to train a random forest (Breiman, 2001). In this random forest analysis, we described
each nucleotide with 6 features: IPD, PW, and a 4-component binary vector encoding the base
identity. In such a binary vector, A, C, G, and T was coded with [1,0,0,0], [0,1,0,0], [0,0,1,0] and
[0,0,0,1], respectively. For each CpG site being analyzed, we incorporated the information of its
10 nt upstream and downstream in both strands, forming a 252-dimension (252-D) vector, with
each feature representing one dimension. The training dataset described above with the 252-D
vectors was used to train a random forest model, as well as the logistic regression model. The
trained model was used to predict the methylation states in an independent testing dataset. The
random forest was comprised of 100 decision trees. During tree construction, bootstrap samples
were used. While splitting the node of each decision tree, Gini impurity was employed to
determine the best split, and a maximum of 15 features would be considered in each split. Also,

each leaf of the decision tree was required to contain at least 60 samples.

[0264] FIG. 30A and FIG. 30B show performance of a method using a random forest and
logistic regression for methylation prediction. FIG. 30A shows AUC values in training dataset
for CNN, random forest, and logistic regression. FIG. 30B shows AUC values in testing dataset
for CNN, random forest and logistic regression. The AUC of a method using random forest

achieved 0.93 and 0.86 in the training and testing dataset, respectively.

[0265] The training dataset described with the same 252-D vectors was used to train a logistic
regression model. The trained model was used to predict the methylation states in an independent

testing dataset. A logistic regression model with L2 regularization (Ng and Y., 2004) was fitted
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with the training dataset. As shown in FIG. 30A and FIG. 30B, the AUC of a method using

logistic regression would achieve 0.87 and 0.83 in the training and testing dataset, respectively.

[0266] Therefore, these results suggested that certain models (for example, but not limited to
the random forest and logistic regression) other than CNN could be used for methylation analysis
using the features and analytical protocols we developed in this disclosure. These results also
suggested that CNN implemented according to the embodiments in this disclosure with an AUC
of 0.90 in the testing dataset (FIG. 30B) was superior to both the random forest (AUC: 0.86) and
the logistic regression (AUC: 0.83).

D. Determination of 6mA modifications of nucleic acids

[0267] In addition to methylated CpG, the methods described herein can also detect other
DNA base modifications. For example, methylated adenine, including in the form of 6mA, can

be detected.

1. 6mA detection using kinetic features and sequencing context

[0268] To evaluate the performance and utility of the embodiments disclosed for the
determination of base modifications of nucleic acids, we further analyzed N6-adenine
methylation (6mA). In one embodiment, approximately 1 ng of human DNA (e.g. extracted from
placental tissues) was amplified to obtain 100 ng DNA product through whole genome
amplification with unmethylated adenine (uA), unmethylated cytosine (C), unmethylated

guanine (G), and unmethylated thymine (T).

[0269] FIG. 31A shows an example of one approach for generating molecules with
unmethylated adenines by whole genome amplification. In the figure, “uA” denotes an
unmethylated adenine and “mA” denotes a methylated adenine. Whole genome amplification
was performed using exonuclease-resistant thiophosphate-modified random hexamers as
primers, which bind randomly over a genome, allowing the polymerase (e.g. Phi29 DNA
polymerase) to amplify the DNA (e.g., by isothermal linear amplification). At stage 3102, a
double-stranded DNA is denatured. At stage 3106, the amplification reaction is initiated when a

number of random hexamers (e.g., 3110) were annealed to the denatured template DNA (i.e.
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single-stranded DNA). As shown in 3114, when the hexamer-mediated DNA synthesis of strand
3118 proceeded in the 5 to 3° direction and arrived at the next hexamer-mediated DNA
synthesis site, the polymerase displaced the newly-synthesized DNA strand (3122) and continued
the strand extension. The displaced strands became single-stranded DNA templates for binding
of random hexamers again and might initiate new DNA synthesis. Repeated hexamer annealing
and strand displacement in an isothermal process would result in a high yield of amplified DNA
products. This amplification described here may fall under the technique of multiple

displacement amplification (MDA).

[0270] The amplified DNA products were further fragmented into, for example, but not limited
to, fragments with sizes of 100 bp, 200 bp, 300 bp, 400 bp, 500 bp, 600 bp, 700 bp, 800 bp, 900
bp, 1 kb, 5 kb, 10 kb, 20 kb, 30 kb, 40 kb, 50 kb, 60 kb, 70 kb, 80 kb, 90 kb, 100 kb, or other
desired size ranges. The fragmentation process may include enzymatic digestion, nebulization,
hydrodynamic shearing, and sonication, etc. As a result, the original base modifications such as
6mA may be nearly eliminated by whole genome amplification with unmethylated A (uA). FIG.
31A shows possible fragments (3126, 3130, and 3134) of the DNA products, with both strands
having unmethylated A. Such whole-genome amplified DNA products without mA were

subjected to single-molecule, real-time sequencing to generate uA dataset.

[0271] FIG. 31B shows an example of one approach for generating molecules with methylated
adenines by whole genome amplification. In the figure, “uA” denotes an unmethylated adenine
and “mA” denotes a methylated adenine. Approximately 1 ng human DNA was amplified to
obtain 10 ng DNA product through whole genome amplification with 6mA and unmethylated C,
G, and T. The methylated adenines can be produced through a series of chemical reactions (J D
Engel et al. J Biol Chem. 1978;253:927-34). As illustrated in FIG. 31B, the whole genome
amplification was performed using exonuclease-resistant thiophosphate-modified random
hexamers as primers which bind randomly over a genome, allowing the polymerase (e.g. Phi29
DNA polymerase) to amplify the DNA (e.g. by isothermal linear amplification), similar to FIG.
31A. Exonuclease-resistant thiophosphate-modified random hexamers are resistant to the 3'—5'
exonuclease activity of proofreading DNA polymerases. Thus, during amplification, the random

hexamers will be protected from degradation.
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[0272] The amplification reaction initiated when a number of random hexamers were annealed
to the denatured template DNA (i.e. single-stranded DNA). When the hexamer-mediated DNA
synthesis proceeded in the 5’ to 3’ direction and arrived at the next hexamer-mediated DNA
synthesis site, the polymerase displaced the newly-synthesized DNA strand and continue the
strand extension. The displaced strands became single-stranded DNA templates for binding of
random hexamers again and initiating new DNA synthesis. Repeated hexamer annealing and
strand displacement in an isothermal process would result in a high yield of amplified DNA

products.

[0273] The amplified DNA products were further fragmented into, for example, but not limited
to, fragments with sizes of 100 bp, 200 bp, 300 bp, 400 bp, 500 bp, 600 bp, 700 bp, 800 bp, 900
bp, 1 kb, 5 kb, 10 kb, 20 kb, 30 kb, 40 kb, 50 kb, 60 kb, 70 kb, 80 kb, 90 kb, 100 kb, or other
combinations in length. As shown in FIG. 31B, the amplified DNA products would include
different forms of methylation patterns across adenine sites in each strand. For example, both
strands of a double-stranded molecule may be methylated with respect to adenines (Molecule I),
which would be generated when two strands are derived from DNA synthesis during whole

genome amplification.

[0274] As another example, one strand of a double-stranded molecule may contain interlacing
methylation patterns across adenine sites (Molecule II). An interlacing methylation pattern is
defined as one that includes a mixture of methylated and unmethylated bases present in a DNA
strand. In the following examples, we use an interlacing adenine methylation pattern that
includes a mixture of methylated and unmethylated adenines present in a DNA strand. This type
of double-stranded molecule (Molecule IT) would possibly be generated because an
unmethylated hexamer containing unmethylated adenines was bound to a DNA strand and
initiated DNA extension. Such an amplified DNA product containing the hexamer with
unmethylated adenines would be sequenced. Alternatively, this type of double-stranded molecule
(Molecule IT) would be initiated by fragmented DNA from original template DNA containing
unmethylated adenines, since such fragmented DNA could be bound to a DNA strand as a

primer. Such an amplified DNA product containing part of the original DNA with unmethylated
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adenines in a strand would be sequenced. As the unmethylated hexamer primers are only a small

portion of the resulting DNA strands, the majority of fragments will still contain 6mA.

[0275] As another example, one strand of a double-stranded DNA molecule may be
methylated across adenine sites but the other stand may be unmethylated (Molecule III). This
type of double-stranded molecule may be generated when an original DNA strand without
methylated adenines is provided as a template DNA molecule for producing a new strand with

methylated adenines.

[0276] Both strands may be unmethylated (Molecule IV). This type of double-stranded
molecule may be due to the reannealing of two original DNA strands without methylated

adenines.

[0277] The fragmentation process may include enzymatic digestion, nebulization,
hydrodynamic shearing, and sonication, etc. Such whole-genome amplified DNA products may
be predominantly methylated in terms of A sites. This DNA with mA was subjected to single-

molecule, real-time sequencing to generate mA dataset.

[0278] For the uA dataset, we sequenced 262,608 molecules with a median of 964 bp in length
using single-molecule, real-time sequencing. The median subread depth was 103 x. Of the
subreads, 48% could be aligned to a human reference genome using the BWA aligner (L1 H ef al.
Bioinformatics. 2009;25:1754-60). As an example, one could employ the Sequel II System
(Pacific Biosciences) to carry out single-molecule, real-time sequencing. The fragmented DNA
molecules were subjected to single-molecule real-time (SMRT) sequencing template
construction using a SMRTbell Express Template Prep Kit 2.0 (Pacific Biosciences). Sequencing
primer annealing and polymerase binding conditions were calculated with the SMRT Link v8.0
software (Pacific Biosciences). Briefly, sequencing primer v2 was annealed to the sequencing
template, and then a polymerase was bound to templates using a Sequel II Binding and Internal
Control Kit 2.0 (Pacific Biosciences). Sequencing was performed on a Sequel II SMRT Cell 8M.
Sequencing movies were collected on the Sequel II system for 30 hours with a Sequel 11

Sequencing Kit 2.0 (Pacific Biosciences).
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[0279] For the mA dataset, we sequenced 804,469 molecules with a median of 826 bp in
length using single-molecule, real-time sequencing. The median subread depth was 34 x. Of the
subreads, 27% could be aligned to a human reference genome using the BWA aligner (L1 H ef al.

Bioinformatics. 2009;25:1754-60).

[0280] In one embodiment, the kinetic characteristics including but not limited to IPD and PW
were analyzed in a strand-specific manner. For the sequencing results derived from the Watson
strand, 644,318 A sites without methylation randomly selected from the uA dataset and 718,586
A sites with methylation randomly selected from the mA dataset were used to constitute a
training dataset. Such a training dataset was used to establish the classification models and/or
thresholds for differentiating between methylated and unmethylated adenines. A testing data set
was constituted from 639,702 A sites without methylation and 723,320 A sites with methylation.
Such a testing dataset was used to validate the performance for a model/threshold deduced from

a training dataset.

[0281] We analyzed sequencing results originating from the Watson strands. FIG. 32A shows
interpulse duration (IPD) values across the training dataset of the uA and mA datasets. For the
training dataset, IPD values across sequenced A sites were observed to be higher in the mA
dataset (median: 1.09; range: 0 — 9.52) than the uA dataset (median: 0.20; range: 0 — 9.52) (P
value < 0.0001; Mann Whitney U test).

[0282] FIG. 32B shows IPD for the testing dataset of the uA and mA datasets. When we
studied the IPD values across sequenced A sites in the testing dataset, we observed that IPD

values were higher in the mA dataset than the uA dataset (median 1.10 versus 0.19; P value <

0.0001; Mann Whitney U test).

[0283] FIG. 32C shows the area under the receiver operating characteristic (ROC) curve using
the IPD cutoff. The true positive rate is on the y-axis, and the false positive rate is on the x-axis.
The area under the receiver operating characteristic curve (AUC) in differentiating sequenced A
bases in template DNA molecules with and without methylation using corresponding IPD values

was 0.86 for both training and testing datasets.
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[0284] In addition to results from the Watson strand, we analyzed sequencing results
originating from the Crick strands. FIG. 33A shows IPD values across the training dataset of uA
and mA datasets. For the training dataset, IPD values across sequenced A sites were observed to
be higher in the mA dataset (median: 1.10 range: 0 - 9.52) than in the uA dataset (median: 0.19;
range: 0 — 9.52) (P value <0.0001; Mann Whitney U test).

[0285] FIG. 34B shows IPD values for the testing dataset of uA and mA datasets. The higher
IPD values across sequenced A sites were also observed in the mA dataset for the testing dataset,
compared with the uA dataset (median 1.10 versus 0.19; P value < 0.0001; Mann Whitney U
test).

[0286] FIG. 33C shows the area under ROC curve. The true positive rate is on the y-axis, and
the false positive rate is on the x-axis. The area under the ROC curve (AUC) value in
differentiating sequenced A bases in template DNA molecules with and without methylation
using corresponding IPD values was 0.86 and 0.87 for the training and testing datasets,

respectively.

[0287] FIG. 34 shows an illustration for 6mA determination of the Watson strand using a
measurement window according to embodiments of the present invention. Such a measurement
window may include kinetic features such as IPD and PW and nearby sequence context.

Determination of 6mA may be performed similarly as determination of methylated CpG.

[0288] FIG. 35 shows an illustration for 6mA determination of the Crick strand using a
measurement window according to embodiments of the present invention. Such a measurement

window may include kinetic features such as IPD and PW and nearby sequence context.

[0289] As an example, 10 bases from each side of sequenced A base in a template DNA that
was being interrogated were used to construct a measurement window. The feature values
including IPDs, PWs, and sequence context were used to train a model using a convolutional
neural network (CNN) according to the methods disclosed herein. In other embodiments, the
statistical models may include, but are not limited to, linear regression, logistic regression, deep

recurrent neural network (e.g. long short term memory, LSTM), Bayes classifier, hidden Markov
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model (HMM), linear discriminant analysis (LDA), k-means clustering, density-based spatial
clustering of applications with noise (DBSCAN), random forest algorithm, and support vector

machine (SVM), etc.

[0290] FIG. 36A and FIG. 36B show the determined probability of being methylated for
sequenced A bases of the Watson strand between uA and mA datasets using a measurement
window based CNN model. FIG. 36 A shows that a CNN model was learned from a training
dataset. As an example, the CNN model made use of two 1D-convolution layers (each with 64
filters with a kernel size of 4 followed by a ReLLU (rectified linear unit) layer), followed by a
dropout layer with a dropout rate of 0.5. A maximum pooling layer with a pool size of 2 was
used. Then it flowed into two 1D-convolution layers (each with 128 filters with a kernel size of 2
followed by a ReLLU layer), further using a dropout layer with a dropout rate of 0.5. A maximum
pooling layer with a pool size of 2 was used. Finally, a fully connected layer with 10 neurons
followed by a ReL.U layer, with an output layer with one neuron followed by a sigmoid layer,
thereby yielded the probability of methylation. The other settings of layers, filters, kernel sizes
could be adapted, e.g., as described herein for other methylation (e.g., CpG). In this training
dataset regarding the sequencing results of the Watson strand, we used 644,318 and 718,586 A

bases from unmethylated and methylated libraries.

[0291] Based on the CNN model, for the Watson strand related data, sequenced A bases in
template DNA molecules from mA database gave rise to a much higher probability of
methylation in both the training and testing datasets, in comparison with those A bases present in
the uA dataset (P value < 0.0001; Mann Whitney U test). For the training dataset, the median
probability of methylation on A sites in the uA dataset was 0.13 (interquartile range, IQR: 0.09 —
0.15), whereas that value in mA dataset was 1.000 (IQR: 0.998 — 1.000).

[0292] FIG. 36A shows the probability of methylation determined for the testing dataset. For
the testing dataset, the median probability of methylation on A sites in the uA dataset was 0.13
(IQR: 0.10 — 0.15), whereas that value in mA dataset was 1.000 (IQR: 0.997 — 1.000). FIGS.
36A and 36B show that a measurement window based CNN model can be trained to detect

methylation in a testing data set.
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[0293] FIG. 37 is an ROC curve for the detection of 6mA using a measurement window based
CNN model for sequenced A bases of the Watson strand. True positive rate is on the y-axis and
false positive rate is on the x-axis. The figure shows that AUC value in differentiating sequenced
A sites with and without methylation using a CNN model was 0.94 and 0.93 for training and
testing datasets which consisted of the Watson strand sequencing results, respectively. It
suggested that it was feasible to use the disclosure herein to determine methylation states on A
sites using data of the Watson strand. If we used the determined probability of methylation of 0.5
as cutoft, 99.3% specificity and 82.6% sensitivity could be achieved for 6mA detection. FIG. 37
shows that a measurement window based CNN model can be used to detect 6mA with high
specificity and sensitivity. The accuracy of the model can be compared to a technique using only

an IPD metric.

[0294] FIG. 38 shows a performance comparison between IPD-metric-based 6mA detection
and a measurement window based 6mA detection. Sensitivity is plotted on the y-axis and
specificity is plotted on the x-axis. FIG. 38 shows that the performance using measurement
window based 6mA classification according to the disclosure herein (AUC: 0.94) was superior to
that conventional method using IPD metric only (AUC: 0.87) (P value < 0.0001; DeLong’s test).

The measurement window based CNN model outperformed the IPD-metric-based detection.

[0295] FIG. 39A and 39B show the determined probability of being methylated for those
sequenced A bases of the Crick strand between uA and mA datasets using measurement window
based CNN model. FIG. 39A shows the training dataset and FIG. 39B shows the testing dataset.
Both figures plot the probability of methylation on the y-axis. FIGS. 39A and 39B show that on
the basis of CNN model, for the Crick strand related data, sequenced A bases in template DNA
molecules from mA database gave rise to a much higher probability of methylation in both
training and testing dataset, in comparison with those A bases present in uA database (P value <

0.0001; Mann-Whitney U test).

[0296] FIG. 40 shows the performance of 6mA detection using measurement window based
CNN model on sequenced A bases of the Crick strand. The true positive rate is on the y-axis.

The false positive rate is on the x-axis. FIG. 40 shows that AUC value in differentiating
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sequenced A sites with and without methylation using a CNN model was 0.95 and 0.94 for
training and testing datasets which consisted of the Crick strand sequencing results, respectively.
The performance using the CNN approach disclosed herein (AUC: 0.94) was also shown to be
superior to that only using IPD metric (0.87) (P value < 0.0001). The results suggested that it
was feasible to use the disclosure herein to determine methylation states on A sites using data of
the Crick strand. If we used the determined probability of methylation of 0.5 as cutoft, 99.3%
specificity and 83.0% sensitivity could be achieved for 6mA detection. FIG. 40 shows that a
measurement window based CNN model can be used to detect 6mA with high specificity and

sensitivity.

[0297] FIG. 41 shows examples of methylation states across A bases in a molecule including
the Watson and Crick strands. The white dots represent unmethylated adenines. The black dots
represent methylated adenines. The horizontal lines with dots represent a strand of a double-
stranded DNA molecule. Molecule 1 shows that both the Watson and Crick strands are
determined to be unmethylated across A bases. Molecule 2 shows that the Watson strand was
nearly all unmethylated while the Crick strand was nearly all methylated. Molecule 3 shows that

both the Watson and Crick strands were determined to be nearly all methylated across A bases.

2. Enhanced training using selective dataset

[0298] As shown in FIGS. 36A, 36B, 39A, and 39B, there was a bimodal distribution of
probability of methylation across sequenced A bases in template DNA molecules in mA dataset.
In other words, there existed some molecules with uA signals in the mA dataset. This was further
evidenced by the existence of fully-unmethylated molecules and hemi-methylated molecules in
mA dataset (FIG. 41). One possible reason may be that molecules with uA in DNA templates
would still account for a considerable portion in the mA dataset after whole genome
amplification, as molecules with 6mA would lead to the decreased efficiency of amplifying DNA
during the whole-genome amplification step. This explanation was supported by the fact that 1
ng genomic DNA amplified with 6mA would only lead to 10 ng DNA products, whereas 1 ng
genomic DNA amplified with unmethylated A would give rise to 100 ng DNA products under

the same amplification conditions. Therefore, for the mA dataset, original template DNA
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molecules whose adenines are usually unmethylated (e.g. 0.051%) (Xiao CL et al. Mol Cell.
2018;71:306-318) would account approximately 10% of the total adenines.

[0299] In one embodiment, when one attempted to train a CNN model for differentiating
between mA and uA, one would selectively use those A bases with relatively higher IPD values
in the mA dataset so as to reduce the influence of the uA data on training the model for mA
detection. Only A bases with IPD values above a certain cutoff value may be used. The cutoff
value may correspond to a percentile. In one embodiment, one would use those A bases in mA
dataset with IPD values greater than the value at the 10 percentile. In some embodiments, one
would use those A with IPD values greater than value at the 1% 5% 15% 20% 30% 40% 50,
60 70™ 80™ 90! or 95 percentile. The percentile may be based on data from all nucleic acid

molecules in a reference sample or multiple reference samples.

[0300] FIG. 42 shows the performance with enhanced training by selectively using A bases in
mA dataset with IPD values greater than its 10" percentile. FIG. 42 shows the true positive rate
on the y-axis and the false positive rate on the x-axis. The figure shows that with the use of A
bases in the mA dataset with IPD values greater than the 10" percentile to train a CNN model,
the AUC in differentiating between mA and uA bases would increase to 0.98, which was
superior to the model (AUC: 0.94) trained by data without the selection according to IPD values
prior to training. It suggested that the selection of mA sites using IPD values to create a training

dataset would aid in improving the discriminative power.

[0301] To further confirm the existence of molecules with uA bases in mA dataset, we
hypothesized that the percentage of uA in mA dataset would enrich in those wells with more
subreads, as the 6mA present in a molecule would slow down the polymerase elongation when

generating a new strand, in comparison with a molecule without 6mA.

[0302] FIG. 43 shows a graph of the percentages of unmethylated adenines in the mA dataset
versus the number of subreads in each well. The y-axis shows the percentage of uA in the mA
dataset. The x-axis shows the number of subreads in each well. The testing dataset was
reanalyzed using the enhanced model that was trained by using mA sites after removal of A sites
whose IPD values were below the 10" percentile. A gradual increase of uA (i.e. rising from 14.6
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to 55.05%) was observed as the number of subreads per well increased, including from 1 to 10
subreads per sequencing well, to 10 to 20 subreads per well, to 40 to 50 subreads per well, 60 to
70 subreads per well and above 70. Thus, wells that have a high number of subreads tend to have
low mA. The methylation of A may retard the progression of the sequencing reaction. Hence, it
is more likely that sequencing wells with a high subread depth will be unmethylated with regard
to A. This behavior can be exploited for detection of the unmethylated molecules using a cutoff
value for the number of subreads associated with the molecule, e.g., greater than 70 subreads can

be identified as majority unmethylated.

[0303] FIG. 44 shows methyladenine patterns between the Watson and Crick strands of a
double-stranded DNA molecule in a testing dataset. The methylation of A is asymmetric, and
thus the behavior is different between the two strands. Most of the molecules were methylated
due to the incorporation of mA, with some residual unmethylated A. The y-axis shows the
methyladenine level of the Crick strand. The x-axis shows the methyladenine level of the Watson
strand. Each dot represents a double-stranded molecule. Using the enhanced model that was
trained by selected mA sites, the double-stranded molecules may be categorized into different

groups according to the methylation level of each strand as follows:

(a) For a double-stranded DNA molecule, the methyladenine levels of the Watson and Crick
strands were both greater than 0.8. Such a double-stranded molecule was defined as a fully-
methylated molecule regarding adenine sites (FIG. 44, area A). The methyladenine level of a
strand was defined as the percentage of A sites that were determined to be methylated
among total A sites in that strand.

(b) For a double-stranded DNA molecule, the methyladenine level of one strand was greater
than 0.8 whereas the other strand was less than 0.2. Such a molecule was defined as hemi-
methylated molecule regarding adenine sites (FIG. 44, areas B1 and B2).

(¢) For a double-stranded DNA molecule, the methyladenine levels of the Watson and Crick
strands were both less than 0.2. Such a double-stranded molecule was defined as a fully-
unmethylated molecule regarding adenine sites (FIG. 44, area C).

(d) For a double-stranded DNA molecule, the methyladenine levels of the Watson and Crick

strands did not belong to groups a, b, and c. Such a double-stranded molecule was defined as
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a molecule with interlacing methylation patterns regarding adenine sites (FIG. 44, area D).
The interlacing methylation patterns were defined as a mixture of methylated and
unmethylated adenines present in a DNA strand.
[0304] In some other embodiments, the cutoffs of methyladenine levels for defining
unmethylated strand may be, but are not limited to, less than 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, and
0.5. The cutoffs of methyladenine levels for defining methylated strand would be but not limited
to greater than 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, and 0.99.

[0305] FIG. 45 is a table showing the percentage of fully-unmethylated molecules, hemi-
methylated molecules, fully-methylated molecules, and molecules with interlaced methyladenine
patterns in training and testing datasets. The molecules in the testing dataset may be classified
into fully-unmethylated molecules (7.0%) with respect to adenine sites, hemi-methylated
molecules (9.8%), fully-methylated molecules (79.4%), and molecules with interlacing
methyladenine patterns (3.7%). These results were comparable to the results shown in the
training dataset, for which there were fully-unmethylated molecules (7.0%) with respect to
adenine sites, hemi-methylated molecules (10.0%), fully-methylated molecules (79.4%), and

molecules with interlaced methyladenine patterns (3.6%).

[0306] FIG. 46 illustrates representative examples for molecules with fully-unmethylated
molecules regarding adenine sites, hemi-methylated molecules, fully-methylated molecules, and
molecules with interlaced methyladenine patterns. The white dots represent unmethylated
adenines. The black dots represent methylated adenines. The horizontal lines with dots represent

a strand of a double-stranded DNA molecule.

[0307] In embodiments, one may improve the performance in differentiating between
methylated and unmethylated adenines by increasing the purity of 6mA bases which were used
for training a CNN model. To this end, one may increase the time duration of DNA amplification
reaction so that increased newly-produced DNA products can dilute the effect of unmethylated
adenines contributed from original DNA templates. In other embodiments, one may incorporate
biotinylated bases during DNA amplification with 6mA. The newly-produced DNA products

with 6mA can be pulled down and enriched using streptavidin coated magnetic beads.
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3. Uses of 6 mA methylation profiles

[0308] DNA 6mA modification is present in the genomes of bacteria, archaea, protists, and
fungi (Didier W et al. Nat Rev Micorbiol. 2009;4:183-192). It was also reported that 6mA
existed in the human genome, accounting for 0.051% of the total adenines (Xiao CL et al. Mol
Cell. 2018;71:306-318). Considering the low content of 6mA in a human genome, in one
embodiment, one can create a training dataset by adjusting the ratio of 6mA in dNTP mix (N
represents unmodified A, C, G, and T) in the step of whole genome amplification. For example,
one could use the ratio of 6mA to dNTP of 1:10, 1:100, 1:1000, 1:10000, 1:100000, or
1:1000000. In another embodiment, adenine DNA methyltransferase M. EcoGII may be used to

create 6mA training dataset.

[0309] The amount of 6mA was lower in gastric and liver cancer tissues, and this 6mA
downregulation correlated with increased tumorigenesis (Xiao CL et al. Mol Cell. 2018;71:306-
318). On the other hand, it was reported that higher levels of 6mA were present in glioblastoma
(Xie et al. Cell. 2018;175:1228-1243). Thus, the approach for 6mA as disclosed herein would be
useful for studying cancer genomics (Xiao CL ef al. Mol Cell. 2018;71:306-318; Xie ef al. Cell.
2018;175:1228-1243). In addition, 6mA was found to be more prevalent and abundant in
mammalian mitochondrial DNA, showing in association with hypoxia (Hao Z et al. Mol Cell.
2020; doi:10.1016/j.molcel.2020.02.018). Thus, the approach for 6mA detection in this
disclosure would be useful for studying the mitochondrial stress response under different clinical

conditions such as pregnancy, cancer, and autoimmune diseases.

IV.  RESULTS AND APPLICATIONS
A. Detecting methylation

[0310] Detecting methylation at CpG sites using methods described above was performed for
different biological samples and genomic regions. As an example, methylation determination
with cell-free DNA in the plasma of pregnant women using single molecule, real-time
sequencing was verified against methylation determination using bisulfite sequemcing. The
methylation results may be used for different applications, including determining copy number
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and diagnosing disorders. The methods described below are not limited to CpG sites and may

also be applied to any modification described herein.

1. Detection of methylation for long DNA molecules in placenta tissue

[0311] Single molecule, real-time sequencing could sequence DNA molecules kilobases in
length (Nattestad e al., 2018). The deciphering of methylation states for CpG sites using the
invention described here would allow one to infer the haplotype information of the methylation
states by synergistically making use the long-read information of single molecule, real-time
sequencing. To demonstrate the feasibility of inferring the long-read methylation states as well as
its haplotype information, we sequenced a placenta tissue DNA with 478,739 molecules which
were covered by 28,913,838 subreads. There were 7 molecules greater than 5 kb in size. Each

was on average covered by 3 subreads.

[0312] FIG. 47 shows that methylation states along the long DNA molecule with 6,265 bp in
size (i.e. a haplotype block), which was sequenced in a ZMW with ZMW hole number

m54276 180626 162240/40763503 and mapped to the genomic location of chrl:113246546-
113252811 in the human genome. ‘-’ represented the non-CpG nucleotide; ‘U’ represents the
unmethylated state at a CpG site; and ‘M’ represents the methylated state at a CpG site. The
region 4710 highlighted in yellow indicated a CpG island region which was known to be
unmethylated in general (FIG. 47). The majority of CpG sites in that CpG island were deduced to
be unmethylated (96%). In contrast, 75% of CpG sites outside the CpG island were deduced to
be unmethylated. These results suggested that the methylation level outside of the CpG island
(e.g. CpG island shore/shelf) was higher than that of the CpG island. The mixture of methylated
and unmethylated states in a haplotype arrangement in the regions outside that CpG island would
indicate the variability of methylation patterns. Such observations were generally in line with
current understanding (Zhang et al., 2015; Feinberg and Irizarry, 2010). Thus, this disclosure has
enabled one to call different methylation states along a long molecule including methylation and
unmethylation states, implying that the haplotype information of methylation states could be
phased. Haplotype information refers to the linking of the methylation states of CpG sites on a
contiguous stretch of DNA.
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[0313] In one embodiment, we could use this approach herein for analyzing methylation states
along a haplotype to detect and analyze the imprinted regions. Imprinted regions are subjected to
epigenetic regulation that causes methylation states in a parent-of-origin fashion. For example,
one important imprinted region is located on human chromosome 11p15.5 and contains the
imprinted genes IGF2, H19, and CDKNIC (P57¢r?) which are strong regulators of fetal growth
(Brioude et al, Nat Rev Endocrinol. 2018;14:229-249). The genetic and epigenetic aberrations in
imprinted regions would be associated with diseases. Beckwith-Wiedemann syndrome (BWS) is
an overgrowth syndrome, with patients often presenting with macroglossia, abdominal wall
defects, hemihyperplasia, enlarged abdominal organs and an increased risk of embryonal tumors
during early childhood. BWS is considered to be caused by genetic or epigenetic defects within
11p15.5 regions (Brioude ef al, Nat Rev Endocrinol. 2018;14:229-249). A region called ICR1
(imprinting control region 1) which is located between H/9 and IGF?2 is differentially
methylated on the paternal allele. ICR1 directs parent of origin-specific expression of /GF2.
Thus, the genetic and epigenetic aberrations in ICR1 would lead to aberrant expression of /GF?2
which is one of possible reasons causing BWS. Thus, the detection of methylation states along

the imprinted regions would be of clinical significance.

[0314] We downloaded data for 92 imprinted genes from a public database which curates
currently reported imprinted genes (http://www.geneimprint.org/). The regions 5-kb upstream
and downstream of these imprinted genes were used for further analysis. Among these regions,
160 CpG islands are associated with these imprinted genes. We obtained 324,248 circular
consensus sequences from a placenta sample. After removing the circular consensus sequences
with low quality and short overlapped regions with the CpG islands (e.g. smaller than 50% of the
length of that relevant CpG island), we obtained 9 circular consensus sequences overlapping with

9 CpG islands which corresponded to 8 imprinted genes.

[0315] FIG. 48 is a table showing that the 9 DNA molecules were sequenced by single
molecule, real-time sequencing and overlapping with imprinted regions, including H19, WT1-
AS, WT1, DLK1, MEG3, ATP10A, LRRTM1, and MAGI2. The 6 column contained the DNA
stretches overlapping with CpG islands involving the imprinted regions. ‘U’ represents an

unmethylated cytosine at the CpG context; ‘M’ represents a methylated cytosine in the CpG
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context. ‘*’ represents a CpG site that was not covered in the sequencing result; ‘-’ represents a
nucleotide from non-CpG sites; the genotype is indicated in the brackets if a molecule overlaps
with a single nucleotide polymorphism (SNP). The 7" column indicates the methylation states
for a whole molecule. A molecule can be called as methylated if the majority of CpG sites (e.g.
more than 50%) were shown to be methylated according to embodiments present in this

disclosure; otherwise it would be called as unmethylated.

[0316] Among 9 DNA molecules, S DNA molecules (55.6%) were called as methylated,
which was not significantly deviated from the expectation in which 50% of DNA molecules
would be methylated. As shown in the 6™ column of the table of FIG. 48, the majority of the
CpG sites were shown to methylated or unmethylated in a concerted manner, i.e., as a
methylation haplotype. One embodiment is that a molecule would be called as methylated if the
majority of CpG sites (e.g. more than 50%) were shown to be methylated according to
embodiments present in this disclosure, it would be called as unmethylated otherwise. Other
cutoffs, for determining if a molecule is methylated or not, could be used, for example, but not
limited to, at least 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100% of CpG sites in

a molecule were analyzed to be deemed methylated.

[0317] In another embodiment, we could use molecules concurrently comprising at least one
SNP and at least one CpG site analysis to determine if a region might be associated with an
imprinted region or a known imprinted gene might be aberrant (e.g. loss of imprinting). For
illustration purposes, FIG. 49 shows that the first molecule from an imprinting region carried the
allele “‘A’; and the second molecule from that imprinting region carried the allele ‘G’. Assuming
that the imprinting region was paternally imprinted, the first molecule from the maternal
haplotype was fully unmethylated; and the second molecule from the paternal haplotype was
fully methylated. In one embodiment, such an assumption would provide the ground truth of
methylation states, allowing for testing the performance of base modification detection according

to the embodiments present in this disclosure.

[0318] FIG. 49 shows an example for the determination of methylation patterns in an

imprinted region. DNA in a biologic sample was extracted and ligated with hairpin adapters to
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form the circular DNA molecules. Sequence information and base modifications (e.g.
methylation states at CpG sites) regarding those circular DNA molecules were not known. Those
circular DNA molecules were subjected to single molecule, real-time sequencing. IPDs, PWs,
and sequence context for bases in each subread originating from those circular DNA molecules
were determined after the subreads were mapped to the reference genome. In addition, genotypes
of those molecules were determined. IPDs, PWs, and sequence context in a measurement
window associated with CG sites would be compared with the reference kinetic patterns
according to the embodiments present in this disclosure to determine the methylation states for
each CpG. If two molecules with different alleles showed different methylation patterns in a way
that one was fully unmethylated and the other was fully methylated, the genomic region
associated with these two molecules would be an imprinted region. In one embodiment, if such
genomic region happened to be a known imprinted region, for example, as illustrated in FIG. 49,
the methylation patterns for these two molecules were in line with the expected methylation
patterns (i.e. ground truth) in a normal situation. It may suggest the accuracy of the methods for
the classification of methylation states according to the embodiments present in this disclosure.
In one embodiment, the derivation between measured methylation patterns according to
embodiments present in this disclosure and expected methylation patterns would indicate the

aberrations of imprinting, for example, the loss of imprinting.

[0319] FIG. 50 shows an example for the determination of methylation patterns in an
imprinted region. In one embodiment, the imprinting pattern could be further determined through
analyzing the methylation patterns of that region across a certain pedigree tree. For example, the
analysis of methylation patterns and allelic information across the paternal, maternal genomes
and offspring could be performed. Such a pedigree tree could further include the paternal or
maternal grandfather’s, paternal or maternal grandmother’s genomes or other relevant genomes.
In another embodiment, such analysis could be extended into family trio (mother, father and
child) datasets in a certain population, for example, obtaining methylation and genotype

information for each individual according to embodiments present herein.

[0320] As shown after the classification, both genotype (allele in box) and the methylation

status can be determined. For each of the molecules, a methylation pattern at each site can be
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provided (e.g., all methylated or all unmethylated) so as to identify which parent the molecule is
inherited from. Or, a methylation density can be determined, and one or more cutoffs can classify
whether the molecule is hypermethylated (e.g., > 80% or other % and from one parent) or

hypomethylated (e.g., <20% or other % and from the other parent).

2. Detection of methylation for cfDNA molecules

[0321] As another example, cell-free DNA (cfDNA) methylation has been also increasingly
recognized as important molecular signals for non-invasive prenatal testing. For example, we
have shown that cfDNA molecules from regions carrying tissue-specific methylation can be used
for determining the proportional contributions from different tissues such as neutrophils, T cells,
B cells, liver, placenta in the plasma of pregnant women (Sun ef al., 2015). The feasibility of
using plasma DNA methylation of pregnant women to detect trisomy 21 has also been
demonstrated (Lun ef al., 2013). cfDNA molecules in maternal plasma were fragmented with a
median size of 166 bp, which is much shorter than artificially-fragmented Z. coli DNA with
approximately 500 bp in size. It has been reported that cfDNA is non-randomly fragmented, for
example, end motifs of plasma DNA in association with the tissue origins such as from the
placenta. Such characteristic properties of cell-free DNA give an extremely different sequence
context from artificially-fragmented £. coli DNA. Thus, it remains unknown whether such
polymerase kinetics would allow for quantitatively deducing the methylation levels, typically for
cell-free DNA molecules. The disclosures in this patent application would be applicable to, but
not limited to, cell-free DNA methylation analysis in the plasma of pregnant women, for
example by using the methylation prediction model trained from above-said tissue DNA

molecules.

[0322] Using single molecule, real-time sequencing, six plasma DNA samples of pregnant
women with a male fetus were sequenced with a median of 30,738,399 subreads (range:
1,431,215-105,835,846), corresponding to a median of 111,834 CCS (range: 61,010-503,582).
Each plasma DNA was sequenced with a median of 262 times (range: 173-320). The data set
was generated from DNA prepared by Sequel I Sequencing Kit 3.0
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[0323] To evaluate the detection of methylation for cfDNA molecules, we used bisulfite
sequencing (Jiang ef al., 2014) to analyze the methylation of the above-said 6 plasma DNA
samples of pregnant women. We obtained a median of 66 million paired-end reads (58-82
million paired-end reads). The median overall methylation was found to be 69.6% (67.1%-

72.0%).

[0324] FIG. 51 shows the comparison of methylation levels deduced by the new approach and
conventional bisulfite sequencing. The y-axis is the methylation levels predicted according to the
embodiments present in this patent application. The x-axis is the methylation levels deduced by
bisulfite sequencing. A median of 314,675 CpG sites (range: 144,546-1,382,568) were analyzed
for plasma DNA results generated from single molecule, real-time sequencing. The median
proportion of CpG sites that were predicted to be methylated was 64.7% (range: 60.8-68.5%),
which appeared to be comparable with results deduced from bisulfite sequencing. As shown in
FIG. 51, there was a good correlation (r: 0.96, p-value=0.0023) between overall methylation
levels deduced by the single molecule, real-time sequencing with the present methylation

prediction approach and bisulfite sequencing.

[0325] Because of the shallow depth of bisulfite sequencing, it might not be robust for
deducing the methylation levels (i.e. the fraction of sequenced CpG being methylated) for each
CpG in the human genome. Instead, we calculated the methylation levels in some regions with
multiple CpG sites, by aggregating read signals covering CpG sites of a genomic region in which
any two consecutive CpG sites were within 50 nt and the number of CpG sites was at least 10.
The percentage of sequenced cytosine among the sum of sequenced cytosines and thymines
across CpG sites in a region indicated the methylation levels of that region. The regions were
divided into different groups according to regional methylation levels. The probability of
methylation predicted by the model learned from the previous training datasets (i.e. tissue DNA)
was elevated accordingly as the methylation levels increased (FIG. 52A). These results further
suggested the feasibility and validity of using single molecule, real-time sequencing to predict
methylation states of cfDNA molecules in pregnant women. FIG. 52B showed that the

methylation level in a 10-Mb genomic window estimated using single molecule, real-time
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sequencing according to the embodiments present in this disclosure was well corrected with that

by bisulfite sequencing (r = 0.74; p-value < 0.0001)

[0326] FIG. 53 showed that the genomic representations (GR) of Y chromosome in maternal
plasma of pregnant women that was measured by single molecule, real-time sequencing were
well correlated with those measured by BS-seq (r = 0.97; P-value = 0.007). These results
suggested that single molecule, real-time sequencing would also allow the accurate
quantification of DNA molecules originating from non-hematopoietic tissues such as placenta,
whose contributed DNA generally represented a minority. In other words, this disclosure
demonstrated the feasibility for simultaneously analyzing copy number aberrations and
methylation states for native molecules without any base conversions and amplifications prior to

sequencing.

3. CpG block-based method

[0327] Some embodiments can perform a methylation analysis on a number of genomic
regions harboring multiple CpG sites, for example but not limited to 2, 3, 4, 5, 10, 20, 30, 40, 50,
100 CpG sites, etc. The size of such a genomic region can be, for example, but not limited to, 50,
100, 200, 300, and 500 nt, etc. The distance between CpG sites in this region could be, for
example but not limited to 10, 20, 30, 40, 50, 100, 200, 300 nt, etc. In one embodiment, we could
merge any two consecutive CpG sites within 50 nt to form a CpG block such that the number of
CpG sites in this block was more than 10. In such a block-based method, multiple regions can be
combined into one window represented as a single matrix, effectively treating the regions

together.

[0328] As an example, as shown in FIG. 54, the kinetics of all subreads associated with a CpG
block were used for methylation analysis. The projected IPD profiles of the upstream and
downstream 10 nt flanking at each CpG in that block were artificially aligned relative to CpG
sites to calculate the average IPD profile (FIG. 54). The word “projected” means that we had
aligned the subread kinetic signals to each corresponding CpG site in question. The average IPD
profiles for a CpG block were used for training a model (e.g. using artificial neural network,

ANN for short) to identify the methylation states for each block. The ANN analysis included an
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input layer, two hidden layers, and an output layer. Each CpG block was characterized by a
feature vector of 21 IPD values that would be input to the ANN. The first hidden layer included
10 neurons with ReLu as an activation function. The second hidden layer included 5 neurons
with ReLu as an activation function. Finally, the output layer included 1 neuron with Sigmoid as
an activation function which would output the probability of methylation. A CpG site showing
the probability of methylation > 0.5 was deemed as methylation, otherwise deemed as
unmethylation. The average IPD profile may be used for analyzing the methylation state of a
whole molecule. The whole molecule may be considered methylated if a certain number of sites
above a threshold (e.g., 0, 1, 2, 3, etc.) are methylated or if the molecule has a certain

methylation density.

[0329] There were 9,678 and 9,020 CpG blocks in unmethylated and methylated libraries, each
of which harbored at least 10 CpG sites. Those CpG blocks covered 176,048 and 162,943 CpG
sites for unmethylated and methylated libraries. As shown in FIG. 55A and FIG. 55B, we could
achieve greater than 90% overall accuracy in predicting methylation states in both training
dataset and testing dataset. However, such embodiment relied on CpG blocks would greatly
reduce the number of CpGs that were able to be assessed. By definition, the requirement of the
least number of CpG sites would restrict the methylation analysis to some particular genomic

regions (e.g. preferentially analyzing CpG islands).

B. Determination of origin or disorder

[0330] Methylation profiles may be used to detect tissue origin or determine the classification
of a disorder. Methylation profile analysis may be used in conjunction with other clinical data,
including imaging, conventional blood panels, and other medical diagnostic information.

Methylation profiles may be determined using any method described herein.

1. Determination of copy number aberration

[0331] This section shows that SMRT is accurate for determining copy number, and thus the

methylation profile and copy number profile can be analyzed concurrently.
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