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(54) 发 明 名 称 : 确定 胎儿 基因 组 中 预定 区 域 碱 基 信息 的 方法 、 系 统 和 计算 机 可 读 介质 

(57) Abstract: Provided are a method, system and computer readable medium for determining the base information in a predeter - 

mined area of a fetus genome, the method comprising the following steps: constructing a sequence library for the DNA samples of 

the fetus genome; sequencing the sequence library to obtain the sequencing result of the fetus, the sequencing result of the fetus 
comprised of a plurality of sequencing data; and based on the sequencing result of the fetus, determining the base information in the 
predetermined area according to the hidden Markov model in conjunction with the genetic information of an individual related 
hereditarily to the fetus. 

(57) 摘要 : 提供 了 确定 胎儿 基因 组 中 预定 区 域 碱 基 信 息 的 方法 、 系 统 和 计算 机 可 读 介 质 。 其 中 ， 确 定 胎 儿 基因 
组 中 预定 区 域 碱 基 信 息 的 方法 ， 包 括 下 列 步 骤 : 针对 胎儿 基因 组 DNA 样本 ， 构 建 测 序 文库 ， 对 测序 文库 进行 
测序 ， 以 便 获 得 胎儿 的 测序 结果 ， 该 胎儿 的 测序 结果 由 多 个 测序 数据 构成 : 基于 胎儿 的 测序 结果 ， 结 合 胎儿 遗 
传 相关 个 体 的 遗传 信息 ， 根 据 隐 马 尔 可 夫 模 型 ， 确 定 预定 区 域 的 碱 基 信 息 。
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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.
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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 

la
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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 
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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 Illumina Company, for example, refer to 

Multiplexing Sample Preparation Guide (Part#1005361; Feb 2010) or Paired-End 

SamplePrep Guide (Part#1005063; Feb 2010) from Illumina 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 
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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 

Ilumina-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 Illumina-Solexa, ABI-SOLIiD, 

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 
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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 parenis. 

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: 

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

ll. haplotypes of parents are respectively recorded as FH = (fly, I$ and 

MH = {mh,, mh,} 

in which 

mh, = {7M 55-5 45---. Mya} Sh, = oo Sige Ina ， 

Vfh,,,mh,, €{A,C,G,T} 

kef{Ol} i=1,2,3...,N- 

Ill. Unknown fetal haplotype is recorded as H = thy hy} ， particularly, hyo and 如 

respectively represent inheriting from mother and father. 

h, = { 9-3 TH, p00 Myx, 3 h, = {fh sodiy od wyy 

in which * ©1013) y, € {0,15 

Subscripts ** and % respectively present sequence pairs, and 4: = {x,.9;} represents 

the hidden states which need to be decoded. 

While, all hidden states possible presenting constitutes a set 2 

IV. Sequencing data is recorded as 全 二 生, 

in which 至 = 人 ce 有 cc represents sequencing information of a site，containing 

the number of four bases, A, C,Tand G. 

V. A mean fetal concentration and a mean sequencing error rate are respectively 
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recorded as 2 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 a= 1%} (J <Q) 

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

Hy 
人
 

no reference data, it may assume that , L@., possibilities of 

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 ?r =re/N in which 7€ represents a mean times of human 

gamete recombinations, with a prior data ranging from 25 to 30. 

Ill. According to embodiments of the present disclosure, a transition matrix of haplotypes 

recombination is recorded as A={a,} (j.4 €2), in which aa represents a probability 

of hidden states transition, i.e., 

(l-p,y HF XV = Via 

ag = Pr(q, = kg. = 了 一 (1 一 P,) “坊 X,=Xj4.¥,F V4 OF X, FX VV 

P, ¥, FX, FY. 

Subscripts x, and y, of fetal haplotypes A, = {i,,,....1m,,.---.My,,} and 
i 2 ON Dy 

而 三 人, 太, 人, Constitute a 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 mj’. 

Step 2, constructing a probability matrix of observations: 

According to embodiments of the present disclosure, the probability matrix of 

observations is recorded as B= {b,,(s,)} (i=1,2,3,...N,7€Q), in which &,,(s,) 

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

maternal haplotype and fetal haplotype (state j, FU = yhy’, i.e., 
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  b,j (s;) 一 Pr(s, q; = j,{m,,m,}) 

— Cat the Ma aN (py (pe) (Po) (PY ney Mt; 6 WG 'n, 了 了 
  

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

  

haplotype and fetal haplotype (state is To y})”, i.e. 

Fase 一 Pr(base 4: = j,{m,,m,}) 

E25 avem, 5 eA) 
l-e x=y 

5 sea-| e13 x#y 

in which, an indicator function is 

Such step is to perform HMM parameter, calculating a probability distribution of 

observation in each site b,,(s,) 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): 

5,(4,) =(™9x9.(4.) 44,4.) Bg, (5,) 
Definition: partial probability , 

Y, (¢,) =argmaxd, (¢,) "Fag, 

Definition: reversal cursor ane 

5,(4,) ¥,(4,) 
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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Gy= arg maxdy (Gy) 
Determination of the final state, ty 2 . 

The most possible fetal haplotype 一 下 (一 上 23 一 1) is obtained 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 
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Pg.814



10 

15 

20 

25 

30 

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 Illumina-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 Illumina-Solexa, ABI-SOLiID, 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, 

(i 一 到 y 4 = Xi Fi 

之 
a a = Prig, =k las = j= 3 (i 一 PP, ) Pp, 区 一 

a
 

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 

Phase = > S(1~2)A(base,m,)+55-A(base,m, )+—:A(base. f, 
ke{0,1} 

A(x.y) l-e x=¥ Atxyy}=s ( a 放 e / 3 xs ¥ 

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 ina 

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, 

de = Prig, = Klaus = A = 1 (i 一 p.) ‘Py X,=Xi MEV OF X, FM.) = By 

| Pe Ay Xa FO Vi 

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 

已 ,se = >， S(1-2)A(base,m,)+52-A(base.m, )+s:A(pase. 记 ) 
et0,1 

Ai 
Alx.y) ! ef x#y¥ 

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, ef 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 Illumina 

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: 

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

Il. haplotypes of parents are respectively recorded as FH = (fly, 而 and 

MH = {mh,,mh,} 

in which 

mht, = {IM ,, MyM yg} Th, = Sipe Sige-o Ina ， 

Var st4CGT 

Fe{f0 i=1,2,3,...,N 

Ill. Unknown fetal haplotype is recorded as H = {hy hy} particularly, hy and 名 

respectively represent inheriting from mother and father. 

hy = { ,,9---> MM, ooo My x, 3 h, = 攻 

in which * 10,13 y, € {0,15 | 

Subscripts ** and respectively present sequence pairs, and 4, ={%2¥i3 represents 

the hidden states which need to be decoded. 

While, all hidden states possible presenting constitutes a set 2 

IV. Sequencing data is recorded as S= {3),---,5,,--5y} 

in which %:= {4>"%.c>"%,6-"%6} represents sequencing information of a site, containing 

the number of four bases, A, C, TandG 

V. A mean fetal concentration and a mean sequencing error rate are respectively 

recorded as 2 and ©. 

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

matrix of haplotypes recombination: 

|. The probability distribution of the initial states is recorded as a= {,} (7 < 马 )， 

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

1 yal 

元 二 Prig, sone i) A 了 

no reference data, it may assume that Le. possibilities of 
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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 P- 三 7e/ ， in which 7€ represents a mean times of human 

gamete recombinations, with a prior data ranging from 25 to 30. 

Ill. According to embodiments of the present disclosure, a transition matrix of haplotypes 

recombination is recorded as A={a,} (7.4 €Q), in which @@ represents a probability 

of hidden states transition, i.e., 

( 一 路 y X= X12; = Via 

ag = Pr(q, = kG, = i) = (1-p,) “起 X, SX VFM OF XL FX DV, HV 

P, ¥, FX, eV, FY: 

Subscripts x, and y, of fetal haplotypes A, ={m,,,,....7m,,.--.m and 
了 1 

h, = (hiyoSiy,2-Ivy,$ Constitute a 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 jo” 

Step 2, constructing a probability matrix of observations: 

According to embodiments of the present disclosure, the probability matrix of 

observations is recorded as B= {b,,(s,)} (i=12,3,...N,7€Q), in which &,,(s,) 

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

maternal haplotype and fetal haplotype (state j, FU = yhy’, i.e., 

b,,(s;) = Pr(s, q; = j,{m,,m, }) 

_ a, tne tn, 各 (P, > 1 )"4.(P, oy” (P, eo)" (Px 
! 1 “ n,n, oN, hy 

  

  

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

haplotype and fetal haplotype (state j. JAL%, yh)”, i.e., 

P pase 一 Te =j,{m, 7m, m,}) 

= 工人 _ E)Afpase.mz )+ 3 九 A( base, m, ,+ 二 é- A(base, f,, ) 
2 ~ 3 

l-e x=y 

se-| ef3 x#y 

18 PIDC120561P 

in which, an indicator function is

Pg.822



10 

13 

20 

23 

Step 3, constructing a partial probability matrix, and a reversal cursor (taking an 

example of constructing a one-dimensional probability matrix): 

全 (2) 一 (max6, (9 au] . bio, (s,) 

Definition: partial probability 

于 (9 一 arg max, (q,) “Ge 
。 。。 GT 

Definition: reversal cursor . 

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

Gy= arg max dy (G7) 
Determination of the final state, tn . 

The most possible fetal haplotype % = ©: (a) (4=12,3,...N-1) is obtained 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 

o™ sequencer of Illumia® library construction based on requirement for HiSeq200 

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 

19 PIDC120561P

Pg.823



10 

15 

20 

25 

30 

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 Ilumina® specifications (obtained at 

httoc//wawwillumina com/supporl/documeniation. ilmn) 
  

(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 Illumia® sequencer, with a detailed procedure: 

End-reparing reacting system: 

10x T4 Polynucleotide kinase buffer 10 pL 

dNTPs (10 mM) 4 HL 

T4 DNA polymerase 5 HL 

Klenow fragments 1 ul 

T4 Polynucleotide kinase 5 HL 

DNA fragments 30 HL 

ddH2O up to 100 HL 

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. 

Areacting system for adding base A at end: 

10x Klenow buffer 5 HL 

dATP (1 mM) 10 HL 

Klenow (3’-5’ exo) 3 HL 

DNA 32 HL 

After incubating at 37°C for 30 min, obtained products were purified by MinElute® 

PCR Purification Kit (QIAGEN) and dissolved in 12 LL of EB buffer, to obtain DNA 

samples added with base A at end. 

Ligating adaptor reacting system: 

2x Rapid DNA ligating buffer 25 HL 

PEI Adapter oligo-mix (20 uM) 10 RL 
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T4 DNA ligase 5 HL 

DNA sample added with base A at end 10 HL 

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 HL of EB 

buffer. 

PCR reacting system: 

Ligated product 10 uL 

Phusion DNA Polymerase Mix 25 HL 

PCR primer (10 pmol/uL) 1 HL 

Index N (10 pmol/uL) 1 HL 

UltraPureTM Water 13 HL 

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 uL 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 

using Illumina® 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 Ilumina® specifications (obtained at 

hitovAvwwallumins com/suoport/documentation jimn) 
  

(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). 
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c. genotypes of a maker site were extracted. 

(6) determination of parents’ haplotypes 

a. constructing a group genotype matrix 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: 
mother 

homozygasis heterazygosis 

site number accurate number accuracy site number accurate number accuracy site number accurate number accuracy 

homozygesis 199,552 196.552 100.00% 66,238 63,968 S6.57% |/265,780 263,520 99.15% 

  

total   

  

father 
  

    
autesome heterozygosis 65,409 64,735 98.97% 441,849 39,944 95.45% |107,258 104,079 97.60% 

264,961 264,287 OG.75% 108.087 103,912 96.14% [373,048 368,189 98.70% 
chromosome X 4,884 4.884 400.00% 1,718 1478 86.63% 6,599 6,359 86.36% 
  

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. 

23 PIDC120561P
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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 
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P base = > SU £)A(base,m,) +e-A(base.m, )++8-A (base, f, 
ke{0,1} 

wherein 

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, 

| (i 一 下 
X= ¥y Ve = Fp 

一 。 { 
  (l- po) p, MXM FR OF OX FM = Mo 

  

/ a
 

used as a recombination transition matrix with Pr 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. Asystem 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 
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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 pase = > $1 2) A(base,m,)++8-A(base,m,)+—8-A(base. f, 
ke{0.}} 

站 一 如 x=¥F | 
| 了 

| ef x+y 
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, 
r 

  

  

| 人 一 X, = X43) = Ps 
a= Pr(g,=Ag4=s)=4 O-p.)-p, XM ER OF XE XM HM 

P. X EX FH 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, 

(i 一 Py y 
Ay FF = Bo 

ag =Prig.= kan =J)=4 人 和 下 中
 

| P, x, FX FR L 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 

= > =~ £)A(base,m,)+—e-A(base.m, )+—5-A (base, f, 
ke{0,)} 

i,base 

l-e x=¥ 

ef xF¥ 
wherein 
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tissue types of specific organs that might have a tumor. Such fractional contributions determined for a haplotype can be used in a 
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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 Trans] 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 
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cell-free DNA molecules located at G.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 ina 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

Pg.842



10 

15 

20 

25 

WO 2017/012544 PCT/CN2016/090642 

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
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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 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) 

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 | to 10 or 0 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.) ina 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 ina 

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. 

I. 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] Ifthe 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, X a+ MD, x b, 

where MD,, MDz, 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 

13

Pg.847



10 

15 

20 

25 

WO 2017/012544 PCT/CN2016/090642 

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 MD 3. 

[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; = Zrk(pk x MDix), 

where MD, represents the methylation density of the site i in the DNA mixture; pk represents the 

proportional contribution of tissue k to the DNA mixture; MD;;, 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 px 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%, ie. 

Yk Pe = 100%. 

Furthermore, all the organs’ contributions can be required to be non-negative: 

Py 2 OVk 

[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-) (ex Me) 
k 

where O is the observed methylation pattern for the DNA mixture and M, is the methylation 

pattern of the individual tissue k. Dr 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. 

CC. 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] At block 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 II 
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genomic 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 IJ sites. These genomic 

sites can be used in combination with genomic sites that do have a specific signature, which are 

referred to as type sites. 

[0074] Using the type II 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 I 

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] At block 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 Nat] 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 

Jllumina 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] At block 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, e.g. using the 

Tlumina 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 a methylation marker to have a low variability in the methylation level measured in the same 

For marker selection, the following three attributes may be considered. (i) It is desirable 

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] 

levels across different tissues. For a particular marker, a higher difference in the methylation levels 

(ii) It is desirable for a methylation marker to have a high variability in methylation 

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 (111). 

[0093] (ii) 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 | 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% 10% 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 |. Therefore, marker 2 is superior to 

marker | as a signature for determining the contribution of the liver ina 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 (ii) above. A number of such markers 

may also have attribute (i). On the other hand, a type I] methylation marker would typically have 

attribute (ii) above. A number of such markers may also have attribute (1). 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 I). 

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 II 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 IJ marker only, or be simultaneously both a 

type I and type II 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 I Markers 

[0104] For identification of type IJ 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 II 

markers were identified (markers labeled type II 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 WO2014/043763 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 II is not 

needed. And, other embodiments may use other techniques to identify potential methylation 

markers. 

[0109] In some embodiments, all CpG islands (CGIs) 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 II 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. 

Til. 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, 

lung 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] Incancer 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] Asan 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 

lymphocytes of the blood cells. 

  

  

  

  

  

  

  

  

  

  

  

        

Blood sample 1 Blood sample 2 

Cell type-specific Blood cell Cell type-specific 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 ll markers in table $1 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 

30

Pg.864



10 

15 

20 

25 

WO 2017/012544 PCT/CN2016/090642 

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 [lumina 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: e100360). 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 (CGIs) were used 

as potential markers, having a high frequency of CpG sites in a particular stretch of DNA. CGIs 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 5, 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 CGIs 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 IJ 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 II 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 (t=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 isa graph 1050 showing the accuracy of plasma DNA deconvolution using 

markers with low variability (category i) and high variability (category 11) 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] Ifa 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 Trans] Med. 2010;2:611ra91; 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] Inthe 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 1:1 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] In table 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 Trans] 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 G.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 deconvolution analysis can be 

used for deducing the maternal haplotypes inherited by an unborn fetus. A source of genomic 

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 mto a haplotype deduction 

program (e.g., IMPUTE2, Howie et al. PLoS Genet. 2009;7:e1000529) to deduce the likely first 

maternal haplotype and the second maternal haplotype. Population-specific genotype and 

haplotype information can be taken into consideration for improving the accuracy of deduction. In 

other ermbodiments, 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;29:51-7), 

Kaper et al (Proc Natl Acad Sci US A. 2013;110:5552-7), Lan et al. (Nat Commun. 2016;7: 11784) 

and Selvaraj et al (Nat Biotech 2013;31:L1 11-1118). Then, maternal plasma DNA can be 

subjected to genome-wide bisulfite sequencing and alignment to reference genomic sequences. 

Methylation deconvolution can then be performed for each of the predicted haplotypes. As fetal 

DNA in maternal plasma is predominandy of placental origin, the maternal haplotype inherited by 

the fetus 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 J and Hap II. 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 |. 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 J) 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 ID 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 I markers. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Hap I Hap II 

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 I. From 

this deconvolution analysis, the placenta was deduced to contribute 53.5% of the plasma DNA 

fragments carrying the alleles on Hap I. 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] Asa 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 [lumina 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 |p. 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 II 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 

I II 

Liver 0 0 

Lung 0 5.4 

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 | 28.4 

Placenta 68.9 9.3           

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 I, namely, 68.9% versus 9.3%. Thus, the maternal Hap I 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 Trans] 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: 1371ra76). 

[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 | 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 ernbodiment, methylation deconvolution 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 JII and Hap IV. As Hap I] 

has been inherited by the fetus, the placental contribution would be higher for Hap II] 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 

JU 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] At block 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 DNA 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 | 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] At block 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] At block 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] At block 1385, 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] At block 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 Gssue 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] Asan example, a methylation level of each of the two maternal haplotypes can be 

determined. As the placental tssue is relatively hypomethylated compared with other tissues, if 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 7 | Hap i 

Overall methylation densities | 65% | 87% 
  

          
Table 9. Methylation densities for actual Hap I 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 

Overall methylation densities | G8% | 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 II 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] At block 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] At block 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] At block 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] At block 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] At block 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. 
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D. Selection of loci 

[0221] Yarious 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. Por 

example, the number of SNP ioci used in the haplotype deconvolution analysis can be determined 

according to a nurnber of factors, for example, but not limited to the desired statistical power, the 

mean difference in methylation levels in the placenta and blood cells in the region of interest, and 

the number 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 
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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 affected 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 I. 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 | and another haplotype from the father, namely Hap JU. 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 J 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] Inthe 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 J 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 HI. 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 I 

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 IJ 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 III from the father. 

[0240] Inthe 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 HI 

are shown. As described above for the maternal haplotypes, a separation value between the 

placental contributions of Hap II 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 block 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] At block 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. 15, 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 I. 

[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] At block 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. 
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[0253] At block 1785, 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. 

VI DECONVOLUTION OF SIGNATURES TO IDENTIFY DISEASED TISSUE 

[0257] Ifa 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] Asan 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 45.4 4.4 

Lung 0.0 1.5 
Colon 29.3 6.3 

Small 0.0 18 
intestines 
Pancreas 0.0 0.0 

Adrenal 0.0 0.0 

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 canbe 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 IJ, and the recipient has haplotypes labeled Hap IJ and Hap IV. The donor has a signature at 

locus | 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 I 

and Hap II 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 | 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] Asan 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 95.4 

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 H 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 acommon 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 block 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] At block 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] At block 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. 

VII. 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):e21791), 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. Identifying 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 (Qlagen, 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 (LOX 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 I5 and 8-bp I7 

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 II]umina 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 IJ 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 I. The methylation status of the CpG sites were used for 

methylation deconvolution for molecules mapped to Hap I and Hap II independently. As a result, 

the tissue contribution to Hap I and Hap IJ 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 

Hap I 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 I was increased compared with the number of reads mapped to 

Hap I. 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 I Difference 

liver 19.7 8.0 11.7 21.3 21.9 -0.6 

Lung 5.4 0 3.4 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 II, 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 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 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 II 

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 Ip 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 I] 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 I] was compatible with the deletion of Hap I. 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 | Hap I (Hap I — Hap I) Hap1 | Hap I (Hap I — Hap IT 

liver 13.3 5.5 7.8 10.2 13.2 -3 

Lung 0 0 0 4.1 0.5 3.6 

Colon 3.8 0 3.8 8.6 17.5 -8.9 

Brain 0 0 0 0 0 0 

Heart 3.7 0 3.7 25.5 19.4 6.1 

Blood cell} — 79.2 94.5 -15.3 51.6 49.4 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 II, 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 II 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 block 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] At block 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] At block 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] At block 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] At block 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] At block 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] At block 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] At block 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 0 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 J. 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., 

acount 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 (MRD), 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/O) 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, I/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. 

85

Pg.919



WO 2017/012544 PCT/CN2016/090642 

WHAT IS CLAIMED IS: 
  

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 acomputer 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. 

5. 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. 

11. 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. 
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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. 

AO. 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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Al. 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 

Zero. 
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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 is 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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Obtain N tissue-specific methylation levels at 

N genomic sites, for each of M tissue types 
      

  

130 

  
Receive biological sample including a mixture of cell- 

free DNA molecules from the M tissues types 
    

140 

  

  

Analyze cell-free DNA molecules from the biological 

sample to identify their locations in a reference 

genome corresponding to the organism 
  

  

Measure N mixture methylation levels at the N genomic 
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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 afirst chromosomal region of afirst 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       

y 
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 

Y 
Measure N first mixture methylation levels at the N genomic 

  

      

  

      

  

1350 sites using the first set of cell-free DNA molecules 

v 
4360 Determine a first fractional contribution of the fetal tissue 

type in the mixture using the N first methylation levels 

y 
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 

’ 
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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 

4450 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 

4470 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       

FIG. 14
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1740 

1750 

1760 

1770 

having a first target allele on the first target haplotype 
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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 
  Vv 
  

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 
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Compute a first separation value between the first target fractional 
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Identify a first set of cell-free DNA molecules, each located at 

1930 any one of the loci, including a respective first allele, and 

including at least one of N genomic sites 
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the N first methylation levels 

      

  

  

      

  

4960 Compute a separation value between the first fractional 

contribution and a reference fractional contribution 
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ATFs 1 

aA AA SHY] MBIA YS yo] SaAsHe4] VHS Aga] Aa AVS Fae] He DEE aa 
alee dee Avie ada wala ate) 時 本 才 生 718 Wale), a) AE oie eee ala, 

U2] Bee 2 BPE] WOES -Sshe UAH, 27) goles 

(1) ASG AS So) soe waa Ba Yao} ql SS YeHysS a ASS) As alee; 

(2) Wiaqoe gaa a Vas Ale AVI AS Fo] ms Ba Yas] ae aS Hd 生 

Bae BW AAs WS WA Ao) aM HBO] AM BP sh} ops] a2 HBS] AMEE 
al 

= 本 e] 司 EERE sep es Ages vba: 
ASIA ASA AL FV] ARPES] BA AAS] SS Sgste] FSe Al 思 是 食 呈 早日 a Wg 
(cutoff value) & fF RSE UA; 

wz 
Gn 导 如 品目 县 Al B2Zs wwe oa; 让 

arated shold, al. He) 過 站 才 AL 會 刀 滲 時 早日 本 holst, a2 ale] AWA ANZ HABA] 2A, 

ATA 4 

Asso] BOA, All 7-7) 4N7) Al2 71419) Bloke Ale GQ qaola:, Al Bese] 性 型 o]| 44 daa 

+ Eo} 人 ee 生 TES Y Zpol2] ASS Vste Nel, WWAIA 2H Bere 71S WA 

AF 5 

Asso] SOA, All P7IAl7b Al2 -77)A12) AlohS GAle 4 a4taleo]at, dol’) BRA, YWEI4 WS 
ee “lek DNAS] 2S SES 424g GAZI Y G44] DNA SES 424Ge GAS VHseE Alel, yaa 

Aare) 如 于 7 了 | 局 71S 可 局 

为 子 寻 6 

Algo] LOA, AL F7IAE AD H71Ale) 同 9 品 Ale gg vjajola, Ase Bs Fo} 本 oh DNA9] 
Ba] eee aaa eA ain 全 到 才 和 本 對 elo Sola) silat she ri DNA 是 才 a Be All 全 
3 量 EWE Ad, Na ae BSS 习 号 加 对. 

AT 7 

AGS 义 可 对 ， 司 e| 人 到 县 DNA Abb F}-PSaS}S] at, Ball—sPee DNA 是 对 7 才 AHS SE Ae, HAA) 

一 3 一
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4 ate] sks 71S 可 对 

AT 8 

we 3, Awe dom gaa a Aa SE A as Aad, FA Wt VAS} a We SRS 

All Sat “Eo All BHeSBPe Fs MS Fa ABA AA ASO) of BA AAS) AQ Bet SUS 

Se GAS #72 Behe Ael, ANS Be WSs 71S AAI 

Aa 9 

ASstol] QlOVA 1, uA 有 AI 了 HA BAR AS] Qe qoyeye fed el Gang 4 FS PLS ALG 

可 U-e] Ws B4zpoA Ae AA 对 得 相 Bat SMS 在 型 計生 GAS 品 BHse Ael, WWF Bera 

BS7Fs 71S Al 

Aa 10 

Hoes WAle 四 入 dae] Wea BS ue] 則 oh DNAS] BS SES AMse WHOS, PWEqA WS 

24g qaal 2 則 of 玉 早日 aA B22 Vea, SAE Al Data de al +a4as4oa Fay 

e-geolat Hove al Data B all ade a ast so) a2 可 习 冯 如 对 可 Ge ali alts] co] Ba 

Asta 名 閨 立 早日 和 避让 是 盡量 Vshe 司 1 引 Us] Wee oe ye ail Glas eSse Gaz, 27) 
ws 2] 如 外 Ses = AA] SA BS PHS eds, 37] Woes 

(1) All Gate] cle] eel BS e] Al FS Uepe= All AES] We dole}; BR 

(2) Al2 AST] Gel cael 站 仿生 a2 +S vee Al2 AEs] Ae qeolasS Vshe, tt 
Al; 器 

局 1 12 +2} 司 卫 结实 elo} DNAS] BS] SRS Ase G7 

ATHY 11 

al lozel sloyA}, 同 oh DNAS] 是 习 EZ} al > R A2 SS ASste] BES) Ase Al ww. 

ATS 12 

Allowsel] e141, st7] VAS 可 Beste Ael Ww: 

ABTA BES PES] WA BAS 吾人 對 本 自 AV] dpe] Weoe wel a2 Toles 个 号 计生 GAB, AI 
ao] eS 

(1) All $223HE SAY OHS Shy ole] aoe wed qb alee) 对 3 GS uepys aly 
AES] Qk voy; 中 

(2) Sp ots] Ypom Bas BW Yasp Bole sy ose] mgs ask palo} ala BS pep 
Ald AES] QE voles Resp 可 三 

ay) daaoe wad aba 2 ug aA AAS og algal Q 同 早早 日 生 aa 是 对 时 早 可 fala 

对 3 R ala Gole) AEHHTE Als Sa} ala S Abele] AAA SS ASS Bers Ase WA;
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Alizee] 多 二, AS Beso] SAA ol 49 Caneuploidy)¢) Wy. 

APS 14 

Ae] oA, Yaaoe Wea 
本 由 才 HAA BAS) HS ay 

为 子 恕 15 

局 12 如 吕 Youd, Al] Ao] WSS 宁 司 如 7] Aol sy 引信 下 om Bele Wa AA BW shy ols 
生 mi Bat Ao) olay ABH ASL eS rly GAS 日 MPSS VY, 

局 15 恕 中 Soll, Buy oles] 司 总 习 扣 时 Bae Ba TA PQ sp ola] wg Bs rao] olay aways AR “TL 

MSS eSry7= Gat SAH sy ots dysqow Bad ad 4a BP 可 由 ose mg aa aa 
总 dss7| Ha Sasa ods Asse VAS Veshe Acl We. 

ASB NIA, ALP AES ESR eat shy ole] YIAOm Bele Ba TA P shy ol 
生 id 避 寻 AARBE] DNAS SHAE GAS Bees Bel We. 

ATs 18 

Al 12%] SLoVA}, 同 oF DNAS] BS E77} HEF] E] AA S AAH=e Ael Wy. 

AT 19 

Al 122] SLOVAT, Alle) cee] B-So] al22] the] VS SUT Ael Wy, 

AT 20 

Al108e] QloyAy, BESo] AAARA BRS HE SZ wkSel AW 

  

#2 222 20074 74 232 22g, Bee] BAe] "FA AQ 

SEQUENCE IMBALANCE)"@) ¥]=} 7-21 8S 7I60/951438S (AR St 

] ABA] Aa USS WE Sy 

3t&°] A*I(DETERMINING A NUCLEIC ACID 

2] Hs A71016285-005200USa) SB PAA 
oO x 

ew ede Bt eld edad, Be] Vso] “Ae ASEAHS AS et Bok GAA oles 2] AECIAGNOSING 
fo) 

o et Alojat, o] 7heds] Aaa Use BE BAS Ha Fez 

"beg o] Bo} 
BUGS UUAoOe a7) Pols Ws AA PHYS AMeH: Fase PF aes ad 1a, ug sal 
wa] BY SS] PWS St 同 ohFal 對 到 GR SHH, HE GAA] ol4-Aancuploidy), FAwe] 2 Has 
J) Belo] we Aol. BZ wee EF go] as, las vue RP gag dao] wus ae wa 
oleh.
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4 aa, 全 RUS gee SS oe] Ashe BA] HE AWA BE GS WA Ada] Bes 
各 早早 回 AMY lays BEBYS AVA. SF, Ge Ae] val GF Aas) go) Aaa Wear B 
AU Ach, Sow, Qt vse qs 50/50 Sol. Ge See Aaa 22 H7 Gaal 219) 
EGGS Be Aao]c} 

ela] 219) Sel Sa a ad WHS Bea ooh a8 WHS GE AGA at, azo gear | 
= Sut GM Adel Se] dol SAS MSMste AS VP. v-aATsa aa, alae aSspar zB 
AS uprjo] Ye aaegde waa awa zd ay Aol Wal 可 局 总 We -Sasbstea] z-es}ae 
aay, aye Saeed WHS AyAos aA Baap ol 本丸 9 Aaa] 219} Baa Po azeS Sadat 

到 a Be AHS 思 含 ) 含 Bert 
ai] 

BH, 34 EAS Ad B49 ROS FHS Caza] ae 7)zkel Ls 

a 
=] 

Ve 

1o9o7‘deo] Sa] Bat S sb FAS 本 el DNAS] BAL v|-AGa Sa a ales] WHS ASRS ASAAc} 
(461 [Lo, YMD and Chiu, RWK 2007 Nat Rev Genet 8, 71-77]). ©] BFRo]) Be-Aqe at seq Ce 

[Costa, JM et al. 2002 N Engl J Med 346, 1502]) 2 S@ GQ az) Ael Geel [Lo, YMD et al. 1998 N 

Eng] J Med 339, 1734-1738])2] 24 4 2lo] Se]st7] ASsyazyet, Bok SMa ols ae] 2a a Geel 

As7|y= Ass 140] 多 玉生 (4b7] HS] [Lo, YMD and Chiu, RWK 2007]). x, Ao} BAe Bal BA 
SAA, SS 24 二 一 才 BS +r Be tee] Ba Zia wes AAs SEs} Cee [Lo, YM et al. 1998 

Am J Hum Genet 62, 768-775]). =], Blo} BAe wa] 44 SIA 立刻 計生 FAY BAH epee, A 

ol Ae Uae Be AAAS] FSF Ae TES OBA Wer. 

lS Vee SS te raat Wt] Aco oF Ua Gee [Benachi, A & Costa, JM 2007 Lancet 369, 

440-442]). 于 BSNS BA Gt |S Aol Sola AAS Aes], Say] ws Ye] BAS 如 生 計生 多 9 中 

(447] 481 [Lo, YMD and Chiu, RWK 2007]). 4a] 212°] Fo eel--el DNA/RNA BAIA Haa q+ 

AS 

加 
AA NSEPE FEVAC. ey, oleae WBS, WSo] wr Ae go] EA Haas Wree we 
2 AA, sho] Hage] ASM BH Bx] 二 Aes} chee, RA GRP] cal ol Bagel Hotel 
AIRE AS <P Shey. 

wel -(Dhallan et al)2) “4 [Dhallan, R, et al. 2007, supra Dhallan, R, et al. 2007 Lancet 369, 474- 

4s1J=, BA) BAe] VStusaes 憶 才 全 ce 斑 列 —=S Glo} DNAS] HSS SIP VIE BBS Aso) FIA 

oj gre. Sa] Bt S Hotel Sa Za SAA] 21 WSS] SVE, SAA] 21 Ae] GS TeWaeSa= 4g 

7d (SNP)O OS 早 司 -和 多 BoO} So]4 Oe alt 可 Bl-elo} Sela eae] HSS B7yoey aa 

Ec}. SNP HSE He 习习 忆 可 del TAbebAl Fas sic}. oO], Bol BAA] 21°] See, SA 

21o Ue SNP BLS2} 4A BAlao US SNP BS Afole] SAACH FF 對 | 區 ASGlHY FEBWMSL 

FH, AZ) FAVS 0.05 中 如 引 324 p- HS Asso] Boar}. 卫 AG ASVYAS Ete) Hal, BAI 

50071 222] SNP7} BASS A. GeUy, BASS S777) AHH 三 晤 全 可 司 三 相 Sze} Hes] = 

Alo] 9i9)O Bs (424 [Chung, GTY, et al. 2005 Clin Chem 51, 655-658]), BES] Hage 品 BW7s we 

7A ith. Het, A422] Gol 2 Bale 4242] BAA] cel 評語 +2] SNPS] AHS ASSES, SNP YS 
Yas At SAA Ase] Gtsae A ee WSs Alole} Gee [Lo, YMD & Chiu, RWK. 2007 Lancet 369, 

1997]). Bet, |S ASHS 74 Gease] Geo SP 32=H, OS 4S BAe ae! aol +e 

ac}. 

TS Aya] 21 2 Aula] Boe sLE] FS Gp] weecolz S44] 21 faze 2 Ae faze] Se 
aA Gay Be (PCR) & DNA ASESSS APR SY, 刀 本 了 時 還 |S(Zimmermann et al) (4281 [2002 Clin Chem 48, 

362-363])& 444A] 21 本 co 可 和 SAyA] 21 DNA AAAS) 1.50] S7S 7eoeB A) Ql] Bohs PBs + 

elt. DNA 8 Emme] Quy abo] 4%) SF SA] Abo] SCthreshold cycle (Ct))2] AAo]S Fst7] 叫 是 可 ， 

1.5 紳 2°] 2] FBS Brae) 各 和 入 PcRE] SAS. Br} ple Awe] Ae PBS SIs) Hal, BB 

2] Aefo] Bsr}. uel, B Bee] AY ite lat S4S Mal U4)S PCR Ges [Vogelstein, 
B et al. 1999 Proc Natl Acad Sci USA 96, 9236-9241])& A}8 dt}. 

le} 

也 

口 電 1 荳 PCRE 避让 PSA] AeA 日 总 o] HG AS A=ssch7] Aa 7AWSskc} (eel [Chang, HW et 

al. 2002 J Natl Cancer Inst 94, 1697-1703]). @44Aaeze, 44S PRE Se DNA BPS] laggy 

aA (LOWS ASE 723 Aowe c-epytc} (4241 [Zhou, W. et al. 2002 Lancet 359, 219-225]). Uj]
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=] PCR AAS] BAS 让 剧 ， 低 对 SEH) BSS (SPRT)el O14 电子 可 Se] AAS, WS SF LOWS] SAS Al 

Aloe Az AAS] Se Ale 2S AAS Birotsc} Geel [El Karoui at al. 2006 Stat Med 25, 3124- 

3133]). 中 如 和 殷 子 可 各 ASS RHONA, LOWS AAs+7] He BBR (cutoff value) DNA & 271 ABH 

Abe] SIAL AK BS 2/3 ASS EA Sed | Bo} AAs] +, Wyse 2 天 下 所 WS | WZ) WE, 

|S He Ba Bt SF Bay Atte] was) Hol AS AbSsto] H#Se4ya] 212 Ascheu] Aze}*) 全 

ea rol AA BAS 7)SOe se 同 o 上 Aelaja] 21 (CL Ge BEA) ASS Ha vasa yg, Sel 
AA BY RB ol-So]4 vps} 外 仿 引 HAAS) w-ass AGS PMs Bo] wasp. 下 
a, QHe PA Ag Qa APS Paste, Ho] Bos wa] ad BW Bao} a wW/ee alolep 
生 @ 个 量 ye AOS, SA AS PQ vyS-AspS Avene Ao] 名 還 姑 本 中 . Ke, wl-aSss 

wal] Bt SF 司 oh DNA Ae] Ve EGS ASS wea] Sawas} Ge gad fat toys Sa a adel 
名 六 Zlo|e}, e]up, Hof DNA EEX) Bal VY FAY 是 到 對 MAS TYIBe, eae Beye a) al 

As) HE SMS AS F ols Polepsr Azadeh. ofA, BASLE FTASAWZY SABPEYS =F | 

ays 十 尿 亡 ， 赋 吓 - 冰 剧 如 恒生 Cove We Sey 

RWK et al. 2002 Lancet, 360, 998-1000]) 2 G24 3+ 

AlzAF2] Q890X BAB) (EH [Gonzalez-Gonzalez et al 2002 Prenat Diagn, 22, 946-8])7} Médz 

24, We 2z]eaqHe 2 ged 27S Be, 人 | Ashe] 2 4S BSS7] Aol eote 4442] BS 

BRE SAH} Ae B27 Me eer] Ged geqoeBeH, PATA SAwoys] ASe Be 2 

age] 2a aols 7t2 HAMS 25414 502 SPI Aol. APACS oS o]sso] offre}. ape} 

A, BSS AAS] Ba as ASe, BATA Bol SAM Ba] Bato?) AaB + VME BF, 

|= Hoyt S8Rds ae tel = 

aHyu, aaAoe, oye AH 

ueyA], 2b7] Alek Glo], gbalgk Eo} 

A] YL 早日 AQAES se BH] A 

  

7H &. 

# we] arietele, At AS Bes (4S 59, Vea 223, SAH] BS BE Bq] 

EBG2)o] M244 FS Uo HAte4] 村 时 县 447] Ht BH, ASH RAIS Aes. Ws 

So], 272] AS C&S AG AE) te] 日 辣 引 BVss Axas7) Ms st} ole] BAFo] Maar 

te AISI, BSAS AM PHEAOe NEA WS, dad Ba art Aee] Was Sree Bal 

at BE Sa BS = Ao} (WAtASS Has AA) AS9 BEsSs 才 多 人 先 AQ. ES Wl 

Sao, 糾 Al, DSAe Sa 也 

Witsye Aas ae) WySe ye) Ags, 2 日 含 衛 

电 

aE ASS Bret 至 

Awd. 

2. 

EY SES Sle 

TAA cs] tole +82] BR, fel Spe’, OF BA, As Ab, -FAlzt WG SH (receiver 

operating characteristic, ROC)S Ales] 24a 全 gc. ola AAS AA Me Bar) WE. + 

Q7| Ae] BAe AZo] SS 中 AAspPlAr}. oS FY to] SS MAAS] St GAA BAS So] HAS] 

o} gle}. 

@ ANA ANH opp, (1) daqoe Beles qt yao} a FS Gee a Aes] Pe cope: 
BQ (2) Vow Beale Bd Yas Bo]s ws BW VAS} ale FS eps 对 2 JES] Mk aloes 
MAH vlelEHS ces] US OR PE] PSshS Gal: | vlele} ABER) seeps Agshe eal: 品 全 
生 uke Z2}o]4], Haaow shag ab aya GE wg aa Aael Ae aA Aas) We SRERY All 
PACS Fes GA; 名 生 本 日 時 a APs} vase Ga; 回 則 避暑 FOR, AW Aa Bayo) = 
AHS] HPS] RHE AMS GAS MUSE, AA AG BeBe] ABABA BS lo] 若 鹿 可 生 外 THs
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ABS7) ek Wo) AlSeet. 

EE 可 入 避 Ae} wep, (1) Ytaoe Bas aa yale} al FS yey al AES} Vee elo] 
tH: 2) 全 們 生 生 是 Beale Bd Aas Bo] mys Bh rpao} ale FS Epa a2 Es] Wek alo} 

， 司 号 习 扣 时 aad BA NA 2 ws BA YAS a1 FB AM BW shy oss) a2 FB A 
ad 2 doles dq] weoeye FSehe Gal: F 本 ol 是 AER PE 本 生 中 日時 Age 
3 at NA] FS Sagat] Age al 加 是 食 呈 早日 al 

= da Bouse soz, Wt AA Beso] Sala 
a 

ea 

euZo] AS4 WS del HAs =e2] WPS x 2 

of
 

flr
 

Aw
 

cir
 

be
 

nL
 

a
 

也 
42
 

邮 so
 

ral
 

o
t
 fr 

4 

o
y
 

x 
ae 

总 aU
 

是 型 ti
 te wk
 

學 及 = al Of
 

ro
 

jo,
 

a]
 

A
 

3 wu
 

ast
 

o®
 

m
a
 

rl
 吧 =»
 

咯 bel
 

po
) of
t clr
 

a e x 

Of
 

ot
 

ah
 

吃
 

of
 

Jo] ASSAM fo] BaspeEr] 四 时 县 ava] ga 

BAIA asFel 王后 放生 了] 号 whale 

te
 

pO
 

n&
 oO
 

x
o
 Hl 

ot
 

of
 

Ol
t 

OM
 

包 2°
 

~ 

mu
 

4 型 之 

o 
人 > 回 

zl 

] 司 时 Yes, 27) tao Baad AAt Aas ws art AVS] All 
fo] Bele PE UO S SSshe 

|; YBa BSoA, all F8s] Mees] aA A|S 

al; Sebel e]S All BF} Blase 號 
, UAL AG Bar¥o] SMsHer] ope] RFS Agee das were. = 

2 
G
o
 

tb
 

lm
 
B
R
 

> 
ee

 

本 aus
 

8 工 BI ae
 

六 4 Jo
 Ht 

a7] Vit AQ LQ 全 畫 本 生 MUS FRE 可 oj 是 wg] Aa Plas wep gs ass + ae. 

Bal 可 为 才 Ge UA) BAPE] afer} set} ot] 

  

So] "AA" Be “" 普 司 开 妓 司 时 是 三 0” GAs BS lSe7ts BAS asaya CNA) BE Byatt 

(RNA) 2 S29] SHS zldacr. Pa4qec= geese] Se a, 27) CHE FHA AAs} He 4H 48 

ag ae) ad Wl PSL =Ss HA Woe wpe ad wededss F418 會 對 對 著 Bra 
Sate eee. Pe yu ge & Sa qa yae Be Peso, 1 wegen wae w 

lS So), a] SE Aa, TURAA, L2zAortholog), NPY AVA AA, BW Qaspa yep 
号 ER. FAO, Ha aE aS shy ote] AGA CEE BE) SES} ag HAV} 

2G 97) W/E ASAad w]e Jaye NaS Wateonn Poa 个 oleh CE [Batzer et al, 
Nucleic Acid Res. 19:5081 (1991)], [Ohtsuka et al., J. Biol. Chem. 260:2605-2608 (1985)] ® [Rossolini 

et al., Mol. Cell. Probes 8:91-98 (1994)]). 0] @Abe ++ <14b, cDNA, mRNA, 2B Har RNA, Poa 

RNA (miRNA), =|}?](Piwi)-2t& 4-28 RNA, B 介入 才 BE HAs] Se] SASS USA ayeolZ RNA (shRNA) St} 

Pe DBAA Os APS ATH. 

go] "會 刀 才 "生 Bees aS Agee] vols DNA AWS aya, 2g ae 
器 Eeldle}) By oye} Wa srg ae (AS) Abele] Ae] aA CIES) S BWP 个 aed. 

才 者 如 是 . "Res" S|] et oe Sasa Aa Ws (PCR GS 4 ee wes 484 = 
ey WSO. “中 全 "生 HOS Ge Sy HBS Foleo] so] Ft AAR BSolcte, "ABA wets 

HAQSE su ote] S4 Sayyed ecy= Ase] HAS Yeyy Be) are) 4! Ase] SASS WHI} 

AZ) AoA] 2] BES olt}, Helo] 作 辣 县 Bo] "aS alse -s*, qs So] aa vole, 4, HE PCR 

oje}o]) BA Ue] aaa Flore] WSS 2] 4) ar} 

Hoo] ASe f°] "WAoe Aas a4 rAa"S Aqa Brag da Aes ao = As Wee) 2H 

可 Asse Seq7Ssyqe2ue AS Be Bo 2 Ae NS 2 AMS 者 對 + Vo. SF YS BA 212] 

ASelt}, GS de S444) 18, 13, X 2 YS VPr}, HOS de Sawo] 74 ASG SS 7A} 十
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心 
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2) Po) sep epoy ey. 
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鸠 对 可 生 

+= 
= 

O 避 a 

| 

SAS] ABE HA) BS 可 可 

o}n] ae}, 

=ol]] 十 

Ae 本 可是 才 

= 

Oo] 1. 

1 一 

om 

民 二 于 

th. 

So], Bol/aRet AMEE] Fee elo} 

U} #22 (overrepresented) 44k 47a 

7] Bt} 

Ue} 

oS = 

动 入 

1 © 
生 

Oe ~7|F2 

二 

= 
a 

a I 

qs 3°], #4 

下 

% (A Axo) ES ge] Aga 对 号 本 

Wx 
= 

sf} E] 7} 

as) > 一 
1 一 

272] x 

i=) 

2} 

Al i 

O hr, 

1 aE ag 

AA ( 

xe) 

xe) 

wagkec} zh 

2x 
7 

入 二 

oj]， 寺 可 品目 才 Be geo 

Hz 习 O SH] 

-二 
_—_ 

O 

AB 本] 晤 補 wold. 

o] gat vel 

hr 引信 和 

wg) 
A 

AS2] All Gz} a2 AA ASS] a2 ee Abele] HPS CHE 日 

名 ol 是 AES 條 | 2) als Salah ro) 

| Agel 十 车 Po] ax a 

73-9 “AE col et 
8 AB Tolepe| 个 

| 

ales 

i} 

[0034] 才 BAO] SLY 天 Be bas Sass a 4h ich
 

so
 媚 二 91 中 . EP et , 9] vg 

[0033] 

S| sme] B-as Alaa} se] aloyehe 才 口 
1 ot om 

ERE] 2719} 

24 a] 21 

Oh ar abo) ey. 

+ 
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ESE AGHA, WAM pe] Ws] A4° Bae SKS 才 多 公告 Ad. F¢ Sy, Bae 

2 54 44 ASS Gise Ale Wye ABAs ae] Saye 4454, 24s! A7) AeA 4 

we RES Be SES Tle AA. 呈 电 和 耿 rs] sole 78S] WH, zc SPRT, OF BA, 

AZ] 2b, Ala} WA SY (ROC)DS ABs] AVS + Ar. oH Wee Allele Qe Bt wea 

+ 以 7] Aol] Bag alee] 2 可 A2sPi2c. ole Fe Seo] SS Aetae! St AA EA Ss] H 

习习 oj 以 口才 同 PCRe]l AAS Cet, THE Yo] ASS + Br 

Zz} PRE 可 时 是 引 Ge |SsHo] UA Fe BASES ASS BIsES WY s|AX BAro] ae Bel 

2a PCR UNAS Velr}. O}HAW UZ PORE AS HS EA] Ars 7eestAl Mer}. BATS PCRel S 

何苦 48 S89] Wee Be SS 日 - 司 妃 YS Seo FE SES We + 2 ae Zee 可 人 如 

Ta 司 蔷 相 428 Fees] FES ANAM (447) 2S [Vogelstein, B et al. 1999]), SG WS = | 

sag atte] a= Cl?) el [Zhou, W. et al. 2002]) #2 GY Behe] 2t FS SBS 全 名和 ae Ct 

Az 發 7) 是 一 [Chang，HW et al. 2002]) 9a] 9 刀 早 田 ABS. XS Pere 生 及 FEB 
司 GES} Ab SE Apolo] Hoek wes. gaol] 9] eax) 7) wo], ae} BY 加 如 至 所 总 放生 pcre} BA 
ABEUr jeAoe 粤 导语 可 o ep. 呀 生 對 , Ala PRE HA Haas} BH Halls pole] wep 
nag QE) Qek 对 可 量 aasow pad > gay arp. 

1S AMs7) Ha, 2 BAASe 44 ZI Pcre] BA SBS S BAA 21=7AE 2] Bt AAPA) PLAC4 

mRNA (421 [Lo, YMD, et al. 2007 Nat Med 13, 218-223]) Q#@#44} WSS Aqsa, 91 豆 詢 AFA] 21 

B alsa] Hoes PBS 个 Ber] 44S BWretsac+. ase BH2HS U*4)S RNA-SNP 由 明寺 Aer. 

o}oA,,  BWezks2 2) Pcre| S7eea BHR=H Cle] 會 久生 Sao] 习习 F SO) Bok BAq 

Tas 422 7 YE] 44S Baad. 2 BeASt 18 品 

Alec},  Alzbe] BSHS SEg-esozia APMt* PS] gor, Bry we 

AS] BABS GSAS Estos Ae |B] MA Br Sl ABUSES Bee Fe. 

All 2] oo 

一
 

I， 品 又 屋 RNA-SNP 

A. 7A 

  

UAeb PCRE DNA HS S FE 本 局 人 育 纹 对 相 Weld(skewing) UWH414} HSS] SAS ASE HF Ar. AS 
2°], U4) PCRS SG DNA HS SF 引 習 如 全 對 22 LOWS ASsteu] AASHo] Bre. DNA PS SF F a 
Bratt, = AR Gt SA stat, A aT AARS LOW} SLE AM Sol] Seles 7eAetc}. LOW} SS | 

= & 50%2) AMO] BASE AP, DNA HS SF GAS Att BSS 2:12 Aolch. eu, LOW} $2 

Med EAs) We BP, GAS ash 同 含 全 1:1 補 Aelrp. 

S12 44/4 PCR eS Ase SEE 4 
赋 恕 可. BASS A at AA So] Aes] BS oF] Aste] AAT ES AQ Ac} 

co. ue}, BQs SME OE] SAche AP, AY Fol] Ast BAS Base) g 

S¢)], 27) £4] [Zhou et al 2002)4=E, SA "FH DNA"S] Wat Sw} =I 

B2y} 3 @mee DNA HSS BA) Ar. Be] "SS DATS A BE G HHS Jevle Als BoD, 

eye SQ Seo] Het JER SIE ASX) VHS AS Fach. 

Al 120141, 4242] Beal, PCR ese A R/EE GUAT AAS SA) Bea) Ma aac. BA 
130841, 2242] 2S abst 寻 电 县 本 (lS Sel, GGL2HB) (4S SO] A, GARG, BE 可 二 SE 

oft). LOHS| 4-4] Stel], DNA HS SAR G AHA she ease CS 44 St 升 习 ). TeV I, 

fo) A 丁 習 合 刀 二 2G Aertel ca tea see ede 及 可 olw eo 2] Go] A EE 

alate] 本 避 Agel ol 四 让 . } Ae EE tur ge 才 
至 ol SASS BH, GPA TBPAAS APRA HSL Aol 2:18 welch. o] As] WSL Bes 
ANE] Aol 50% BI Roe HMA. mpepy, Uo) 6 Adee da III 對 是 條 a daea 
Ao] cal GAY Baw} Se Aeley, 三 Ax, 6 MYR cal Bae Be) FE A deeds 中 

2 中 a 祥和 和 Wo) ure] BS Ao} 
wal 14014], 2} PCR 改过 量 eirst7] Hal, 2A4b2] Oeste dal Solu GS Ger 
AS Seo] od Ae] +S Alps Alolte. 27] Mell, A Ag+ elZbel Cle] Gol G arated
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[0055] 

(6056) 

[0057] 

[0058] 

[0059] 

[6060] 

[0062] 

{00634 

[0064] 

{0065} 

[0066] 

uA] 150141, ABale Ws) S pe F ATA S 相 二 Stel cal Gael Us| se] Poe Agee. 

al 16041, EF Be Se We) 可 青 并 各 对 可 生 74S Qeale Ae) BS (P,) (本 二 相 晶 各 下 ao] 

P= Be a al 可怕 全 用 才 相 Tard eae as +/ad4) sys] TYRAA (A EE Gol 可 司 a 

Al 170017), Pr ae] AGA SHSs UES] 4774+ 

=H, o] RS gte}4] Bt. Besse Ade) He BF BN 

en) AS (SPRIS ARS ACH. SPR AolE}7} SAPAAL 再 Spe JHE cane = 
SPRT= U4]= PCR] AAS Viste] Wot Astras] Ba BE PAS AVE SAA WHolt+. SPRT 

= ese 29 +S A25s4 44°] SAA ASS RZ GSHES SSeS se 14s Her. 

oA] 4 ae eel AL, ae ears A712 (null hypothesis) @ W7ta (alternat ive hypothesis) ¢l] 

习 才 如 
中 

AE S Mod AYFA4A 司 盘 o We Ae Feed. Wwe We s 
- pede. Pe Wyse BS oars TSst7)] MaAl FF WS 

二 late Alo] 再 7a SS FSe4] SE AP, BSA Wats z= PCR AA} HAs SAA ANS] 
Be Ws HA)S Alole}. 

BS $7] He wae AgAoe, sry Aarsl 才 型 sol) sega P MS 71s6 

2 Altrs}o] skth. A 7soAL, BS Mod aera SS Uetz] Se Ale spac. ape} 

41, 4 Heol A RG Aertel del G8 Fee SCs ABH, ATP, Me 1/2 Aeolth. AW7a 

Ay, 對 分 P BS 2/3 BS 0.59} 2/32] 可 村 Szk AM, AS Se] 0.5852 可 巡 和 本. Beet, alee 全 生 

B. Ue SEH 2S 
Bago] Be BAVA, TATE NPE Al ge] 组 全 名 至 早日 ool de SEES aespeul ead, 
司 er/ 同 由 A SlAM IS AS, YMA 21S TUHAAS MSs Sa = Md. AB Sed, 
PLACA Gear ate] Weel ares Ae} SAGES FYE S As7) Meal, SPRT7} ae 中 . 

sue] FAIA AAleejoy abe}, 品 有 由 RNA-SNP 亡 BAYA] 21 于 時 日 AALS} aL 可 了 四 可 2} ey ASS} = PLAC4 mRNA 

可 AA) A/G SNPS] 村 习习 可 习 和 如 对 ，rs8130833 外 日 辣 可 加 相 BPS Ager}. co] Bae Aula 同 9 

可 deal, A 中 G Aaetashe Bol Aso SecA] BSSO}OR SE SM (1:1 A BS): HAA) 214 

AL, HEA Gaba] 212 eo Ase SF Ste] SNP 可怕 會 丸 才 和 #7} AWS BBs] 2:1 HBS Yes 

Aolcre. =UYZ}E PCR BAS] SAS BAS aes > PLACA Gas Zh2] Geo] SS] BE USZE Aa 

ae 及 可. apeyrl, A & G PLACA WH AZbS BS BA SSBolcty. AAlZt PCR AALS PLACA mRNAS SF 

入 | 引 焉 如 AAMT, TF SNP 鈣 習 全 妨 才 三 同 生 下 (TaqMan) gg VBR] le] PHA. BA 呈 恒 生 BA 

Al Ado] 下 2aol EH} gtr}. 

Se Zac 忌 wee] Alejo] aS Cz) RNA-SNP YY 2008 APstre. DA 2104, PSS Yerr. 呈 

Al 22004], BAF AS, aS Se] PLAC4 mRNAS BSR RNA BSA BBspstr}. ST AAA, AS 

PLAC4 mRNA] cla] @A)2b PCRE @Al air}. 下 SSW, o] GAS AAA BAC] 44S PCR BAS] 1A 

Ato] Maet7] Ao] YU Vere] s]A4o] 29H Ero] Gs ofolcjolS alesse. 

uA] 2300141, BSS AAA. GA 240074], BAA BWSel SES Setrt}. JAZ) BSe] E77 

守 1 ee/d (Ss, HH BS H-ASANG SE 可 二 se] GAefazhes Sele + Ac. SH Aiea 

=o Sate Mt IVS Zee Zee esr. qs So, 2 Bezse Blzt PR EAS AA BA 

AlZl WSS 96 AS WSs Ae] AARTVeEsS Saar. FA SEE HH PHS AHS YAP 

-11-

Pg.974



[0067] 

[0068] 

[0069] 

{6070} 

foo744 

[0072] 

[0073] 

S550 10-1896167 

o] GA} AAS ES @ 个 lar, VE HH BBR oleh. 
eal 250047, CATS PORE 相 恒生 24 a 全 可 入 Blaaich. aS So, Ede SAA) PSs a4 

PCR 是 号 总 Far) 384-Wo] 釗 是 對 名 年. PCR Aseyeel, ZF 主 站 AlSo] ade ays] SG ZR Aauae aes] 

fe Seledt}. Ahale Ue A BEG eras) Gay Solu, = Bal Gea] Gee oh Al 

= Aeojeich. YA 260014], Ad Pr RS Atte}. oles YASS FH 口号 zh ile] AGS alle. 

Wal 25041 42a eke] seprJelS 2¥gsse AS Vr}. aS Se, Us aa Ve 

= PSUS NWS BeBe] Sass2] VHS age] Hay wie 全 aed. 
mizaal Abo] Ca, EMRE Ho] AY REAR Mo) 可 全 时 中 ey, Feasa] 21 obese] Hey 
才 才 BASE AP, Bye] 醒 習 會 刀 才 點 食 Bree de FE dS ddedawe Braye a Fur 
oo Meh. MAE}, ASIAMAY 210) AS TU HAA BaEVo] al abelch. 

47) Apel Ast Ao], SPRTS Holeb7t SAA AA | SS 才 但 各 Aatses se Holzer S FR UH 

lt. 84a 21 ASS eet 2/2 PCR SAMA, AH77SS Astra) Sate] Aste BP (SG, 谷 

SAV 21°] Aese 2?) -e4at, APS Nera eaeseo] Eas) Se ar (S, Hal 21 

人 | gde54] Se 82h) ree. F Be sel 对 个 引 dearad4e 24422 AHS ATAAE 4] 

Asa, BE QBAae A eS 二 對 HS (Po) 恒 導 還 Aolth.  SPRTE, Po) Abaya 21 Abo) 可 避 ats] 

= eure Aes dard edvs veyezle Ade) Har 4exct. 

4 ol glol4q, SPRITE OF 

et 22] SPRT {AS 3 

a 
th 

It 
3 

aya 子 
4 sa > 多 ago] a Aalepelol 

Ue} te SHES Aga] Me SPRT FAS WE TYME Agee}. SPRT Fae Aggy va BHA 个 
gis BY F | ley ahaa} ow Ape] Cah 2 Al 

ABACE 會 正己 P, HS ou 計 崗 本 FAS 宇和 县 证 必 十 BL 才 型 對 7 Be a4 P, By} vars Aojcp 

ABTA] SRE AP, qSe Aue ols 才 太 14) ogo ete Se Aone BH9d. ag 

NAO] SES BF, WES veal 21 dors 7A gal gous Se Bom Bese}. Wyle 
B, FOZ] ANAS AP] Fol eM Po] AB PF] Tay SPYE BAA alga FE oly mds] 吳 
a AG, oe sy] AS WoSqd 个 ach. eps APSS 可 PS oojep} ol B7Kssp7] AAI E 
PEW Soe Wwe}. Pa BH ss) GS WH, Pale 本 可是 才 SPRTel sal BHP SalAI7) A 
MA) PhS] 384-A SHOES AAS — ary. 

oe}A], SPRIE FHA $eS] ASS Aa GS SAA WH | AS ge] A Po] 2Pacte ods 

A Mol], SPRTE QP HS Se] aoley7s SAMO] SAQSM FAA EAS 到 全 吾 計 才 中 

= ABS esl Hee. 9] SAS AN4Ace lores FE Urbs] 个 才 
立 

x 了 a
a
 

aw
 

to,
 

六 iy
 

jo,
 十 ob
 過 

放量 习习 AP WE SRE Ease YF Asbo] wasp Ge] Belo] yeh. Yast Baa 六 才 本 el, WHE 
Se WRG VYS FIT 个 ale}. AZ Sol, VAM] ye Me 是 民主 Bo] Ha Mess] aa 
AS Sede feS UYU, BE Sede 43d Ses] SQ Wes HE US sel QetettteS 

AS ASH + gle} 

Tae BSUS Aes, BA Bt BE AA S Hoh AAS Ab Sst] SAMS] BE Az) GYR wea 

a Hole] +AAhes Aes | Bich. Bloke 29) BATE] 29) Awe] BUS SYS Arlette AS 

B7laok eet. a ch 吹 選 才 AB 半鐘 才 民 
过 

BS MIA, F UA A BW B 久生 
Pe 

5A 
2] BABA BH, WOME EALSE AA, BBL ABS] HAAS hal + gleh. Pop} AB Haase, 

时 2loleh. wey, Bab HE Oe eat HV] BA APsolAl wetalep, wba, volt AA HE BBS] Ha 
AVS We BH, BA BPW A HE BY HAA Zo] YRS Wea BeBo] Sat wolep. 
cleat AZ EA AaGey Salvo] (|S Sol, GRA AHS BE wep ass FE ae SIF 
SS PPE SAMopIs Aorrstul, FWP AG IS UIFAAS, BE Sve] AUHAdS 卫 
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[0075] 

[0076] 

[0077] 

[0078] 

0079} 

[0081] 

[0082] 

10083] 

[0084] 

S550 10-1896167 

al ged. 
Il. u{% RCD 

C]Z) Sb RNA-SNP7} 2-4} 1 SNPo OLS YAP] PR AAS HHS Belch. 
om 于 YAMA 21 ooh HE HS Hoh Baal leg (oF So}, ayaa 

18, 13 BQ BAI le VS Ass) AA vasa AVG] Hat GBR) spesp Yas BH GAS 
RNA-SNP 才 oj] 半 习 oj] 村 所 Be sys) ale Belch. 中 村 对， 各 altel, Baal ee aa daa, S 
o] 转子 可 对 YHA] io) YAIR HaAspo] BoA 本 -可 国电 Yaya] 21 Hadas] c]z]a PCR WAjo) Yay 
Axa. Avia] ols] 骆 千 可 对 sya] 21 可 Yaya} 12) vw) Hs] 2:2 早 早日 和 ys Belay 219) WH 
外 pwc. AMAA 21 GSS MMA INS PR BANA, ve | AAS Ba] BHBo] Eley) & 
=, Bea we) PEA VE) AHL SAM Basel SAE (S, FIA ae) GEE) 

& 型 NX = q
a
 ~

 

吃
 

當 =
z
 

Baya] 18, 4s 44a] 13212] @ata] 13, Bu 

guy. ms, SAA] ls] Bz, Ba ol] 49s} 

多 ar | 2, Hell 

BAS OCB 分 Bee] Ae 全 ar. Azle] 

15 y MES 

a 73) 

= st7] sealAt, 4] 96- 和 器 相 對 BAtal 1 可 
qoury Hole | 以 本， 37% 引 TAPS IVANA FH Zee Aeolcp. 

sa 240" AG B Al 2502] 42XE FF AS] Gav SVBXo] ola] PHAMS Ache (paralogous) 144 WB 

于 B44) Spo Salohe Fees ASS SsHA71 ES Tels lA PR AAleB 年 

$1 [Deutsch, S. et al. 2004 J Med Genet 41, 908-915]). o]e}d GVeto7,, Anas as 

= S44 1 生 生 生 生 qa dae, 24u = Bol daz] Gee oh Ae 加 习习 可， 4 

a, SE she] 和 如 对 寻 可 Gal tae) Anas ae] se qs SSaor Hr. Aaa 

21 本 oo Hal, BAA] tac} SAlA] 21e Ha] Geel Ae] HURSo] Bolok Srp. Fr RsSo] AAs 4] 

a 

  

1 婦人 沒 轉 AY 200 BW 2052] 得 放 对 司 相 GAS 同 e Sols vpy7} apxlchs ele}, apepal, B wey} 
@ ASA, Blok Sols 可 才 才 ABMe, 司 - 司 ol Ho] vps 对 号 让 7 May, B Was} ay) 

wal Bt (3, ASIA WS) F 同 oh DNA RY SRS SQac}. lela Aus} Ba, wep Hea 

Ea] Bt & Eo} DNAS 村 , eta] 21 本 e 毛 Ba] BAo 2 BSz elo} DNAS] Ales 

We (GE) S SAA 21 AS2] KAA So] ZITS Aolt. AS Sol, Bole 习 剧 7] 4421 5 GE/mL DNAS} 50 

GE/mL2] & DNA (, 10% Ho} DNA 是 习 SSE)NS Pisce Alea 人 久 和 時 早日 和 Ba] Sst BS2 BA SZ 

a4 Cage) 號 Baa] 21 4S] & 100702] 7} (C90AS] SA] 升 习 + 1072] Hoe FBS BHaoe ser}. 

Ate a4 a] 21 ale al, eloh GEE 22} 37] 72] S244] 21¢] Zia, Bal St FS Bla] 21 Wa] 

& 105742] 7s] /mL (907A S| SA] 升 习 + 1572) Bol 7) 7b FMS Sr}. ahepry, 10% Blo} DNA “SMA, 

Aaya Ale] Sa] Bt S Baya 21 Hea AAs] Ve aula APS] 1.05 証 寬 Aelcy. aepry, 244 

Aw) cleo ALS Ams] AP 对 中 时 42aAages ABS S| aes, Ha 21 Gols] HAGeY Ba a 

aldo] aa cB a-S YA 为 司 ol ee Blech. 

xt
 

o 
fo

 

加 
gl
 

“
起
 吧 ti
o Ht KA 

ue}Ay, ep So] Qe eA DNA BS S Hot DNA HS] EMO 

eee BF, Wok Ae & CEA RCD NBS 3:2, | 1.5m 对 oo]ooF Mey. equ, a7] 7] ex 多 對 
Ho}, eA RCD HBL 10% Het DNAS Bree Ba] At WSS EMSS SH 1.052 ALE Aolr. 

一 13 一
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[008 引 

10086] 

[0087] 

10089] 

[0090] 

70091] 

10092] 

10094j 

{0095} 

[0096] 

S550 10-1896167 

AGA ce fed Pe we] BAA 21 并 各 志和 可 Gel Ae] +e S Beas Be] FH Ur Attract. 

AGA Cm Hee Pe AA P, 2 ol RCD BS 2} 7] SPRT BAO] AS. 

SB 4e 2 Bee] Alte] 本寺 elo} SAto] WSs ABs As AVS 42ase YH 4008 ep Ar}. 

WA] 41051741, Bo} BAe] BS Heese] 4a. F BIGCHIA, 2S BESS B-eHol} Sols AA 

(G, BAR Blo} B-fol] 天 和 計生 會 友和 二 AWS) Baste] Wol}-Sola sy CYS BS], YA, f7-214b 

tee uy (Cojzidj, SNP), eqR} 4 了 | 下 (placental epigenetic signatures))2] 2S Sse] axaeec} 

AVAlZE PCR, COATS PCR, ASRA BS CATE BS As AMERAS BSS) SS Aes Ge aes wl 2] 

SAA, °] Seo da 人 大 衝衝 時 Auras Sets] VS + 名 
= = oO 221 an 
a vas sae tae + ary. 
Lu = = 

ea — 

AA BAS ABSA WE ze] 2 
噁 

alah)» 
ch. al 4500141, 2a FS AMeb7] Me Bae AS Fs 
al 460941, Aa] P, 器 ARO, Bo] Sa shex) opr} 性 光电 十 ， 

如 鐘 儿 信昌 對 , FR BWA NAS] VS MPSS cA RNA-SNP Wo] 嘉明 时 可 ape, 全 aRE a 
LOWE APES BH, 50% HN AME Be SO BSE AIS + seh. ole Ke 50% Asp 对 AM 
Be BS IS Aes, 1S BAW PL FHPORA PHP Ados 1B 个 Me ae 全 
A PE AAD + Meh. SHS AAIPaMA, Boh BA MPSS 口 对 县 PCR Yo] Se sJo}, aobt 
wal GF WA 是 對 和 早早 日 PMO] Haz FAV] (SF Sl, PRI ARS HE 团 量 -局 知 二 由 组 HE 
AP 己 昼 坷 知 全 Gubehe SAwo|) HE ays Beer) dee agac 
  

AAI 寺中 ots] AG) Be 
& Bola BA NAS WHat ag

 
rh

 
之 x & as

 

oo
 

立 吃 

a AGHA, Bat SRE US DNA AS Sq Ye Ses] a ae 各 Ae Gs Yaw 了 二 时 叶 
BEY] ME We] AP, WE SF NA SRE SUE Aolsg, ou FUE FR da Gade wea 
4 lth. AS So} LOH gk AES] BS, 全 AMA Aled oleae ae gate dpa 2 

Uae] Wat SRE ms HAA Bele}, SS altel, 唱 ee ees] ae] Ae 

5 a aa 号 
eal 510-1, Bole AA] FL SRM}. Ae, aS So} a7) a 
AS 对 宁可 oj AVS = MH. ey, olae SS dS Mes] VY Se Bs vps 店 全 本 外 w 
aut ye aa, ato) ae, $2 Bae ga So a7) gas Pe BPS ASS = ME GE yal 
Jae AVE 全 she} 
Al 52014, HRSA AAS] Aa] 同 仿 e| Age. clas avy) yee Ast Po] Gy a Maw Ue 
uss Bs] SB Asta, Que Bo] HE po) Aaa 全 eh. eal 53004, se} ots] As] Bae 
SE} Saad GAD. &@ Wit, ge Ade ARS Adley, a 
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10097] 

{0099} 

[0100] 

[010 避 

f01021 

10103] 

10104] 

10105] 

[9106] 

{6107} 

10108] 

[0109] 

{0110} 

Olli} 

fO112] 

S550 10-1896167 

& ASS FANS (underrepresented) 4S. See 41S PR Heo 44% AG Gal S$¥el a 

478 Aras ee + vd. £39 de ass Bat Fe e= 和 ol 生 BAS OS 24d Zee Az 

Ae -FO;S (Poisson) BM] Sa] ABA. 

A] 540514], ol ek 21S] 可 避 tee) ae) oft to], JS Se] Pole EMS 外 全 對 AaAwe. ost 

re AS AS, AS Be AG, ASS SHAE As] + BE Ase] GH Ade ee] FSAQ + 名 

Al 550°], let Pe a4 toe ye, Attetctp. UA] 5604], BAAS, AS Be] SPRTS A Ssh] of 

2t P eee] AlAbelcp. Al 570A, AA AA Berge] Ba} Ada. WHE 5002] Sa Swe] ola 7) 

  

m7} Cal 5302 PE] Hele, AAS Ges We} oe 全 才 eal 
BSH, BE AP Hoe Wa 个 Ue}. AVS Hal Sa ae 对 % 

E™ (mJ @ SM 0.5°]31, PLAC4 SNP, rs8130833e]4] 443444] 21 Blo} e] 

ons Feet A deraata Alelal, HHS e SSE G AHA -AlAbBL AGGS Bo. 

Aare Zoleh. 

  

metry, 0.52) Wat Aaa aAAb Sel A a 

st7| 2+ 2S 久 引 趾 : 

hy gh ge 
nae ve 人 ois re FED) = 一 ae gS os CLES 

met, shu 引 全 對 A clefts] 全 全 arse 神 生 生 We] FHL: 1 - 0.6065 = 0.3935}. ye 
, SF 39%2} Wo] sh} la A 印 習 合 刀 盡 鋪 是 如 全 會合 Aloe alta 及 | 十 

Hae At alae] 2-H, Aaa 21 Boke} 于 ao] 本 主 對 , A 本 Ge) Ae BSS 1:29 Aol. He 
a RNA = DNA WS SA OG Ho] Wshe}4] Me Aoe Age, Use deat] Mat See A 
aerate] dat ee] 2a, | 2 0.5 = 19 久 引 中 

呀 本 對 , Bat Gaps eel 19 對 G AAA] Yo] BS eres) Se 條 生 下 a] Bee 本 
71S} BE Bole}: 

  

aeyAy, Skt} colts] G UTA BAS 全 全 計生 Gels] Ae] Bel: 1 - 0.3679 = 0.63218 Ae]. 24 

BE, SF 63%2] ao) sf} ol4a G ABTA 是 盡量 習 全 計生 4 

  2. HURSH AG Heo] ag 

al’ ko] Althea 章 , shrpHeee 一 站 -1G2] ye) So] AVA + rth. A 本 居間 刀 有 G dards US 
Ape Ale) SHAole}at 7a, | 本 绷 痛 名 对 量 BS Sse A] Fee 0. 3935 X 0.6321 = 0.24872 
及 中 本. ABE, Of 25%2) Bo] | 本 習 全 太 電量 BS Wipes Ale abe Zlo]cp 

A Wera4= rss 6 dera4se Bre] Be oe 可 入 司 捷 As] vse srt oles] A de 
44 Shrek Be] 个 可 如 A 2G WFAA SE Wpsh=s Ae] +S wl welt}: 0.3935 - 0. 2487 = 
0.1448. -AbShl, G ease BHrets} A TH] Se Aoe aatsye ae} yas 
0.6321 - 0.2487 = 0.38342 “pele. Al areas BE Gc 可 平公 如 对 可 da tol, Se 卫 . 

So) Gate ego] of Mey Aer. 

-15-

Pg.978



{6113} 

[91 

10115] 

[0119 

{O117} 

{01194 

fO1204 

fO121} 

[0122] 

[0123] 

[0124] 

{0125} 

6126] 

[0127] 

[10128] 

S550 10-1896167 

etal, Uz}e RNA-SNP HAA G Uetazte] Adi4aoce A 本 習 全 太 電量 Prae asl ast ys 

0.1448/0.3834°e]t}. SG, 44) G 本 習 全 太 才 廬 deze tel ds yee GIA 上 

4geql ale] 2.65nfe]t}. oO] Qe Breese] 可 習 僵 玉井 二 GH 可 習 劍 媽 電 天 2HS ao} Ale ABs} YaAAS] 

tH. 

SPRT #Ao] Gal, HcUReea Aah] da tel Anae de) HS (P,)S SPRT SAS ARVs A 

AS}. aad. 4B fay, Apas ae) ASS 0.1448 + 0.3834 = 0.52822 Aolc}. apepy, m 0.5°44 

APOI al] 21 才 六 本 JAP P,& 0.3834/0.5282 = 0.73°]t}. 

oe
 

so
 

eu
 六 之 a)
 

ot
 

xX
 

fa
l 

at FE EM (MS FOE Wes Ale] FR yepy|epoBe, Ps mol 號 生 點 還 Aolth. BS 6S B wy] a 

Aleeel we} Bos Bet FA FE SE MS HAE FE SUS] WH qe Aaa] 21 WSs] aed 4 

Al RNA-SNP O14) BS BPS BE WE BH 600 含 二 时 地 可 H COOL YH] AS Bet ae FB 

SE (Cm, ae aed Hara WS RB aceHSe Yee zto] Gel Gael Aas We] ws (PS 十 

EPA CH 

alt P He B-AB 中 對 人 時 aos $e YAS) Wat SE (mo 可 对 Weer}. HX 600 引 alAled 2s} 

Ho], HATES Fest] Met 可 个 P she mat Al S7re Aolet PIAS SE Sst7] HE edt P a 

o] 0.5 才 Ohad + eH AS SHH. Be Qt 同 食 
5 YOM, UPA w] Lo] 5:39 BE] Moppe AH BeYo) WU oleh. HF soya Ba AA ge] a 
os We BH) upey Ag welch. 
ey, 1a BY (CS So}, 7) Hl [Zhou， W. et al. 2002/2 LOH WS} oe} was as P, WS 对 
BIROMS, LOW! Se WE UP, RS ARB IA CW FH). Bets] RE ma} WA 
SAE Rel. SF, WA WE SIH ARAMA) Bet Se ees, ola Wye oy Pasa 
Rech. AWS Fah) MS PS} HAMS aa Wa SUPE Baby] Hea Waste) alah 

SPRTS AALSE AA] tele] dal, 2S [El Karoui at al. (2006)]2 S325) SPRT +419] 4beb 2 sets At 

a7] Ae WaAzle see 个 Verh. BA, APIS SS WH IeS +7] HA Bs4d SAS alg] 

Ao] Hee WaAloA~ GAs f= Bl]SCthreshold likelihood ratioh\S AMAA] 四 + sith. | AF 

HS 8°] 对 Bee] Beso Gata) Sets] MWe PSs THA Bets] We 

= ASseS Al UES) Wire, 27) BH 8e| ARS. Ue}, a 4 

= AAtts7)] et Bega chez} ArH}: 

4+ = [(1In 8)/N- In 6]/In y 

ote = [(ln 1/8)/N - In 6 ]/In y 

a7lA, & = (1 - 6,)/C1 - 60), 

y = -(€0,11 - ©9)/O0(1 - ©), 

Oo = WPA] Abe) BWP MAA DAKE MEMS PuAle We] MB = 0.5 (7) BH), 

0, = Ag ae) Adel BH MLB (S, HRS TAGAAS WMrae auale ae wpe, 

N= Quale Ue] 休 = ol sys) payaso Gael aay +. 
za 
om] (ln 寢 对 各 Bo, 
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10129] 

fO130} 

{0132} 

(0133) 

[0134] 

10133] 

[6136] 

10137] 

[6139] 

{0140} 

fO14i} 

[0142] 

[01431] 

APA FRA) ME Oo AVS AAA, ASL BFA] Hos BE A 對 包公 早早 日 Goze wo 
= 7paeley. leet 7h sto, 相 生 as] SB] Bel We] as FE 11g Aelas, wae oes 
AAS MSHS AMAL Ws) ot 本 入 总 0.59 Belch. 

Uh. UA) RNA-SNP APS SE SAA 21 BPS] ot PS] AAS  600e Aes] Bh 

ae}A}, CA) RNA-SNP BAS FS OLS H 6002] 可 局 对 Sol AAA aleoley-S ARF}. 

  

BE MTS a] BAD 及 引 趾 .。 BH AAAI, m 
， Wo} BA UYRAA oa Gael ae] S 4 spol] m. 

HAS eM CS SO, Fos BMI Se APSR 个 PROBS, mS the AS AS sho] HH oar abel) 

~T “T 

o] WS a ERS U7) HI ASA 个 A. AS Sol, PS] Fee BS Wy 2009) Ga 
2 SQ ESE ya 个 Vd. Fos BRS 

e , F 0.37 (37%) 2 FIN. YA) 63%) WE sy ote] FY RAS BEE gole}. Agsow 
Ale PCR AMAT ey Boe Qwas We) a7} alsa oleh. Quale We] go} P yas PCR ule} 
eve AAS BIS Seo apalep, 

Bit SES ASse UZ] RODS 7] “ae C]Z]} = SNP BER a} 前 对 如 ubAlo =e 

AA Cal-S Ayal 21) Bb], Stal 21 aby, BH Ae be] Bel cla] 全 久生 de) + P 

a 个 ghth,. UZ) SNP EA] Get a sy Ae THA S| at EE (m,) 2] 习 寻 可 如 车 BS Ao} 

中 abet, SAA 21 相 朮 生 Sse etakwo], Ws Fe e429] Mat EM (mS HH He] 可 司 

S| Se PETE 者 交合 三 keh. 

ole, AMPA] HAS AAA] 21 oS We AA qg@oeye] Goal asp Ge ad gSe Bape) aa 
fe} 
2 入 SPRT BAS AGT + eH. Hop} -Ausealel WH AVA] FRM Belch. 9 Ayelet, BA 相 

AB AAAL 21 He] clay AR) Bo} ob PW 1:19) wel qa 
EE Be ANAS We] a wSL 0.52 Bele}. woh eva 219) la} -Feryayel 2H 本 恒 才 和 
ga Belch. co] AU Oo, BS DNA AAO Topp) Hele WE, A Mops] 說 對 對 21 py 

可 Qt SRE BA 相 才 和 We SS (m)a 3/2 Bel 

UZz)2 RODS Asko] Ho} S°]4 aA, AS So] WR $Y 7) Se] GES Sa S47 te Sad + 3B 

Alek (4231 [Chim, SSC. et al. 2005 Proc Natl Acad Sci USA 102, 14753-14758]), saad RCD #242] ALA] ot 

AS B-eHo} Se]l4 AAS ARS SC}. ap e}4], B]-elo} SOl4 AAS ASche BP Bo} BAS] We 

aS Hho] Gah Yeh Aelch. 本 可 可， a Maa 2 opie] Be SL BS F Hob DNAS 
ol JEAA els}, m, [(200% + Plo} DNA 選 是 令 )/2009%] 含 AbSste] AAR | eh. 

As $4 AIS cp) See], AS AH FH Ya] 19) Be SM MIE 0.5 ALE Peay, 
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ao
 

oO
 

六 Je,
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Z
z
 

> rr
 

au
 

2 Ht 4 a so
 

a 也 yy
 

jo
 Ht =~
 

ox
 

Ol
 

ky nz
 

ls
 

oN 50% 2] DNAS BASE 公司 电器. 

Wey, Foe BES ABeo], Wa ee} US 0.50 SF AIA 1 Faaae) ys Babe apes 
= ojo} Me] AHL 可 7 车 BS Bole}: 

  

abet, SAA 1 alates S ste} 引信 對 wzhSe 全 會 計生 Bele] We] Se-2 1 — 0.6065 = 0.39354 Alo] 
Uo. meh), clef 39%2] Bo) +aztst & ott ole] wzhe 全 會計 生 Ale ada Alor. 

ae +84] 21 elobe] 22-2] Aye] 本 對 本, SAA] 21 可 Saal 12] Ale BSS 3:24 Aolcte. DNA 

AoA] Gala] 219} Sala] 工作 中 让 BBS Elo} DNA BS & ( 恒 ol DNA %)O YSAA Aol, 3x Eo} 

DNA % + 2(1 — EO} DNA %) : 2XEHOL DNA % + 2X(1 - EOE DNA %)Q Roleh. ampeyry, co] A-Port, A 

ol DNA BS] 7} 50%9l AP, WES (3X50% + 2X50%) / (250% + 250%) = 1.259 Aolc}. cz =e 

SNP BEC] Elo So]4 aA S AS ss] BE ALP, oleae AAs 人 全 對 本 H-ASRz ASS] Ye SES Att 
a -之 ~ 
a eR ge}. 

, @ Sd aay 21 HalAbapo} ueyA], oS Bala 1 章 刀 才 年 和 Wat 生 正和 0.591 42 國 毛 

8 GAA 21 和 如 对 寻 引 el 四 如 Abe 全 會 計 2| oS 0.5 = 0.625°]t}. UeprA], Wat 香 焉 才 WM S 0.6259) 

三 人 aa Ws) HHS sis} BS ele: 

  

aepAl, SAA] 21 fralstat & sth oles] eAzbS 對 會計 生 Hels] we) |B 1 - 0.5353 = 0.464721 Zo] 
ce. abel, Gee 46% 2] Bo) alee S St} O42] EAS Sse AlCH Ads Aeolty. TAA |S 

styes] ae] Sao] 要 习习 e] 计 卫 eos, 7a BES Broke We] Fee 0.3935<0.4647 = 0.1829 

補 Aolee, meer, qe 18%2) Bo] FF HAAS BFS Srste 也 

Sa 1 痛 如 对 了结 野 SH SS] SAA] 21 7 A12She Se] SE Ale dso ae] wS!, sf} oft] 
Sq] 1 7224sS FHpehe el TIA F414 SSS Gree ae] +S 4A A, |S 0.3935 - 

0.1829 = 0.21062 Aolt}. Abel, SAA 21 TAASS Sera 7 Az14 BPE Bre] Ye ALB 

qj7tej} ae] yu] 8-2 0.4647 - 0.1829 = 0.28182 Aolt}. Anas Ae Aa 1 Fas SE S44] 21 

TAA S atthe] del G8ols] BS 了 于 可 本 一 對 生 of Aer) Boar. 

本 如 习 ， 口 局 县 RCD BAAS] Baa] 21 G Baa 1 att vB 0.2818/0.2106 = 1.34¢]t}. apo} 

aa, By 21 和 如 局 寻 可 Haale tael as] yee 4 1 童 刀 才 年 引 可 生 對 還 Agel ae] Bee} 

1.34nf°]C}. Oo] DNA SoA 2] 1.252] BS} 晶 至 各 引 中 

rir
 

fo,
 i aft
 

fo
 

呢
 

SPRT Jol] Asko}, BAqa 21 el zhshol] Gal Gel AQuale Me] Bl (P,)S SPRT AS 让 号 可 可 AlAt 

RZ Ase Aco] Bae Aeley. AA oer, Qeals We} HBS 0.2106 + 0.2818 = 0.49248 zlo]ep. 
ae}, 0.52] mu 可 为 50% Elo} DNAS 2h SAR] 21 AH) ab PP, 人 0.2818/0.4924 = 0.570] tr}. 

Yat Pe SR (Cm) 7b FOE BWAAAL S| SR 對 生 可 日 17] WAeol, P= mol) ey We Aeolcty. B77 FB 

age] Aa}teo] oS a St Bet HA PS SH OBA HAR FE SES] BWA HEA 21 WS 

和 10%, 25%, 50% # 100%2| Ho} DNA HS} So] Tt ftps RB VES BH 7008 YEW. Ze 

RCD BAO] St AAA 21 AHS] ot Pol Hs AAS H 700A} Aste}. wpEpr>], H 700A] 全 全 村 

= 可 号 P ME UEP ASAE] 本 年 eo} DNA 是 习 SES Be WS] Gz} RCD BA Ge oe US 
个 oth. 

C. Ax} 

1. 分] 還 me] A)   

一 18 一
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{6165} 
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aaa] BESO] O]EZE (Hol 羽生 二 外 BH) AaAow qs Ay pols] aol, B® 
Sas He AlAttto] de GAS & 600 2 7000 Vette. Hsia] 21 名 章 外 

0.50 827, He 可 习 公 如 对 导 意 Brse Be] de AqxSes yaaa 

foe @, SF 可 局 县 RNA-SNP H]-B2 2.65°]t} (HH 600). 100% Ho} DNA FY HHS] CZ] RCD 

5 Al 1 alztsto] dal Use oe tel ao] qe Saya] 21 74141] dal 

RCD 8) 1.7°]t} (3% 700) (P, = 0.63, beh} C]Z] = RCD HIBS 0.63/(1 - 

a] EN} BAS) We, Za RCD Se SIS mol Ga PAM CH 

% 600 器 7000) UE zy} Bo], UPHAM SE BMP BYHS YEE mol up} Sree. eyey, 
ANAS M2} YRS m, = 0.5 SAMA 29] Ajo SPs}, mo) FR SR ay} gap BAM. 
AA, Wo] Ye FY 是 才 本 Go] assy) VE AH Anas ay 同 仿生 Gace BAA a s +4] 

eo] DS ALK HH) SAE HM Belch, 串 导 对， 习 忆 品 盡量 PCR F 
2 Alaa as] & + tel te YeAolry. 

4 

  

a7) 站 可 县 Asp Bol, AVE PCR AB] ols ol olYHas HE May BY RE WS SYS ol 
2 Ho, @) 号 Aa FE SET MEAN. BML FA AGA SOR USE EE, S 
a2 Ut 22 FB SE (m) 量 1AM. 7] WIAA Ub slap Mel, at B, 含 才 全 本 中 zee 加 
司 早 SPRT So] S 

oj US UA] RNA-SNP Ato] 多 相對 0.1, 0.5 与 1.02] m Skol 可 下 SPRT 于 入 可 

SH 80S Yep. A AES} xs PCR cloleHs Sa Aale] VHT m 說 
SQ Soe 司 對 本 eleF Gc}. AIP RNASNP W RCD WHA Te ol Yaya SE aya ol] eels 

Bate Aw; Abolape7] wSte] (如 对 : 2:1, xb: 3:2), 27H CATER PCR ALZeo] aso} Abo] Ss AE] SPRT 

HAo] Beate AS SHdr}. AEACH FEA PS UZ4)12 PCR Pas] ASAE mo] Jaq Aaa ae 

SPRT SAS o]Seo] PIAc}. | WIA AES] Salo] ASR SPH UAVS Perel) le LOW] Bah AS 
al SEA wists) SPRTS ANG 玉芝 二 VAAOY CH, 

SPRIE AAS SHS] CAVE PCR 本 |] 里 量 aAAst7] He AAA WIS yeh 口 忆 县 RNA-SNP AAS ApSspe} 可 
oj 入 天 村 对 ES] 口 允 县 RNA-SNP 是 号 OF, A CePA Abo 本 到 對 時 gel BM, 6 AWA oleh 
yeaa GSE FRA So] 可 避 對 age Us) ee ae. Ae WeHashs wp ae 

本 

Fo] PY MS Be ARMA Adc, Fos BR PE Bho] upe}, GS 可 习作 组 对 才 Gael 2 
ol Figo], A aeealabo) dal Sel Be] S FS 对 县 寺中 mm WS Aaae}. 是 wWeyzpe] 才 得 可 习 

96 WEA, 2079] Ae A geal) ose 登科 下 如) Baris] We 6 Meas Malet Bae 
本, 33719] Te Faas Seo lal Bole. A Deez) BH PHA WEE, Aas 
oe] Gey Mol wa 37] WE. BA EAA oa] Sel Wo] = 96 - 20 - 33 = 43e] 相 . 本 
BA], Fools APVALS atQsto] 二 各 对 Bo] mS AAR + eh: -1n(43/96) = 0.80. o] AHS] AYAOw 
AAS P.& 24/(20 + 24) = 0.55°]t}. 

¥ 6007 MEA, m, = 0.87] FIM 21 BY] oR PLL 0.761. uA, o} WH eu 人 0.76004. 
0, = 0.768 7ELE MF SPRT FAS APs] APACE HEP, (ol WH 0.55) 含 AVS Bele. P, = 
0.55 Fale SPRT Ha Aol Base z Sl 外 司 相 eh. pe, BPA A 
a1 是 导 司 可， 王 3S BRAC, 

so
 

也 & aul
 

x wy
 

fo
 

ef
 

aa
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  aul 

™ 9a 96-2 CZ) RNA-SNP BANA 2] Aula AR AAA] 21 APS BWiret7)] Het Alt BR 7) SPRT 

A32qS2] sre] ya H 9008 UEC}. | OE 384-A cz) RNA-SNP BAA, Bala B Aga 

21 42FS wears) Het Ale BR 71 SPRT Ssarel|se] Spe] Hale] H 950e|c}. Ale Sarees za 

PCR Go} E}E2EE] FS mo] Bo) 49) SPRT SAS] AAS usr}, 7H HuyFe | =F PCR aa 

可 dst 卫 加 且 AyEe2] SPRT 4412] ARS S 對 品 到 生 是 國 Bee det BBW] Pass Atte] Spe 

% 9000] UEP AlBeol4l Ao] Sja Bpsy zr}. Be 

AE APoayAl ara AES] SPRT 村 六 引伸 号 对 Bats], Bape7be et Tolets| 恒生 全 3% 900 性 950e]4] 

Ue Aw go] HS Byes] wwolA, BA Acre. AS Sel, S Bs] YRS Abate, m = 0.571, 14% 

器 0% 2) FAIA] 21 WSO] 才 才 o6-A BW 384- 晶 口 必 县 RNA-SNP BAS] 本寺 oj PHB Sst Aol, sz 
Sa Bele} CE 900). we}, Begs] ye ow 

人 六 點 

el sale] ARS ol 本 放 對 生 44} 62% BH 10% 才 BP EZKS 

可 AS 个 引 QaAls Ge 2s FS 才 富村 者 Ber}. 

#90017] UEPH Ast eo], Ali Aways 0.1 U4} 2.02] BES m sel He aah Ble] Bley} 

Woy] B-2 Wee] 是 國 相 對 wep 加 如 可 中 aS SO], me| 1.02} Bat, 96- 口 习 县 RNA-SNP BAYS 

5 DSL AA 88% 器 92%], AYA vo] Mohd BS BW 其 eu Ve IS 
Ags Bee, Wel 7S TuISS 对 县 可 oj GUHA HS] Mod AS wW yoy] Se aS 

對 AAG PH] MRSS Gx) Az 19% BW 36%] ch, 
Ait SUASS AGS, PHA vo] Mops BBs} Moh] BL AS] BEE mo 十 对 Sys 2 
lt. AOR, 是 國 VEE mol ue} SE Aoleh. mo] 2.0 2S SHE BE RH BE a 
at 2 YS 3H] Ryo] Sto} ashe gad ada, oe 2 全 
WN, WA, 7S SYS ASIA, mol SS BH RH Bae 

ula zpe] Als] 器 alBejo]4t 本 人 1 是 生 c)2] = RNA-SNP7} AAG ATA] 21 AZo] qe] 立 屆 二] 本 ABMs wy 

& Ue. wal S-FA1 2] PLACA mRNA 二 同 9 竺 早日 ES] AAS7) seo, ABs 137) Sa] Ss 

= = 127] Gae], 24 13)2) 384-8 口 忆 县 PCR BSsto]) AR Po] Besar (S 13p2] ¥ 

1350). ol 可 ade}, 2b7) ae alek 名 入 入 CZ) PCR-7) RF BPH RNA-SNP #A}o] oe AA Bapwy—7] ak why S| 

Ege ays asec} (447) BS [Lo, YMD, et al. 2007 Nat Med]). Uvl-Seo]4 mRNA 4AbAASHE Be, 

2 DEzS2 SF EA Ate] GS FB8e] Bob Sel4 Att SS Bok SAMA ole] GZ1= PCR-7] 

uw Ago 48a 全 Ate AS Setar. SF FE Bol 主刀 abVo]4} (4S [Chim, SSC et al. (2005) 

Proc Natl Acad Sci USA 102, 14753-14758]; [Chan, KCA et al. (2006) Clin Chem 52, 2211-2218]), cJ= 到 

so] Sd Waa} BS (EAR) YES ASS ARAM 182] B]-ASGA BI 4 Ae ASS Gre 

[Tong, YK et al. (2006) Clin Chem 52, 2194-2202]). abe}Al, # Brez}SS U2] = EAR) 7Ket BA 7B 

gq Ao are}, 

  V. 7} %, te tb] PCR Wes 

| AIA As ee], 同 oh DNARFo] GAl 114% U4) 17 Abele 可 村 3% 引 Be 2S Sue 是 Set DNA 
SB 三 _ Jo] 號 如 主 Yar THe Paste AP, BA SIGOLEPE Fee DNA B BS] Beas 4 

- gt. 244, BAA deed Az Geol, 44a RODE 名 局 可 oll DNA 才 AS BASLE SASS 

APs 中 全 入 AeS %*ees7] Br. WA 47) Set HANS + BE, Hol DNA 是 习 SEL] Wr] 

ato, wt Be +2] Anae A7t 4212 RCD Gal apec}. & 122) HB 120074 Boks Asp 
Zo] 。 2 AGS) Sup 2 思 四 才 是 e] FES 7S Bevel, |B So] 生 了 了 恒生 vol DNA 是 到 WS F 
Q RoE averages Aol, ls dal ad age] aa + Ad. B wads] Aaa, 25%d a 

oF DNA 是 對 Ho] UR 7680 轎 下 F AS} WSS Se] eel AES} 71S sep yEyolep. let ee 过 寺中 
SH 1200014) Yep Zs} zo) 本 全 可 gelyal 21 前 车 中 abs orm Wass Beh. 
GA] atte] U2] 早 习 Sd Sash SA DNA Hehe] Se Aeelc} (4S) [Lo, YMD. et al. 1998 Am J Hum 

Genet 62, 768-7758]). WS BO, Al #7), Bok 2 BA BPHPES] 7 了 | 四 可 dae, ata] 741
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Aa, B-ZEU Halz}o] SY Sa] BY ERE 986 升 可 /mL Boe epee} CEM [Lo, YMD. et al. 1998 
Am J Hum Genet 62, 768-7758]). 7,680/7 2] #2-S 王 习 圳 7] Wa, Ts 8 mle] Sa] S4tteoHBye Fez 

DNV} BAe Belch. of 15 號 對 Ma] Bomyy as 个 Ve avy) Bd Fe ausyel asl 
emoluy, ol, 2 BeazS2 4S ATES] chr21 2 AS BA] BAS OZIS ROD HAS Hal Ga 

Qe AS petetcre, S82] chr21 ZR Ae BAA] HAO] Gao], GH] 1.6 im 生 SA] SA 2 

+B 22te] +S Alest7] Aa Bee Aol. Besar GAS Be PRE THs + arp. clea B 

ar~ Ue 是 对 22] Asia Crobustness)2 UA HAE Sula] SshChaplotyping)o] 可 避 oF) Bes} alu 

司 [Ding, C. and Cantor, CR. 2003 Proc Natl Acad Sci USA 100, 7449-7453]). 

\ 
@ 

fo 

dd 
ni
 

oe
 

Woe, 25%2| Blo} DNA 2S} SUS ZIs7] Aa, WBS Ba] Sto eek DNAS] AAA Sts GES 

[Li, Y. et al. 2004 Clin Chem 50, 1002-1011]) HY =] DNA HAAS] Sa] GES [Dhallan, R et al. 2004 

JAMA 291, 1114-1119]) Fe @ SSS 7FestAl S +> tte. Hol DNA SB 4S} R SA] DNA AAS AG He] 

A wwe BWA, Sa DNA Was WAS Ue eo} DNA 时 对 相 BASS} GPL BZ} Sts} 如 可 全 A} 

Sse Alo) HS Zee Alolc} (44 [Chim, SSC et al. 2005 Proc Natl Acad Sci USA 102, 14753-14758], 

[Chan, KCA et al. 2006 Clin Chem 52, 2211-2218]; [Chiu, RWK et al. 2007 Am J Pathol 170, 941-950. ]) 

FIA, FAVE PCR HM] Ae Aa Apo Asse Ay ge 42S BWlzt PCR EAS] +S AS 

Ad os] BS 页 下 aa Sastry. oe eS BRIS BAA 47a PCR A Geel [Warren, L 

et al. 2006 Proc Natl Acad Sci USA 103, 17807-17812]; [Ottesen, EA et al. 2006 Science 314, 1464- 

1467]), AA PCR (481 [Dressman, D et al. 2003 Proc Natl Acad Sci USA 100, 8817-8822]), 2 吉野 

Oo] =4F(Roche) 454 SAG, Suu HA llumina Solexa) SAB, B ASzo]= HolerA zg 

(Applied Biosystems)2] #e#{=(SOLID)™ AJZAMS Asche Ars Va AS WSE4 Geel (Margulies, 

et al. 2005 Nature 437, 376-380]) Se] Sith. hol dete],  wraszto] WHS Het Ue DNA hel] 

eats Ba 4VS24 YR Ae7bheas4, ole SS GA, aad Aes EF(Helicos True) te 

AA DNA ASHA 才 多 (28 [Harris TD et al. 2008 Science, 320, 106-109]), YAJ4 uel erpo] ays 

(Pacific Biosciences)2] "Ql Bz}, AA)Zb (SMRT™) ZIG, B USS (nanopore) WANA (4H [Soni GV 

and Meller A. 2007 Clin Chem 53, 1996-2001]J)& S-Po}%] %Er}. oS WRS 條 師 計 本, 口 盡量 RNA-SNP 

BQ ze RDS os] BS] daa we -asgoe4, y-ASA 42a a zide] qa Bay ales 

We) Vey Ay PSVS Bl 宁 Meh. 

qc
 

= 
{
N
o
 

  

12 O21 PCR PAS Ass SERCH. 
ke Qate 是 wes] ae 
还 abe 对 中 加 AA AS aqal] olde] 可 可 可 于 HS MA] etry. 

| 

CD
 

ro
 

過 1 ob
 

也 性 之 08
 

x,
 

总 ru
 

muh
 

Ho
 

oN + oll
 

由 an
 

ol
 

a
a
 踢 a

n
y
 

之 ob
 

也 n
 

uU
 品 JH eu
 

ft
 

yt
 

踢 H & 出 tet
 

2 = ra 总 

HI 加
 fo
 

ne of,
 

te,
 

tan
 

= op,
 

x 之 总 rt
 他 of
 

ofl
 

AI
 

oh
 IN 二 on
 

of be 站 一
 | en
 

也 4y
 

oft
 

of al eh
 

2°
 

& 也 <
a
 oa 地 也 

sl 4 lo
 

re 呢 ol
 

te,
 

ead
 

之 of
 

x 之 rit
 

地 f 
ff
 

oft
 

A mu
 以 4\
 

on
t off
 

al = Hu x 出 cat
, 

也 +\
 

on
! off
 

val
 

oh
 

ae
 

之 x 此 ne
 

& & 

21 BS S 是 到 Glo} DNA SX 10%, 25%, 50% BZ 100%] Ha] FADE P, 含 HE VE HS Aer}. 

8h ee wre] SASH US U4) e RNASNP 是 号 可 和 m HE 0.1, 0.5 RR 1.09 Gell SPRT 42] AF] 

9 B wey] Aree] aS 96- 擴 2) RNA-SNP BAA) Bupa] BZ Asada] 21 AhaS 257547] 

委 立馬 生 Apo] de 2S weer}. =] 

下 Ope B wee] 名 入 守則 ub= 384-a 口 電量 RNA-SNP BAA Ansa] B Arla] 21 AbelS 2 Fsh7] 

一 21 一
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Ae ALGE/7E SPRT ARES Bape} vjatey] Ye BS 下 放生 中， 
下 10e BWP] AVMHo] WS 2g] Beas ALE olay Aula] SE ol-pasa VQaepA WH 
Aas RR 司 oh PQ RPS] BL cops) WRRS wales Hole}, 
S11 是 wge) ANP mS 全 全 (100%) lok DNA BE] oe AVS RCD BAS WFE ABajoy a 
& SAlSHE 五 1100o] 十 

& 12 SB ws] Ago WS ols VY eS] eof DNA 量 We Mya] HE Aaa] 21 Hoppe 
是 生 PES PHS] Mal m=0.5- AVE RCD BAS) QHVS 酒 开 日 

下 at BBV} AAA oS Aeyaal 器 个 习 悦 刘 21 Val aM Aaloy}2] 單刀 晤 RNA-SNP 是 加 可 可 
oS 

下 18d # BQ] Ae Ge auea 2 sega 21 gale BPE] SA] Sze] 口 忆 县 RNA-SNP # 

亚 

下 14a 4) 14c 毛 B Be] Alef] B= ROD BASSE ANS BA BAS 可 入 可 所 SRS VIF 

本. 

下 bas # Bee] Aye ge aula 2 Ae 21 SA Bet 至 天 相 二 生 口才 由 RNA-SNP #Ato] 可 

e HS SA) Ht} 

下 be # Bee] ito Be Ft Ba] Bt PSSTPES] 127] Wes Wesel 21S RNA-SNP efeoleto] 外 

co HS Alar}. 

下 bce #2 BH] Bite Ge aura B AS4] 21 WASH PES] BA] Ste] C4) a RNA-SNP At 

Alo] det HS WA] sr} 

% 16a 是 BAS} AAA up Anya} gl 咎 习习 刘 18 同 下 生 口 对 县 RNA-SNP BAO] Ne WH KALA 
th. 
led 是 WIS} AAV oS Ava] 器 生 謂語 對 18 同 時 a] c]x]e RNA-SNP ale]ebs} SPRT ay 
& weep. 
17S BWV} ATE MPS Ah-pal WP selaya] 21 alo} 50% epVb/sa] Bey A DNA SANS] 
CIZVE RCD Ao] 可 對 MS MA Sep. 
182 B BRS] AAG WS 民生 還 Wipe] Te wea WAS oalsHe SPRT HAS Saletep, 
% 19S BB] Atel mS Aupa PQ Paap 21 全 入 和 是 早日 對 gee Bee] cas RCD 是 号 可 

202 是 點 四 對 电台 对 司 可 mS Qul-aal wae] sal 18 Val (RE = AMA; T18 = Pa] 18)2 He] 
yw A oO 

AS aya] 21 匀 (E = Bula]; T21 = A 24a] 21; U = 可 

WES 2 7) RCD Ao] Ye HS Valse. 

(buf fy coat) DNA 

Al CSS UYeE}u[sz, T212 4s Aaa] 21S Ue} dc}. 

= Be Ga Lag sey = ch} Sled Saws ddse Adeoe yeep. 
dae 世 踢 志和 對 Aalsgeol aS da/s38 2 号 局/ 号 入 DNA Stee] 4z4)/S RMD EA] Ut HS I 

下 24b 亡 eH Ws] SASH BS 25% As A 75% Ws DNAS Ae Sees] Zz) RMD Ao] de 了 百 

% 25 是 ws] Aaldeel ues HbE SUMolo] aa Bal Ad PSS Bae 15% lz] 50% DNA BF 

一 22 一
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a 

下 B4a= BB wee] AA ceo] US CD41/42 SAHolo] da Ba Bt Wes BAe 5% U4] 50% DNA 
品 i=) 

% 26be 2 Wee) Alte] aS CD41/42 SAMelo] dal sal Bt PSS BASE 20% DNA 齊全 是 生 

oj 

NAW LP W_YOS o) PHS AAA WEE] 及 久生 SS cpojopaays 

  

  

SPRT BS APSsto] Aaa] 21 为 避 引 AHS BW }s7] Aa BFS A SAAS SMA. apolaez 

AZE MA 20038 AZEM (HO) SHBAZE EO) A (Microsoft Corp.; "=)) 器 AVF SAS 9.1 AZ 

EM] (本 全 引 ee 引信 MARE 1S.(SAS Institute Inc., FS eA ASebolU+|))s zASseo] AE 和 

By aS -esge. cCAzla PCR Tae Ae +B ex (m), QRAlS Ape] +, R AWTAZA BE 

S44] Base] Ha ame (P,) Abele] gazteolcte. co]S We 起 起 生 We] dato] Bes] A eWolas 

Pasgac. cy*) ek RNA-SNP 中 U|Z)ek RCDo Get SPRT = 412] AA Aart ~bolst7] witeol, 271 为 全 开本 

det Aso] BAS Bes TMaar. 

ABO) 7} as 也 也 x 可 本 畫 相 , 25]2] aleellola 

Be AUYEYLS A) Feo Aas 

a 

吧 PCR 421 (3, m, Bek DNA BS SE, S A =|) 

| TUtaAe. Ale Ae MSs Bula Mohs Be Ada 可 入 所 未 早日 ge 

ct. ASS AGS PSS SEA) 21 Boks Zhe al Agoeye AS BPs} Alte es alzelo| ast 
Ace. ZzZbS] AlBeo|AoyAl, 500082] ols] AAS A) Seo] Aargau} 

A. RNA-SNP 

C{A] = RNA-SNPo] CSO}, m = 0.1 U4] m = 2.0e 384-4 2s] Asuol4ys Tessar. 4242] m H 

AL, #2 BaezhSe 500082] Aula] 2 50008S) AAA] 21 BolhS ABshe AlU4ZLS 和 其 生 人 

1%) mo) AS SPRT AS ARS st 10,00082] Hols Bastar. = lof # Bye] 4 

=, Baa BS eae ae @ 早 羿 業 計 者 wate alot, B Folzl AAs Alero da 

a4] 2 Hole] HESS Yee =H 10009]. Aula] B ola] Apel ao qed Agu 

2.0 AFol2] mol dal SF 100%°]t}. m = 0.191 BP, 57% B 88%2] Aula B FSA 2 

o] 384-2] 24 O]S ASMts}A7] UB + Veale. 

a7] Alo] 7A Az Zo) Alezola GolesS Bsc. 

Al 144], 2 aol] cj sey, SAS ZB Teo] FEZ 9} (320}45) 3} 

(www.sas.com/technologies/analytics/statistics/index.html)= 信号 如 可 27] Yes AMVs 42a BG 

aT aszts Gear. Fate] (Folks) Bre OP BYE] SUse Ge] At , 2 ....) 

ga Aol], ASS 4 Arye] HS2 AD 各 習 全 入 才 對 Bet SES UES £14) Wath ne 

等 =e BE to] ge 47) +2] S58) AeISt. A 可 如 和 如 对 时 Yee U7} OU BS AL, SF 

x
e
 

i 
2 

pa
 

J 

A Wa-razte] ii olde] BAS Sire 27, Bel A erase] del Geoey AAA. aaa. 

G aera UeldeS U7} ont = a4, Be 6 dered dal ¢goerl Aer. 外 

Hal Boks Ze 空 多 ae] 訪中 居多 主 ASeolas7] Hel, A 本 習 會 媚 二 BG Arata 可 如 wt 
S Ase CU Be RS ASIA. YS Sel, m = 0.5e]442] C4] RNA-SNP EAS Al uo] a 

ae RAGA, A ayaa} HE 6 Peas S sho qe We Ae As 0.5 BAS] deat SF 
SEE Yule 0.59 ECS ARH. FOS WAAS rpSelel, 0.59 We 

一 2 一
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SEN, ASE 6 Ural cla Gel Bs] Wee EUS AolAy, 0.39358 (st 600 HA). 

mr = 0.5o #3444 21 Hoke 2 84) ge] 4] RNA-SNP EAS Alea 27, AS HRS 

A} daze] 32 

SoA], FIRS e Alzpo] dja] tee) Ae] BSL 0.63219]S1t} (五 600 44). (eo) 會 

U4) = PCR 型 中 可 下 pe] As olf, WS s7) se S HUSH BTS 生 Ase}: 

uo 

Se ge erase] Mat ems] QM, S| leo] Fe Ale aaa Aolte. oO] 

a ARG ANTAA S-Fol] Ae 24 

b. ARG ABTA BF] da va 

c. A 丁 習 會 世間 是 del G8ole], G Hara da 24 

d. G AH7eazto] Gel ols], A Aaah Ga 24. 

ual 24], Gee +e] 2 (a4 放量 司 中 可 Wate] 384-D Ss AVQs Wy) GA 1S wWeaad. aq 

arabe] 本 生 二 點 eee) de] + 2G deat Gare te8el ao +S Area. 2 ead a 

& te qaerate #2 可 翌 育 各 对 至 对 Zr, wo tae WSs Ae qerate 生 各 對 位 AdgH 

22 Gara esac. gee ads se Geta & ste] da eels, Bo qaase 

ou ae) S Tac. OS, FAASS BFYBSSH 可 翌 公 如 对 量 全 會 計生 BRAS Ae] WS (PS AlAs 

Sy. Aye BE Aya -Rab7] MH We SPRT SA] qs Ae B see B 中 志和 Arete 

ue} Al Akst otc} 

A] SoA, Baal HS ASA] 21 Hoes Be WA ose] 422] 27 Alte] So] Gel 50003) A) Bee] 

AS posAr. 42F2] AlSeolae Al 4e_oeyee SoA SHUAC] MSs Wear Wee 个 UM 

th. = 10004], Aaa] Boe] Qa BE APS] +TBESHE BATA 27S Srey, Qa 

Ao] PASS PPS Hate] +8He Baar SPS sAletc. FAbohA, Gasol] 个 号 习 三 FS 

NA] 21 Af Vss7] Be Ale ZFSHA, HP] TSeSHS HSM 21 APE PASSA VPA 

Aoe Aer. Fw Eo] Uso, Be-Wale de] S +S 州 县 到 得 于 | 章 WV Fe dea 

EST} TSe4) He BP, Wetea Ale esac 

ual 441, VA 1 U4) 3S 0.1 踢 有 2.0 时 人 让 可 mol Hal 0.1 S7-Hoe Seay 

B. RCD 

m= 12 # Bee] ealeteol aet 0.1 U4) 2.0 BAS] molAl erst (100%) 本 oh DNA BS] qe za 

RCD BAS Bsr] ASAMOMAS 十 导 十 亡 BH 1100°]t+. Eok DNA BS SM} HoH) tol, Gata] 21 十 

eS ARE 242354, ole] ae asad as BES Aa uc Be +e] Anas ae] a27uc. 

met], m = 0.5 A 38471 U4} 768077 @ Bee] S aA ol dete] 50%, 25% 与 10%2] Elo} DNA GO 

al 7H ASAMOAS -adaac. 

=e 2 # BH] Bite Be Acle BS eee] Hol DNAS Ae 全 | 

日 和 BSo) HF] 醒 計 em = 0.5 可 如 C4] RCD HAS] ABS] BHF ASC 4243S vege 亚 

1200¢]t}. Uz) RDS] HAS Be SS eel DNA HS SUS QE BHP Gal wu 號 立 計 各. 25% Ho} 

DNA &™ 喲 76807] & +2] PCR BANAL, 97%2] Aaa] B ola BP BAP} PAHS Baz BLO] 是 點 才 

ee Aeolt}. U4] 3%2) APE BH} GASB s+ MS WH) #71 BAS 

cA] 2 RCD BAS AlSeo] As7) Hs BARS 口 习 县 RNA-SNP BAO] Gal 才 衝天 Aw 并 对 如 加 可 A) Se 

AS Wet DAS a7) ZA He}. 

chal lol}, Fok Se Pe 全 全 ste) 2 属相 eS Asbo} Ae Hast, Gaya] 1 WP Aaya 21 Healt 
AS Ue IN. Avia] OME 2S aalo] ste], Gala] 1 VL Aa] 21 Hala SUS] gat ee 

ee Ae ee 
all eat 21 Boks She 可 和 全 局 可 astey, 27) Aleeolaozse| m2 0.5R%24, Ae 

Se H 700A UE Ast Go] Alea WSs] Bok DNA 是 习 SMe] © 

cael 
cas 

| a 

= Sedan. 7) Aledela esto, 2 es 4 abst ae 0.59] Mat ee 生 
A oF 

豆 

ZS} TS 

gap] 21 #27139] BE ao Halziste] Add Ye SES RE Pols Fe ae

Pg.987
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aol ope} gel Zh] HAASE UE Po ad Seqersreh. 
eal 214, Me 9] BW, oF So} 384A Sajol= Ago] 品 計 e 3807] Bol Baws 司 邊 外 Ga 1S we 
Sage. Mla 1 es PL aya 21 ese] Gawd gael ao} -S Aaa. amare ae pe 
AAS spo] olay Eels], So] YE ood UW] SFA. oF, BHA 21el olay Yael aw 
AE U2) Me PIS ASL. AK GE aes 全 全 生 四 se el SPRT Hae ae wy apa 
& SPRT 是 号 吕 olay shal 本 入 本 對 7) all Aap Wo] Alaberseeh. 
al Zo}, AMA] AS PAYA] 21 OHS B= YA FA] 2A APES. zh] oa 5000819) alee] 
AS FAI. 对 种 相 JevelAe Wa qa@oe pe) Vola SYA) MIP] Beer Wha + gs 

= sae, seal 
vA 
vy 

Ia BH VPA BH AVIA] FSS Dual We 
a te. Abs, 外 

7a 

oA] 10% 25%, 50% B 100% Ho} DNAS 2 

IL. 244] 21 ae2] 如 到   

A. PLAC4ei] «|b RNA-SNP 

ala] 21 2] PLAC4 和 如 对 可 od] eb rs8130833 SNPS A}S Se} 品 電量 RNA-SNPS] AAA Aare as BWSat H 

Sit} (431 [Lo, YMD et al. 2007 Nat Med 13, 218-223]). 27] Aula] B 271 veal 21 age Auto. 

SHES] Bet DNA @ RNA PSS BASAc. cz RNA-SNP PHESS ABs, Avr GAS Ataag 

or, ojo ue} Braco B24hS 4)/= DNA-SNP BACH ASsto}, Eek DNA wee eae Part Aq St 

29 是 生 對 Hea AMAT Bel MG Allo) HBS 7) Mal, B wVAGL as 8 
Ho] OYPaAS G4OR BH PES aatar, 99- 歸 UTS PCR Bod ofa 可 人 司令 可 of, gaia 
CIA S RNA-SNP BBL BMH. P, 器 mS ASSL, V7) mm Se HT SPRT SHAS 還 9] 是 HIS ay abe 

下 La B Bg] 电台 对 目 可 ups Qul-aa 器 Feyayal 21 Yale) wy 至 必 本 對 生 口 局 县 RNA-SNP B29 9] 
#13008 Yee}. AI RB Agel ja] KAIIS SQA. AYAow Mola Po) BPS 
AY ope] YE BH "Daa" z)VAIH, AYAOR Mola Pol 是 國 是 才 生 還 YA Mo] Me WH a 

AAO, BOWVSS Apa] os Ze 98s] yg BM Aelala] 21 同 ol 時 Be age] ygqouwey 
JSS NYHA. MB id= BWI] Agee] mS Qual VF sels] 21 dal yao. 
Sto] c)2]& RNA-SNP #Al°] & 13502 二 是 好 本. FE 

A] 21 -P (M2272P)o] let 47) Awe 13] 384-4 ale Oo) SPRT 

te. uepAl, #7;2] 384-4 Alas -aaac. & 7687] Ae Pele] $28 qeyeee alt m # 

& AASB, 27) m HS VSO MAS A ATES) SPRT SAS ASA RHS SHMaAr}. oe], 

Ay) BPE ABA BBs] Aol gape. 

y 

本 才 生 Abe 下 州 号 司 o] 重 9] 了 鋪 宇 C2] RNA-SNP 才 誠 衫 可 21 如 过 可 Ae 立 屆 天] 中 如 對 二 BW] 

UEP ac, SX] BA SF 太 4C7 mRNA7 同 9 竺 早 日 ce sh7] FAS7) GWE, Alaa 137] Ba] as | 

127No] cet, 2&4} 13] 2] 384 Ujz]2 PCR 2eubo]) BHU BFS Mal 皇子 习 纪 可 ojo] wey, 立 

ae AALZE CA) PCR-7) 8k WR RNA-SNP HBAS FS AS B-PH-7I) RE WHS ae Wes Ale 

本 她 -号 o] 习 mRNA 4A a SRE saz, BouygzSe Fg Bay] a 

ol Ehok BAIA ole] 口 忆 县 PCR-7)¥k 如 过 可 da res + Ure AS pope. et ole Aol 

B44} 則 (EAR) BRS ASS] AGA] 182] y-AS4 Ba a Geo] AeSz Gok Fa Fe] 

(#241 [Tong YK et al. 2006 Clin Chem, 52, 2194-2202]). uUfe}A], B WHz}SS 口 忆 县 EARS] Fes BH 

一 25 一
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HE, SA 21 L 119] IPRA AAS WASHES PCR RAS 对 生计 oj Aelala] 21 Asal es gale 
RCD} AAA AMPSERS APH. Sep HAAS BoA) 二 时 对 abGapsep. Bajaj 21 器 罗 
Sle] ce ae Wale oe ose AG SAE Reps ole AMEE 全 she}. 2 才 有 有 還 全 對 BL 2 用 abe! 
Aja] 21 ROPES] eye DNA BSS AY Maa] F shy Ve] ge 1 用 RA FROM sayrgon, 
96-@ CLAS PCR AA) ola aelspaleh, 牙牙 相 Belel Bas 384 clxlge RCD Leal ofa} wayalsee 3 
本 , P Lim, MS AHR. AVE RCD) ost], PMI 1 RI AA Foley. 站 7] mm WS 對 
Sao] Tole} AAS HMA BSSE AES SPRT SAS AGIA, BE 同 由 PSS ¥ vad yea 2 

Sal] Boyle] Elo} DNAS] Ale] eos} 2 OZ) RCD WYS ALSO] Fo] Pulls-a] DNAS} BSBA ASA 

A = Best7] Ha, Qala] Ball Se} A DNAS] Hd S| 50% H 25%2] 4b 

EASA. los] Asta] 21 2 los) Baal APH AES] 

| Ah AME DNASE SHSrsouy, ofl] ube} 20712] 50% DNA & eh 

. Home) 4A) eef ol] abe 50% EHO} DNA =e} 2] RCD BAFo] ast SPRT AAS 可 

有 點 (1440S UEP. HARSH, S72) SAA] 21 & S72) Aula] BPE] BRE DNAS 

條 條 3 Heke] Aull-pa] Sa] AY ATM DNAS SV epspHor}, clei] ate} 107] 2] 25% DNA Sees 選取 畫 名 
Ch. MS 14c% 25% Bo} DNA Sel] RCD BAO} Gs SPRT AAS ASE SFX 1470S Yep Ate. BK 14d 

喲 14c 引 畫 te als} Go], BE Anal BR ola] DNA SPSS 型 對 者 Bizestact. 

4249] WS db 器 ico] HAS Ash Bo] Fe} 384-4 Uz] PCR WA 引 章 Wap7bes 4] Aol] Mast 
RH. 50% DNA &ehezel] ulsto}, 384-A SeolSs} pe 17 可 为 ome] Wa7b Beep. 25% DNA Behe 
ol] dete}, 384-1 著 del 王 al + = 1 才 U4) 772] 也 人 到 才 胖子 有 可 .可 384 司 引 口 電量 PCR AYO] 六 才 針 

ga ass) EHS BT el A eS BM 1200174] AAS Bare] AlBelolso] 习 避 ode Aap 
之 

II. 可 局 恒 PCRS 9) 8 eb BEE   

A. 口 巴 县 RNA-SNP 

EE RNA Wee 484 羽 吾 全 对 避 下 (ThermoScript) 444SA 〈SIHB] 焉 冰 型 (Invitrogen)) 旱 衝 師 計 呈 7-AZI-S 

中 ] 寻 of ALAL 工 寺 oj 可 可 引 司 OF ALALA] LT}. 4 ALAL 冬 灶 9 可 生 ABS 

3 ASPTATATAGA ACTA TOTT PACH CAGES" (AS 1) (= ofole sks way AAS] ddadeoees 

DNA Bl] S2424%]2 (Integrated DNA Technologies)) St}. tl%]= RNA-SNPS 引咎 SAAS RNA (SG, cDNA) 4S 

2 DNA 8S CS Se], BY DNAS] SS Alea BAACS SAA. Gra PCR UA Aol, Wl DNA 

al cDNA All EO =zzpo] Hy] SCO CT ACHES TO TOTT TTA AGES (ae 2), 

这 re 人 ~ sw ee 
3's OTOP SCA AP ACA SAAT ASPP TOPS (aa 3), 四 &] 3} wen 

4°. oF TRSIGAGC AA ATTOYGBNEG 3! x= S'- (FAMDATTOGAGCAAATTC(MGBNEQMS yay 4) (ue ae) EUOPR ELE] ATE) Zale) oO} eh 

= npolerAlAgZ) (47)A], FAME 6-724] S-72 a7 clo] at, MGBNFQS 中 el 可 FB Ae 則 - 愉 二 zal 

= 中 是 相 和 和 ，PLAC4 可 Ast AAIZE PCR AAS ALS She] Wesbs- Ary. 

WSe Ho] Sas HPLC-Aale Ge 7S S98 DNA 辣 司 卫 开 妓 避 有 旦 司 三 (VW}MS 2A] ZBe]s(Proligo)) 

Ala S| AF] 2\ al] nA sae Al ASST}. Wa 

S+ CSC CSCTACGOTGTO TET PAAGCTA PROGAGCAAATTCASATEPGGCTTAAA GSA, 

AAADMAACTCOATTPTOTATTOCSACACCAGGAGTA TCOCSRAGOGALTOSS (aa 5)au 
ce DA . 

Wo Hu] 25 pL 2X Way FU PCR UAE} B&}A(TaqgMan Universal PCR Master Mix) (0]22}o]= le 

QAAWMA)S ASS Wess Aadsaer. 22-2] Bebo] 400 nM B =H 80 nMS 2}2F2] Bol ASH 

St}. ABI PRISM 7900HT AAS Az AAZEA (CF SzO|E Bol QAlAAS)oAl, BSS SOCHA 2 “Sk MA) 

计 卫 ，o 中 lgo 95CONAT 102% Sot ato , HCHA 15% 中 6COCHA 1#2)] 4547/8 Saagad. os, 

ag ds ie] FS B47 SS OZ212 PCR SO] TUS + BES DNA HE cDNA PSE] AS SA 
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APIA. lea EMITS, WS We) Tet 37% 才 SA SHS Uepa ROw ASA, oJ o6-a 品 
4& -agoun BAL Bels|aleh. foal, BH AES) 可- 人] 皇 时 WE (spanning) Ze} 

o] 可 : Aust Sebo] 本 (AS 6) 2 ey 了 司 双 于 前 如 对 -本 oo] 习 

JA} 至 可 ol 可 量 ALGsho] 384 Selo] ESA) 口 习 晤 RNA-SNP RAS 全 全 本 名 
PLAC4 71S *t rs8130833 SNPS] 272] 鈣 習 合 刀 電量 424) BACH Se 22] Aer Sela Way = 

BE —-Aaapstey. 489 NGS GG RB A Gaal 可 相 ed — 22} 
Se OP AMY OSES PCT AAD TO MOBNFEN-3 

i)
 

(AS 7) «B45 '-(VIC)ATTCGTCATCTAACTTG(MGBNFQ)-3' 
(AIS 8yace. WES Ss] 5 Let 2X Baye FFUBS PCR BSE} YAS APS so] VSS AMsgr. 22} 
身 Wee 1X BSN! UA PCR BPE} BA, ZZ 2] 箇 生 9 相 572 oM, DY4aA2+-G-Seo]4 ==HU 107 nM 

at aZb-A-S°]|4 22H 357 nM 含 全 會計 名 相. a---2 ABI PRISM 7900HT 4S 如 等 州 二 一 可 导 +- Bs} 

WSS FOCAL 2 是 ES Alsat, O94] 95 人 可 对 10 是 Eck BMS, 95 它 引 對 15R B S7CAA 

SB adage. ws Eel, SDS 2.2.2 SZEM] (Szfo]= Hol erjAms)eo] "ad aQaes}" 

ee PEt] Sel BS oles + Paae. AY) SZ=BMVS Zed 2 GARS AF oH 

+ AHE G 本 習 全 刀 旭 相 Heal Gael ae] +S 才 戰 點 相 SPRT BA] Al Sotacy. 

B. 口 選 荳 RCD BAI 

是 apo) ASME BE ae 器 sal as DNA BSS at 二 ff =H Page (sy 還 時 天 引 手 Ada 全 
6.6 pg/ 放 笠 本 AML ABO] DNA 

RE 才 司 /aL 晤 Aesth MS 本 村 vis] Fo PSE DNA VS, DNA BES AM 司 色 二 是 鋪 
AAA 96- EMA AA POR AIA 本 可 selspsh 

2. Ao ASsgr. Bel Soleo] ce PCR 2Ae gb Al S| Spal 

oje}o] ZINA Aw Saad. 4s RD BANA, SAA] 21 2B 1 te] Beer Fastest Gee 

[Deutsch, S. et al. 2004 = J Med Genet 41, 908-915]) = mW i AMPSE EPPO] 

SHSPTOTT CRG AAAS COPTIC A _ GPTOTICTSCASAAMSACOP IOS qa 9) yl 四 可 让 和 可 el 本 

VEOTEGSCCAGASATACTTCAPTACCS PATS ; S-OTPASCCAGAAATACTTCALTACCATAT (對 @ 10)e) jay RA) SEA. laa 21 21 

WyB ITS RAOB ses 7s] BAaSol4y HAN SenS AAstwed, tee] ASS 44h 

PHPAMITACCTCOAT AATGAGTAAAIMOBNEQ}S 
Ala 11) ee 

CIS 128. 42be] Be IX ASE PU 
HY PCR PEASE YA (相 章 生 引 vpo]SaAlAMs), 229] 生生 9 相 450 nM BH 才 才 引 BHM 125 nM 含 Shr 
aath. SG URS P= Sul/MolArp. RSS SOCoHAL 2 是 “Sek WMAlopsr, 引 引 對 95Col*} lO “Eek A 
Wepat, ICoaAl 154 ZR 6OCAMA Les] SOF 71S FMstRc. BE BAZ PCR BBS ABI PRISM 7900HT 如 

2 Ade ALY (CSS ole rAlAm~) BoA, + Ystgal, SDS 2.2.2 AMEMo] (o}-Ssefol= ho] or] 
AWS)9| "Ao Qe" oS VRB Sel VPs qolehS pasta. USS Zed Rats AMS 

ASAAT. AAA 21 SS HAA 1 相 可 避 Sel Be] pS 71S sto} SPRT 号 号 可 aleebstt. SPRTel 生 
ay aat war7t 7real a ats) 17 ols) 384-4 Seole7} eA Alolry. 

5% (VECO PACCTCTOTAATOTGTAACMGSNEOS 

二
 

IV. 選考 和合 刻 -71 半 tc) 2) =F PCRe ALB 
  

A. CJA”) RNA-SNP 

# ALA = U)Aal-7) 8b 口才 量 PCRS ALS Ss UZ) PCR BAS] ASS SMe}. SB Fol4gs upoleupsa 

(Fluidigm BioMark)™ AJAMS ASseE co] BSH] BSHo) co] AasesyZ) VE TH Heo] alsaict. 

at7] AJ ZH 2b 1574 90003] Bz2) 4S Pore Saad | ae. 

aya] 21 HoO}S 才 太 久久 goatee By AZ 2B Ba SA BY BSS BAA. 

SMepo]e] Atta] ol AS BBB] jay BRE DNA WS PLACA Az} ~ rs8130833 SNPS] 7 azbe aa 

了 引 中 ea] Bt PSBHE] RNAS FEAT Vr}. 

EE RNA 83S WAPAZSAAGE BVA (VHESWS ABs] 724-514] Se Broly 

ree 六 CATOPE YT PACH ACE AAR ACTTATATAGAACCATOPE Lee) $ (Aa 13)) 可 lal Aaabaack. 同 下 cDNA
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[0239 

[0240] 

[0241 

[02421 

{0244} 

10245] 

10246] 

ASo] del, As 可 村 is) Fe BAA FH ZS PCR SHO] FY 个 UES AS SAS TASH 

cH. 

12.765 V4ta feo] (Sele Sal Belen AIZW™ (章 暗中) 和 可 和 *|a PRES 
PUTA. ZF] Uz) ofall 1272] HS-Aa SPSS +TSst7)] AM 1272] WE ofA Bry. 
2422] Was 7 ol Ue S/aAs +as7]) Me 7657] Ae #7} Wetstsch. PLACA 會 刀 才 全 188130833 

op ae awa 三 本 olal C S-PTTTOTATTGCAACACCATTTGG-3' (qa 14)) B ea ala 

十 

oO 2 

AAAS] AAA Sebo] o] Sle] SSA]Ac}. rs8130833 SNPS] 272] YAS 242 BACH BE 2 

Ae] datraz-Seol4 Baw =Bnse AAaB. cas2] ASG2 G6 ZA Vara sete 才 才 

SNOPAMY ROG ROG ECTAAGTTGOMGRNEQ) 3! (AAS 15) 中 5'-(VIC)ATTCGTCATCTAACTTG(MGBNFQ )— 

3) (对 加 1S. BS APS 10 uLS 2X Bae HUA S PCR MFAE} YAS APS SO] 172] ee] eel 

Ue 由 放生 AMgsar. 224-2] WSS 1X Baw HUA PCR BE} YA, 42-2] 三 寺中 可 572 nM, UY 
AAG °)4 = EB 53.5 nM, Ue 44+ -A-SO]4] “MEH 178.5 nM # cDNA BS 3.5 ulLS SHaeac. 

24242] ERE cDNA PS] Aare ie] Wee Woo] Aree WS, 4242] BA] Bt BS Aare 1272] 

Bo) AASSYc}. BS-Qeq BPEL yx. SaA(NanoFlex)™ IFC alo]7] (SFo]cHS] a] jal Oz) oO} el] 
ojo] Basar}. BS Bho] Qupa™ AlAWo]A, H Mosc. SS 5OCoHA) 2 “Eek AAlsta, e114 

95COHA] 10% Eek ZBWSest, OSCHA 15SA B S7CHMA 1 是 和 4047]S SMsaey. 

BYES 23-E] 9] 同 班 RNA ARES 765-1 WS 到 昌 ol 对 是 如 直 强 十 ， 
F, 

12] Bula R 272 a 

of )o dal Gael a 

Kola | 
=] 

22}2] Bo] ols, A BE G 本 習 全 刀 導 

也 號
 

ho
 

pa
r 也 of
t wm
 

= te & EGE Quas ay Fe al 
BHAA MS (PIS ARIA}. oS Ae) a 品 gaa 

a SPRT SAS AGao}, AYAOR VS Po] Muza ~)Alsex)] T21 4 
ae 4Ate4ls 2dtA4. & lal] et sts} Go], 27] AIWS Ahesto] BE RNA WSel WHat 
A eS] AEF 

aula Boke 才 刀 ae] ds RB Asta] 21 AohS 才 太 igs] Ag oerel ale At RNA WSS F 
7B ANBAR. Abe] Aes 17S] 765-A Wee Wa, S| AP RNA AS 91803] 9] WSO EASA 
UG. & lobe 27) Bt RNA Bee] 127 We 寺村 可 cet Aaale We) eS 二 秆 则 可 el] 二 肝 则 可 车 
Ho], 29 BS SF FS EMS Dele] iis] we Wea Se] ABAS Be] 个 时 二 SPRT wirell 全 是 全 2 外 

如 Us el 
o 

& Qe Aad. 27) wee Bea BSH 是 异 直 7] sol, 37s] Ree ABE S] Qual 

oF Ste Ce We). % sce 2 WZ) 12742] WeHre) Seek 可 是 时 Asst BE Sst 條 生 才 @stsh 

ere + UMS Ue. 

U4] PCRS 个 避 赴 7] Het MA Bs BateyAy, 7) BlisPal-7)eb WS BAU] 时 性 卫 Bee AF 

opr. Aa Apo] 2 入 BE Ue] SEB | siatrp. 

RN. B. HEA] 18°] 24 A ASs AG 4712 NP 

# Hileloye, 4a 18 ote] et Ses dara] We SHSs Aea7)] Ha, SAA] 18 22] 
Hwa 习作 刘 们 Alex elcpal 对 局 悦 Selel= B (@ueteR) WA] 2 (SERPINB2) mRNAsl ae ze 
PCR-7] RE GaP aA APS AVS ASS. QIAamp DNA FY FZIE (a Aad 全 重生 Ho}Al(Qiagen)) ¥ 
TRIzol Al (Als; Be] wuopy AAME AAS] UAESWS ALAS] BEEZ) 7) Ae 十 车 Co] 4424 
ALS Spo], EWE AA} WSEALELS] DNA H RNA SS pp MstgAey. Fee ERR RNA 4S DNase I (HBS 
al) Alefste] Oe le DNAS A7etRep. SAT 7) all abs} 2 mA olelo] 22] (MassARRAY Compact ) 
(a) 如 可 可 卫 AAS] AlAs (Sequenom))= ALS4 SEZUYA nee ell = (Homogenous MassEXTEND) (hME) 

Ago] ofa ERE 2A) DNA 如 时 可 对 SERPINB2 7-414} ~b rs6098 SNPS] --41ZAbe AMS -Msarp. 

NOAA 加 入 对 下 六 (BRAS ALS ato} AAAS 亞丁 9] 相 
并 入 人 站 (A817) (本 过 Hole 外 用 we 2a} cle aajoyeye DNA 司 

AeA] Ayo] olay Blak AZ) RNA BS AoA SERPINB2 ZA] Gs S2V+S - Msgr}. BE cDNA WS 

2 use a4 ie] #2 Behe] Bet Sed FS 0214 PCR SS] Fase + VES BE SEE 3A 

oc}. ERauk UR] PCR BPRSER YA (He Besos BAE AE AMS] Sze 

He] SA) zM Zz) B vo] euka™ PCR alek (可 若 Azealas Aas] SFolceesS 对 喇 如 四 口 電 同 PCRS 

一 28 一

Pg.991



{0247} 

[0248] 

{0249} 

(02514 

f0252] 

[0254] 

S550 10-1896167 

&% OTCAGSCTETOGCAATOCAATOC- 3 
AABN. AI 生 本] 可 os (對 主 18) (人 加 二 吉本 三 DNA Bs 

ol eeyz|2) 2 Aue Vzpoly] (SA t}o] AAS 7-4Z+-Sel4 VzpolA2} EY AWE 600 nMe] SBE AS 

abot}.  SERPINB2 2474 4} rs6098 SNPS] A HY G OYTAASE BACH SE 2 省 了 Baw -BUY 

SUPASDCCARCAOGOAATTATTT (PIGHNFOYS 加 mw a 
(AS 19) 去 5 

(VIC )CCACAGGGGATTATTT(MGBNFQ)-3' (对 加 20) (USebo]= Bo] SAIAW2Z)Ac}. FAME 6-7E SASF 2.471] 

Qlo] 52, MGBNFQ 中] SE AB vj-Bs zz}, 22+ 300 nM BW 500 nM] SMR AALS. 对 对 可 
Bet 雪村 时 全 上 sc 时 本 会 mL IFC alel7) CEPT E ABs} whol Suhai™ 12,765 421% oleic) a 
2] 76571 Uk Bo] 是 属相 级 中。 VA H, lols A SH PQ SY ASS Mal vpoleepa™ aajzk PCR a] 
Au GEENA WA}, WLS SOTA QW Bek ajafar, SCA 5 是 Eek ASEH, 95CalAl 15 
ZB SCH 12) 7S FAII. SH He, AualsF MA SEG 可 習 會 刀 直 GHol qa gael 
BD) RL AA S co oa] Bel Ao] HS Aso] eat Ev] YS (SPRT) BA aleapseeh. 
Baa 有 過 全 本 Hotel val, Aw G UealAS Heb Awol] Sesh Meslohof HS A CD, a 

aa] 18o] Cas, 各 AAS] G7} Fi} SAMOS woh ASS Yo) 2:19] w]e] Fold 
ole}. so] St BS] ao] OLS elo) SPRT IAS Ayla. oS Hae PH] Gee gnae a 
| FA S +H CH) GR, HRS PRA oa] GI Quale as] ad us Pr Wa)S 二 
eat}. Z}zZb9] Ao] Ua, PYAR HMM PS ag P Wp vasgyep. Ae Sea MHS] AES 4 

rok IAAT 189] PSK MM CYA) RNASNP WAS] DY SA-S SERPINB2 #414} A rs6098 SNP 对 号 如 
加 SQIIe. WA BVP AS Helsby] Hea, AS Bayo) ay Qujseal 器 和 习习 刘 18 Hof 
ES OPIS] 同 由 AA DNA BS) HAAVS AQAA] Dueal BW 3 者 下 syayay 18 
o}B AYA YS welsbe] c]~)e RNA-SNP Bo] alsapateh, zZ}zh2] so] cal P, BW mm 含 AlAbshs 

Ad HES 全 司 AGS. 下 16aol Epa 本 外 Wo], ME Weo] 加 可 如 放 
BHAA. AAA 18 abo] Oe Phe VHS YI] se) bel, -Auhyeal ao Te Pgs 
A] JAY o 吉 等 可 Sept. 
m = 0.1, 0.2 喲 0.3 含 盡 孟 人 時 下 SPRT AAS Ae WSs 下 lop erg. ofS 可 o] 是 三 U2le 

RNA-SNP Wo] AF Ahal 18 sélel) 可 起 wap HPS ee A Seas Albee. azo) ade wipers et 轧 
So] ae BAAS Ue. Ae aad ASS) Hole} 性 含 she BSS TAM Bar Sat, Sp Ad oF 
避 否 引 jeje} 局 如 和 a 

C. Az) RCD #4} 

旺 ALAS B)alqal-7)a cz) PCRS ALS AIS RCD BAS] Yss SRMrH. SFo]r}e) wpoleupa 
™ 和 | 全 型 总 对 熏 襄 二 o] ABH] Wao] ao] Aes] SPE Tey Bolo qsed. 4) Jade Aaa 

12} 90002] Z#}2] CYA) EF PCRS Bet 

MS QUA arch. 

9} + 

amea] SS ALS} AA] 21 (121) Hohe 才 太 全 入 本科 各 早早 日 aye Az, wal Bey AM BP ap Bes 
Ach. 10 必 可 T21 器 107s) 性 加 宁 刘 对 司 于 早 目 相 同 下 DNAS 22} RES] Iuysea] Sa] Bey ae DNAS 
EYTLEM 20712] 50% DNA 辫 导 野生 ARH. SYS WS S AHA 同 RS Base) ay) Mal, 

Aesbepsich. 2 cB, 12.765 c]alek e] 司 | (于 合歡 DNAS YA] 260 nmol] e+ Ze (OD) Sao ela 還 

VY) ES AGO] 本 9 人 中 如 了 AAel (SHON) a MEL cals Aes. Wes} Vers} 
A FH Bajo] Ye BVVS rps seb ales olapol lala 

50% DNA &ehe 2 Gr BS ul sal Se, Gala 1 sel 全 對 就 talztste) ae 日- 可 悦己 Bahai 21 Ar 

AAA] GA) PCR BAS] le] AMR. Wa Baay 21 21 Fo] 1H) wep Hash] 101-bp 
aes ube wep] P-GTPOTTCTOCAAA AA ACOCTT OCGA (AS 21) BY Sue sezpo]y] 

3. O TTS CAGAAATACTICATFACCATATAY (对 电 22)ell Slay Al 

p21 AE FMS 279] BISA way Bene was} nr
 r H uff
 

je,
 

» 
4 

ne
 

to
 

六 也 

一 29 一
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10253] 

[0256] 

T0257】 

10258] 

[0259] 

(6261} 

[0262] 

SS=50 10-1896167 

PHPARDTACCTCCATAATOAOTA AAPM ORN REDS" 1 aya 23) 器 
AA wee. BM sep alse 

2] BA ASAE BSE, -sep a Haze oe] 是 對 本 olay AHR 全 leh. 
AMMA 18 (T18) 含 ASH) MR IAS RCD PSY] SKS SBst7)] Meh, Yaya] 21 BV 18 Bo) wep 
AAAS HAH Be ES AIS Amped. Wa aya] 21 器 18 Bo] Bee alAabe] 128-bp 

SP TAI AGB AA ADO AC AA ACP EA POSES 

a COVICHIOTACCTOTPOTAA TOT STAAIMGBNEFOSS 

VSYS PP 开赴] 可 2 CAAA 25) yee eee] Hy 
S-OTCCAGOIC TS POG TEY 

(AS 26) Sah EA SAAT. BAA 21 B18 spepecr Apo] 
PHSES 27124 a Ay Al-S0) 4 Hav S<HuS AAsHed, 389) Age 才 才 

SP AMAAGAGOCGAA TRAC MOB ME .2” (FARDAAG ACOCGAGGCAAIMOBNEG) aa 97) 由 

SOAAGAGGARAGGCAARUMRRRNERJ 3 0) ogyotcp. 是 全 al 對 aL HAAR A) 加 

EA ARS SHAT. VASA, H-sep et 痛 如 对 于 下 oO] ef ee 是 号 可 ley ALS gle. 

BE SHS 12.765 44/4 Yeo] (SPs 條 仿 計生 时 So 汉代 AlAG CSP) seal ast 
Ste. WES 早 悦 10 ule 2x Baw HUSA PCR BPE YA (SEE vpoleAAW2ZjysS ApSste} V7 

et wes Adeaach. ZzbS] Bho 1X 同 如 點 FPUBTS PCR 中信 了 生 BA, 2}2}2] Seto}yy 900 
nM, 242}2] =24H 125 nM 50% EBRI/H A] Sl AM DNA BPS 3.5 vlLS Braga. BWS/aa SHPes 

UxeSaAam™ IFC aloy7] Carolee ell 生 一 U2} 相 生 相 Bdstacth. Aes se] wpolon}a™ al~AW 
AAA WSS PMSBcE. WSS SOCAL 2 Sek AMAlSaL, 9 對 95CTIAT 10H “Sek WBstar, 95Tel] 
AL 15% 与 57CA] 12] 405718 FBSA. 

“A ul<p a] BH T21 50% EYNE/ SA Bel AM DNA WSS UAzleb 可 生 9 全 可 对 chr21/chrl Ae ay VASA 
ct. 姑姑 對 Sell Oe, chr21 SS chrl 4A YS Ce te obs) al Geel US Veshe AnAe 

S FHUIHSe AS] WS PIS AgstVr. Y*)S PCR AY |S 

y= seo] ae Ast Qa Be FH FY SE Co) ASH SPRT FAS ARs, GYRACH Ve P, 

o) Aula] Bees 2 和 | 計 匡 2| 121 PSS 4) SeE2lSs Adar. Age] oda + WS W774, Bir 
SA] 2 ale Yokse Weel de 可 是 引 Waa Pe] 可 ?时 SPsVrp. | 174] Yep vps} Po], B 3 

= 50% FRRE/S Ay] AY AM DNA 4S0] 27) BASWS Ares] Bog 1 uz} a7 WS Weis} aoletel 2] 

AAs STAM. MK 18] Ue vs} Ao], AH Vas Ae Ag BAAS ehh] Hel SPRT 

Apa] 同 外 時 才 及 2342] 4 BR T21 Hols 74) oe] 相 還 和 時 早日 VE Sr BPSo] Ast RD BAS 

Tbe ASsgar. 2249] HSE GA 765-A VWs WS” chr21/chr1 AA Ae VBAHaAr. w 1S 

SPRT tap HSS UEPMTH. = 190] UEP A BS} Go], BE 2977 WSe] ASAshAl STAsce. wey, 4 

AS ROD WYe Sy a Ado] 4Aese ed SHI YS FB, AAG +e 2 Bt BU AGW 2 
AAA] (ES [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]) HY Ge FSWeBeS yay 

(SNP) (424 [Tsui NB, et al. Detection of trisomy 21 by quantitative mass spectrometric analysis of 

single-nucleotide polymorphisms. Clin Chem 2005; 51: 2358-62]) FFA HE Ala 是 - 口 有 同 PCR (HS 

[Zimmermann B, et al. Novel real-time quantitative PCR test for trisomy 21. Clin Chem 2002; 48: 362- 

BD AGES AMAA] Ao] ols opekael Bayelep. 

T18 AAS ASe7] Met AME, 372) Aula] BR S72] T18 ERE DNA BS 全 可 chr21/chr18 AAS 4s 
IAQ. BE Qwas US SS "1S MS PIS AMM. oS BE 17] T18 Abe} a 
Wa BE BH AS asa VQHsp VPA. Aye 下 20o 生 時 本 
  

Ea] atte] G9 Bs Ss Sache St DNA #22] HE AesAolc} G4ee] [Lo YMD. et al. 1998 Am J Hum 

Genet 62, 768-7758]). WS 3, UA 47) Se] TAS, B-SHe 74h] SY BA Bt Se 

= Ho} 2 EA] SF 7)9lsbo} 9867] 7s /mLel AO 對 恒 太 vt lt} (ae) [Lo YMD. et al. 1998 Am J 
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[0263] 

10264] 

[0265] 

10266} 

[0267] 

[0268] 

S550 10-1896167 

Hum Genet 62, 768-7758]). 7,6807/2] #2-S 4Ss7] AAA, As 8 mle] 2A] S7OePE FSH DNA 

Bad Aolre. Cf 15 me] Sal SHORE FS7kest 87) PH] Ate Sta Aaael saAjolcry. a 

Bu, # WeAeS2 chr21 BR FH BAA BAS] BS 品 aN RCD EAS He Ged 个 QE ALE 

Azpece. 57S] chr21 2 Fe AAA BAO] Ga, a 1.6 mL 生 2A] Sto] EA] Bae KB wrt] 

TS ASss7) se] Bad Aolty. BeSA42zg & raed + aac. 本 下 BESAA ] 

wz; HAS] Arye Ge BA 空 昌 到 愉 對 [Ding, C. and Cantor, CR. 

2003 Proc Natl Acad Sci US A 100, 7449-7453]). Vw
 

& a)
 

也 多 r
o
 

OW
 

& fa
 

Ad
, a

 

a4
 

xo,
 

a
a
 

is
e 

ro
 

Aaolay, ae #4) VP Bal Bol A AES Vela SE Bsa 21 (121) Hobe 74) gal ]owyp 
PES. Sze] 允 避 何 刘 wl sz] 121 同 由 DNA BSS 條 外 FAIS vee) way Bey a DNAs} Seb a nem! 

Sto} 50% EHO} DNAS 全 ue HSe EYe 1002] DNA SPSS BIetAr. SPe YS SF PAe uot} 

yes ee a7] Aa, eee DNAS WAL 260 nm 可 为 引 3s BS OD) SALE AMssaArt. oo 局， 

ole 384-A Emo Balzk PoRsl Sj] za YAoe QeseAcr. Wasa Wssts7] Ae AVS 27] 

c]4] = RCD 是 名 a ojo] 選者 轉 ups} 委 扎 桔 强 可， 

50% 忆 全 可 Baal SS Ba] 1 zoel Aas Hats Gs 日 - 寸 习习 Baya 21 7414142] (1%)S PCR 

econ Agesgr. 27) PRE Uz Ags SAA + CRCD) EACH Aa2alrc. By 21 21 eI 
ge 2] sees FH alzbste] 121-bp MSH (44442) 生 生 9 相 Ae] 10-mer VMG)S ANet 三 寺 中 可 5'- 

ACGTTIGGATGGTIGTTCTGCAAAAAACCTTICGA-3' AS 29) Rg aber Sefo] Fy 5'- 

ACGTTGGATGCTTGGCCAGAAATACTTCATTACCATAT-3' (AAS 3008 ARS eto SA) SSAAr. SA] 21 B Bry 1 

Ao] 2] 7) ao] S HACE DF AA Seo] S volsgaar, 22] 4aL 5'-CICATCCTCACTICGTACCTC-3' (43 

31°]. 

wih
 
吳 On
 

& 
oy
 

% 

Sel) cz) PR AV) FSIS USA] WAT, GAA 21 器 18 BS] yep 
UAVS RCD AVS 了 人 二 如 村 。 BAA 21 1s Bo] wep FH lz}aho] 148-bp 
AL 

AAS HACE FT ES 
WS2]= (244242) 生 對 9 可 2b] 10-mer MG)S AAS ~zpo]s) 5'- ACGTIGGATGGTACAGAAACCACAAACTGATCGG-3 ' 

(AAS 32) B Subst 生 生 相 5'-ACGTTGGATGGTCC AGGCTGTGGGCCT-3' (导电 33)= ARs Sal SSAA. 

aaa] 21 2 BA 18 Abele] @7)] 对 2 时 HASH GF AT Meo S seks-Bar, a9] zAWae 5'- 

ACAAAAGGGGGAAGAGG-3' (A134) °] TH. 

WEesaqs ae RCD A442 三 寺 o] 可 At SHEDS OBS FU. PCR WSS <1 =(GeneAmp) 

PCR Sto] 和 外 FIE (Sz o=E BO) QAIAWMA)S APSoto] BES YS 5 uLB AdaVWr. 4 2}9] WELS 
1X S21 II, 2 mM MgClo, 200 uM dNTP BY, 0.2 U WSeyqa SBECAmplitaq Gold), 22+ 200 nMel 4¥2] 

=zbo}e] 2 50% DNA HAS SeraAc. a7) Aa/HS SPSS 384-A PCR SeolEe] Lalsta, 50°C 

AL 2 Sek WSS AALS 章 , 9STOHA] 10% 得 外 Asst, 9SCoHA) 15X BW 57CAA] 1 是 引 403) F71S 

Fas Acy. 

PCR AVES AHze SAH MATE} CSAP) Ale] oto] HGS] Z] VSS ANTPS AASAr. 27) SYS 37 
COAL 40% Sek, ClO} 85CONAL 5 是 St Miro Assart. ofA], SefolA] ASG WSS FMsact. 

Zbeads) Baz), G4 Zee S chr21/chrl BAO B YES] 771 nM9e] AA Sebel), chr21/chr18 Gao zee 

2} 1.54 Me a4 生 時 外 可, 0.67 U WSAlAUAl(Thermosequenase) (A) 4), 喲 22+ 64 Me ddCTP, 

ddGTP, dATP % dTTPS SAP-Ale]el PCR YRS] Az7eAac. Wee BAS MCHA 2H, OA 94 AI 

5%, 50COHA 5X B 72 CoA] 5K2) 803] S718t}. 16 ple] & B 3 mge] SH zW-(Clean Resin) (IW 

HS AS Ael(clean up) 回 Hay At AVE Aza. 27) SPSS SA7IJ 41 20 YZ] 30% Sek 

Zt +, 361 ge] Se “Sek A HBSAS FUsAcre. 15 U4] 25 nL] AS AVES Mose] Ure 

EA7] S CJA) AMES (SpectroCHIP) AlAs) ee] Besar. AWMee qoutes] dele} 25 

= WA] 247) A4e 24 BW) CAH seaar. B42 Aa As Gole-S MLoqeo] 

E}°] =] (MassARRAY Typer) (443) 2Z EME GEE. 

57S] Aus SB Sze] T21 50% BRE/S7] DNA YSS 1S RCD ABAOzB BHAA. 24 WS] da, & 

4) chr21 SE chrl HE chr18 ANY tel AS Vaso] zz] A_qoeye Anas de] +S As 

aar. AA ABBAS 2 SF chr21 BAS] BS (P,)=S 2242] RCD Baa Ta WAACH AAksAr}. oO] 

OVA), 多 對 SH) AS (SPROS 4st} Po] Bula] BSS UepeS 4] HE T21 PSS Uebe 有 | 4a 

一 31 一
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[0269] 

{0270} 

[0271] 

ARR. Bl Hol, A2h9] Sales 23) Apooey Bos ao] pS Parad. 
chr21/chrl @4S S42 U4 ASsgacr. BWSoe) Wwe AHS Be AP, chr21/chr18 AGAoLByES] WS 

六 才 习 寻 可 SSAleA alelt}. Fes] SuelEeS 424] osda + 2S 串 玫 X Mes AHH Me Beal 

APSR. TH 21 UEP VES} Ao], BE Aull] 50% YA wee Ue 384-4 SuclES Abssto] 4 

Hs] STAIR. Fe] T21 Abe Ae ETS Ha 27 ol4ts] SUES Bee ager. site| Aa 

引 Fel] 27] a4 可 ee suele7} 22a BAA] Yad AWA a 地 O 

dS £°], RD 如 a ot ae WSs ol 26 Aol = Are] NO230e] Get cleleby} B= + 

au, 271 z We Bae BH FHA. =O] SF RD AVS Ol Ss%)] 全 

Se w A HU Be pee 

ECE AOA, BH WQS YAY 21, VW CHS 同 ~ 詞語 對 -21 Bel ayay] Boy HAW 十 AS SHS BHT 
HEU] oe So] Geol WEES Woe he eA ARS ssl. lle ele ase 
Alea] LALLA] 21 Al YOR PES] BS] cx) RCD BA, ole] 對 SPRT VFS] ARGH. 司 二 
AERP] DNA FES os Za) ME (HEI Vel Aa} HoH S Gao) Haseley 
avy) AFA) AAR SE 同 由 LEAL Aah DNA AES ea] URES Bae OS depos aga 全 
fol Hones clateela)& Geshsstt DNA wus 6.6 pg/ Ase] aS elated Ae IR (GB)/ wl 
Aga. As qs 7) Yo] PPIs DNAS} ES DNA Bo} AA syow Agee. oles # 
aol, B WIASL oleh 37K] Mo] SY SFL yep glow ae see}, weber ue RCD 
way 447], 4 AES) Fees AS BAS AAA: Aya] 21 21 Ae] Fe}Hs FAASsS Aye 三 过 

可 5'-ACGTTGGATGTTGATGAAGTCTCATCTCTACTTCG-3， (AIS 35) R ater SEBO] 5'- 

ACGTTGGATGCAATAAGCTTGGCCAGAAATACT-3' (AVS 36) ASS] “EA) SSAA 81 bp 引 PSaess Assay. 
Sala] 21 2 7 Abo] Sep Az} S AS EPO] A] 5'-ACGTTGGATGGAATTTAAGCTAAATCAGCCTGAACTG-3' (對 

37) 器 Ave Zepo] 4] 5'-ACGTTGGATGGTTTCTCATAGTTCATCGTAGGCTTAT-3' (A412 38) ASS] “SAL SFA) 
Al 82 bol] MSZSa Aascr. AA 21 RB 2 Ae] Feet +a4se ANee 至 寺 o 可 5 一 

ACGTTGGATGTCAGGCAGGGTTCTATGCAG-3' (A1@ 39) & SNS 生 時 9 相 5'-ACGTTGGATGAGGCGGCTTCCTGGCTCTTG-3' (74 

42408 Aree] 4] SSAIA 101 bps] WSBYHZS AMA. BAA 21 B 6 Ho] Bear FAs 

AlutSe = tole} ~—-5'-ACGTTIGGATGGCTCGTCTCAGGCTCGTAGTT-3' (习气 41) BOSSE Seo] 5 '- 

ACGTTGGATGTTTCTTCGAGCCCTTCTTGG-3' (4 4298 AbSsto] BA) SA] 102 bp 對 WSyse Agee. 

2442] BSE 10X ASE} II CSzpo)= Bpo]QalAW*), MgCl. 由 2444} 100 nM] Seo S PHoaAry. 

2 ee Bye 5 pL/Meol]ery. 95Co A] SH Sot BSS WAS F, O5CHA 30%, 6244} 30% B 72 

WA] 3042] 453] +7) Fess, 7204] 72 Ect 3S AHS Sasa. BE Sts PR SHFe 4! 

BS PCR AZ 9700 (4 Sz}o]= pol Qrjzas) tol Fasc. SHYS4) SS PSWILESs FAYz 

aa8 LAs E}A] (SAP) ABH BSB8sP] Arc}. 22-2] BeSBl 10X SAP MSY CW) B SAP #2 VI 

AMS 全 合計 名 生. 2 UL93 SAP YAS 24242] PCRo AW7bsbAc. SAP WEBS 37CAH A] 404% “Sek B 85 

CoA 54 Sek Slsfeuo] Aster}. SAP Ale] 4, iPLEX SE (Gold) VE (AAS)S ABs} PCR WYSE A} 

yA, Szpole] At Wess SMsgae. AAA 21 Zl Ae] Beyer 7 Aztsto] Ast Beet AS BA 

A) (PSM) 4 三 吉 e] 可 5'-GTCTCATCTCTACTICGTACCTC-3' (AIS 43)e] SJa] AAS Sice. aya] 21 B 7 4b 

引 spy} Al zbsfe] St PSM G4 “ebo]u] 5'-TTTTACGCTGTCCCCATTT-3' (4S 44)9 Sle] BAbsyeir}. 

aaa] 21 #8 2 Ao] Sepeo faze) ds PSMA G4 三 寺 o 可 5'-GGTCTATGCAGGAGCCGAC-3' (AV@ 45) ol] 

je] AAS AAC}. Sq) 21 8 6 2] Feea Faso] Wet PSME As Vepoly 5'- 

TGGGCGCGGGAGCGGACTTICGCTGG-3' (A414 46)e] Ja} AAbs{[sic+. 4242] WSS 10X iPLEX MS CAH), 

iPLEX #4 YA (AA), iPLEX #42 (AAS), 2 1.03 uM= AAS SAA] 21 由 6] Gs PSMa AA = 

Z}o] y= 局 习 嫩 卫 三 才 才 343 nMel 4 Fz S Beseck. 2 wLe] iPLEX WA=5 ple] PCR Pasa 

AA7FAIR. 200-2 EB-ApolS VSB aABo] ule} iPLEX WES eM Ac. wets) Ber], PSs UA 949) 

对 352 “Sek WAAlZ) 章 , 52CoA] SR “St 旧型 本 了 80C 可 各 5H Sek Ateagar. de 2 aAt 二 

7S & 5 到 身 7) Sek 4 到 O]4F BSS, o)OFA] 94, 5A] WY GAS SF 爹 寻 和 下 ¥, FY] 55) 7) 

yoda 器 at $28 +eaae. 1 到 生 Hy das a7 5 司 相 WAR B At 71S 393] wea 

& 403] =A] stSc+. 724A 3 是 St 3S AAS -AMstSc}. iPLEX Wee AVES 16 ule] SH 

S|As}al, 2+2F2] PCRo el 6 mes] 4B SSAA. 384-49 SeeolE=S 1600 gly 3% Sel Attest 
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10272] 

10273] 

[0274] 

[0276] 

[0277] 

[0278] 

[0279] 

S550 10-1896167 

#, AMERY Class) BY wee we gol Gh/o]23} vy aalzty (MALDI-TOF) Bee Bay MS 是 對 
(AlAs) 总 ol uy spsAep. 

Saja] 21oj 辐 避 对 导 B= Azle] Wad 对 对 可 加 下 Ae Asal 本 司 對 中 Yael as] 个 量 SyAos 了 号 
AH. Zh] Dao ov, aad 21 AR 神 對 生 9 oe Fors sae 是 才 eH aabstaey. Bay 
a 21o Get Foe DAR Ba Se] GB Bet ofrfe} AA Ale] 如 加 是 尼 早 目 相 Foes DAS Ae GA 

Fo] BS AAbsya, oe Sas ae a 4242 Ax Ut QBS ASH WPHAcH. P, Me 4 S42 

BA] 21 Ae S 4 S42 Ae qe SA 21 2 Ae Sa Ave] Goethe Molar. BeAoc 

TE P, HS SPRT VAIO] ASsAch. SPRTM ejel AS W7t 7Ress Wt) 17H ole) 384-aA S 

+ Aloltp. & 272] 50% Aula] EWBE le DNA/50% BA] SE DNA BA B 272] 50% ASA 

a al] 21 up Ale DNA/50% Sa] Ge} DNA YAS EA SAry. 

娃 FF 才 居 放生 可 全 P, Me} Bars Blolctp. GSAS, Fos 司 I 
對 AmAle APol ae Po] AM Vio] Boe SAA Ala] pH] Ede) BA 4H, apa BE 和 

at 

2 So] Asp SB SPRT BFS 下 22a WB 22bell MES A-gsAarh. 272] Aula] WS 
+ G7] Aol 277 喲 S72] 384-4 BSa~ Gz/a ROD ENS ALQe aggre. 44 se 

2B PES] GoleHS OH Al SPRTo Set Ask 是 型 让 7hess] Vkrt+. WA 21 PSH B 可 ws 
U2] 384-4 BESSA 27/2 RD BACH AZ 习 寻 司 RSSAMc. HAA, 4- S42 Agel WA 

2B re 可 e| 村 亡 相思 AL SPRT 引 S} et Ask Bar7t 7heste] VSskt}. AU, 4 S442 GAPE 
=e Ale 避 导 于 SPRT BAS het 可 如 年. oS aeolepe, BES cfz/a RDS] o] Se] Say Aw 
Ale Age Te 全 了 EA-SaqA 4) RCD AIS] 1S st 日 取 填 可 于 相知 +e] adel 口才 由 PCR 是 号 可 
al ass] S7bASMSS ASssar. 

个
 

  

加 7 对 ， 是 點 主攻 是 名, GAA] ogo] Wyss Yaa] (], IAM QA) Aya] 21) W AR Baal 全 
9} 本 oj- 本 o] 习 DNA BIAS} HL BS 可 县 PY WSS eS HA OPTS zs PCR BA AGS, 全 
x FR AeA Sala] A (AS ERD) lee BS PEWS hegeh. Ws cops 才 刀 dal yg 
各 早早 日 Fee At DNA 則 AA SAA HAI vpo aah Yael A 宁可 Ye Baya] 21 Hee 相 志 9 aay 

AP SHE Be 

Boe (Ceheh)-So]4 Wes Was Yee Bay 21 2] fate] Ge Aa=Bsaqq gas2 

(Holocarboxylase synthetase, HLCS) -7-412Fe]t}. HLCS= 司 忆 可 如 2-qesssz{y, Ba] 2 AMIAS 

A-Hass44, oe Eee FA Se By] Ss] SA 习 11/784499 豆 可 BSc}. 同 和 (本 四)- 哥 o] 翌 可 

as} WHaS 呈 耳 出 匡 2H Sa Ae] 痛 纹 对 引 Sale S44] 3 [10] 2] RASSFIA 全 及 才 引 中 RASSFIAT 

ROA, 2} sts] 2]eh, SA] AA aSsdAaeS 4A-Wess44, Hao] Ase Ve As S35 2a Al 

11/7845012 5 AAT}. 

BA] BtsS 18s Bok 可 Asya 212] Gz)/2 PCR Ae Ast FASS ALCS BR 对- 本息 寻 胖 RASSFIA 

|] Ag, Ba] SSA S84 4A oes. ofov, 427) BAS Aten, 恒生 总 + Pte. 

o]oA,, Bto ee’) DNAS SAA] Yel S22 Ze, IAdq AolM=™ SHECBlood) ZIE (HoHM)S A} 
Sa] FSA. FAL, BAA DNAS 1% cls] MSs AA Ae SA, WA HpaII B BstUlS ABs} 
相 As, |Z. oS Was a9 Aet S2e Fol] yes} EEA AWS FE we, o 

azte] Soy, B-Wases BAe Ade Aolce. cfo4], Ashe] SA DNA PSE, Ae SA 對 司 避 如 有 

eel HLCS He RASSFIA Se] 是 对 7 放 WS AS Wat Ge 0.2 YA] 1 Bee AES slAetry. 27H 

2} AA)Zr PCR AIA BS ASS] BAS DNAS SSAA Aol, Ste 2 放 引 生 對 9 四, B ALCS Zhe] | 

°]4¢) ie] Way SBHn (NSS) B-Weshe 4G Ae SACS) Sa] 民生 還 AA VWS Asa; 

RASSF1A 7 412}o] SSE COS She HAZ] 272] Seboly #2 vie] Waw SBS Ayer}. 4} 2] 
RASSFIA “z}o]4]/2Hu zless Beste], Ve]7} Bel [Chan et al 2006, Clin Chem 52, 2211-2218] 714] 

ee = 
a

Pg.996



[0280] 

[0281] 

[0282] 

[0283] 

[0284] 

[0286] 

[0287] 

[0288] 

10289] 

[0290] 

S550 10-1896167 

eo] git}. HLCS @ RASSFIA HA] He Yav 未 冬日 生 全 三 2H BBE, aA 224+ FAM B VICS 

a Aeolty. oo], 384-a SeqolES AAs 24/2 PR BAS FAs}. HLCSo] Hazy tyou 

ao)a_ ae) = 2 RASSFIAell Taaw cyoen Azmoad ao] se ase Ao, oS Aes 避 

Fe 及 el 本. HLCS:RASSFIA BSL Ard Aula] Boks 才 太 WAL 想 十 Blase] AE Aya 21 可 中 时 才 

同 BU Se Aes 可 全 县 alolc}. URS] AEE UZ] PCR 

] 

呢
 

4) 
Ba

b 
tS
 

ru
 W 

Ag
 

和!
 

off
 Le a H
s
 

mg au)
 

Ad
 

字 六 mal
 

|S AyqS 2798 Fe GS ER, AS So] RASSF1Ao Gal 要 人 可 eel Bol] sal gleol HLCSe] Aa 

eae de] +S Asa, Ue HLCSo Gal 要 入 可 el Aol Al glo] RASSF1Ao al eel adel + 

= Apsohe WH) 7hest Aol}. HF, ws 
Au q 
~T 

. AlAkeh= 可 说 HLCS ® RASSFIA Ale] S + HE OSS 

a] 21 AHS UEP + 8 久久 相. 
閨 恒 外 刁 本 對 品 讓 時 PRS FASE 及 MoM, YA) PCR GEM WY, oS ol 品 對 全 
PCR PPOo]LRE eo ALA, ela PCR, SHU PR, SIMS SHY, Zepopy a 
& SS 全 PCRs Ao] Sao BHP Aopep. cx] PCR oles WIS 
rey 

ALE PCR JIM, AB RBs} VL WAS ol Sapo] 品 盡早 PCR AMS AmdYs + 多 中 生 wel Vey 
al ae lode. 
HLCS 器 RASSFIAS] Hof 器 Ba] MAS 习 电 证 7] Hel 可 电导 -各 何 电 ale RAB AHP ere 
JUS Helsby) AA GE WY, oF Sol vol sspo]E WHY, wGs}Hol4] pcr, waste Ese oe 
qas jeeps waaay 回 FE US) Felzbol AL Qs ol 时. 全 

ee, Be Se} Sao} a7] 可 器 了 是 al ga QS Bae, Ve, ASI ARI, SRF SH, 
Bal Efe} ES v|L 同 eF DNATA WA 全 Ss 了] 是 AoA ASM F Wel Seas Bye wel 
t} 

一 

  

到 全 是 才 el 口 对 县 Ho] Mal Bd SF coh YAMA) 14g, oF So} ay aya 
sab Bays) Cz) WHS] ECS |S 7) Bole}. 同 e hy 21 2Se7) Ha ASS + 以 7] Ware Bat 

Al old GAA BS BAA VS2) NASA SP S)NlCBye Zier. wees AHO] Ars R 

5°) 9°) 于 7] Wire] 22S az shsp7lo] ebeaastr}. 2241}, Blo} DNAS We Ad SEH SAGD, Bal 

by of
 也 生 eh 口 al om Uehaeh. ube], c]2]@ PCR BSR) 苹 必 對 9 

a4] Be Uo] Pes] Sa 全 Meh. mepl, We AES} Hel 
a 

ae) Hate] As EA AE “| 
時 ea IS Spi) 信人 過 對 下 yoy as 个 

= EUe 
EA FAAS BAORM, x) 
ge dled] Fe Bld + 名 
號 本 對 , B Ala] epeyS 

4) x rir
 

° 

so
 

eu
 

ot
 区 也 of
 

o%
 

lo
 

bu
 

地 必 
4 也 

a 
Say. @ Sela, Vola a Ams] ge % 

a 

454 SAS (27) Gee (Margulies, M. et al. 2005 Nature 437, 376-380]), S34) AS 247) CHE & 

aA 2a) Be 冤 司 三 ALE (CSzoS wpoleraJ2ys) Be deat EY Aa 加 生 還 DNA 对 所 是 本 
a» 7) (#3 [Harris TD et al. 2008 Science, 320, 106-109]), HAJ uo] @abol a) 42] Ge #4 

(SMRT™) 7]@, B UM7IS AGHA (44) [Soni GV and Meller A. 2007 Clin Chem 53: 1996-2001]) *te]44 

aA7-ed AY Ge Gate 8S NARMS DEH oss HEROES Yea ge asl #244= Ba 4 

Ao APaHASt} (26 [Dear Brief Funct Genomic Proteomic 2003; 1: 397-416]). oS 2 2+2] 

SASL, SEU Ja] Boe Se w-See at ave] ga Vas qawyac. 

alee] AIBA WS], PA UA) PU ES 可 7Hesp ye 古國 畫 HE pale] QEx, Abs) aalol 
4) 对 才 了 j PESVE] AQ] Wo), Goa AAPA BHe da wv F It F 主 全 是 和 GRA = 
EMS BVI. AS Sol, ARAM BHo] days, Wha 回 ds zeyade de wee} a7 
z+ -Akstt} (4241 [Brenner et al Nat Biotech 2000; 18: 630-634]; [Taylor et al Cancer Res 2007; 67: 

8511-8518]).  242}2] BROS PE AAS Se PSast7] Hrd, AA B(pool)s] WHRACSHE Hye} 

一 34 一
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加 [0291] 

ASALE] Tass As 122 2 也 

中 可 對 7 
上 

到 著 zh CR 
司 中村 

wel, 

aa 

bal olseedst 7) ail 百 aa 
Ad 畫 

NARA O] 

Ale] SF 0.1%, 0.5% HE 1%9|UF. 
1 二 
一 引 可 

DNA A1@ Z}2} ao] ole ols = 
= a} {0292} 

zy Aq 

Ho] 号 可 ro) ia) 
A 

©] 7A Be](copy number variation) 

ojo] ue}, HA) Sal 

, 4d 5 

a4 abe. 
Bo] 

4 

[0293] 
ot 
下 3 Aare Was aabe] Aspe7re| 0o] 立 wae 一 一 R 生 se] CS So), BE RS Au All oF 

豆 

[0294] 

a 

a 
G 

z= 
7 回 

圖 
H a 

[Chan KCA et al 2006 ua 
w by ( 

ty ASHA qolEVIES 
ry al 

E 

名 了 上 o] £6] 

= So] ooh FY sys ape 

7 

可 

Al 
a 

ont, 

peed 

1 十 
ims 司 el 才 

zl Z oH] 

f $e 
9} 

Clin Chem 52, 2211-8]) 

{0295} 

fG296] 

TASS) 襯 日 H 
“T A ave) oye He ab) 号 Pas = 

Ss 让 M 

yet cal etey. 

中 213} R 

_— 
= 

日 aye i= 
“TT R a] oF All 

uo 71 37) Ars oll] 

ol 

中 xo} a aol}, ole {0297} 

忆 21-5] ele] ay zw Uo, a7) MARA Aaomy 4 AS DATO ey, Al Al 中 212] eH 

as] aa 4 21 

[10298] 

ay nom 
去 200Mb2] A~1@ z ARS AAS] 2097} 7a a] 

0 Qa 

让 aA) 7) a1, 6 本 

om, sory gee] 4 ale HH 百 a] Ba 忆 可 引 
[Campbell et al, Nat Genet 2008; 40: 722-729]o 7] Al=] fs} 

A] 

16299} 

“al 
加 

uo 
we 

一 385 一
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[0300] 

f0301] 

[0302] 

{0303} 

10304] 

10305] 

[0306] 

10307] 

了 至 AlAs] aes S44] 27) BE nae oH HES] IIHS S44] 本 才 外 HUeOBY Saag 

cH. 

meee AltA, 2a aA ABBAS S Att Bo] PHS AMARA Ao H7H she] Bagc. ASS 

e], £4927 SyCY= oldols} Go] BAAS FAH FE 71H2 ol S54, 4 B44], JS So] 4qF 

ol] B44] 2 A188 ea SEZ) GE GS B44 a(He eee] at AAS 44 ae] Aas += 

BQH. BUS de YS SHTPES] AA 對 全 生 SA sel-geto] ASAE ole ste] AYA BE |S 
早 结 县 可 三 Aleolt}. aS So], wa] Bt FS alot DNA Bap} Sa] uA DNA BZ} er 口 Ae AWoe Ty 

S]o] FE AOE WIS] git} (4S [Chan et al Clin Chem 2004; 50: 88-92]). ube}A}, 22} 己 了 可 ape} 

HSU at ASS PSAshse7] Hea SazsolAl Sie set ol2te] YH, 4S So 型 aA7GSe BE a 

7) Wal Be, SS Balsra-7|eF BS oe AHS ASS 个 Bee. eu, BHOe, Bal At SS] 

FASE EO} DNA 是 對 可 可 为 疤 ， 恒 o 避让 Peo] Ba] as 對 和 計生 Wo] cla], Ad) VStujs]=Es| 

A7}o] Ola] SSS — Bc} CES [Dhallan et al JAMA 2004; 291 : 1114-9]). 

录放 454 SRE, VSepo|S wpolejada Sys Sle, Aysr EF Ys BT DNA WaAwWy le, 
BAIA ufo] Srpoleajze} ea Ba, AAVE (SMRI™) ize BP Yxe71s AGRA 本 二 对 时 Be Ss del 
Bab MARA ep) BM SoA, Habs AAS abet. 

x Ay 2 (qs 39, AAR 与 sep ye] AAS We) HP Se] de Fe 2a 2a "AF NaR4se 

APRS Blo} BAla] 中 直入 Zlet" (cele) He] BS 016285-005220US) 4 Bas + oa, ALS Bee] % 

ae M¢deat}, BSS Sao] Aa] BAe] Flas Beye, dB Se] 2 AA] 7) Ax Bs} Ao] 

% 外 

HA] a4 S Bo} DNAS] BS ems] Sat Hs AGHA Aas} BUVB 守恒 最 + 2 WS S°,Y 4 

Aya] DNA -S A AALZE PCR, BANA] PCR BE ASE BAS 條 全 對 可 Fe Saeed + alee. Ae oF 

DNA SME 49 Hole] ABA +S MEY SAA 對 生 HAAS 对 县 如 可 Saar act. AS So, a 

“6 (Chan et al)@ Hol} easel 本息 寻 胖 RASSFIA 414°] SA] eae] BSS s RASSFIA ASS WAeoez so 

Al e]ae] 时 如 可 如 ASS Btatwc} (491 [Chan et al, Clin Chem 2006;52:2211-8]). Uafe}>], Eo DNA 

和 BS SE Wesel RASSFIA 4S] CS 41] RASSFIA (HES; BB] APES} RASSFIA) A472] Chom Ue 

28M SAS -— Utp. 

ay gal eck BA] BY AMEE] DNA7| YSE7) aro, #2 BPS Bes7] Aare BA Sto] Bal 

agar 本 習 如 對 Aose wer. weyy, Aas Aleche 4 

ce Sa] BAA YS Wow ogelch. cx Tea, val PIS sGshe WH, SUS aa age 
ERE] Ero VUE BH VSI} vs uj, Passa ss Hoh Yaaj ole goy ale 口 Be AA} 
区 电量 Bot US Wow otelep 
e+, Bo} DNAS] BS] SES Sas7] He BS oe WHS WAl 4 B Bok Atole] 器 司 六 對 生 

Je] Zlo]t} (424) [Dhallan R, et al. 2007 Lancet, 369, 474-481]). c]@#é BY] = 

dal oso] SARs solyD Hot 引 習 如 二 久久 oes FHS BACH S Aolce. Bor Sel4 生 引介 太 才 

Se Nera] Gz} vateto}] Blo} DNAS] BS SES Sag + Bl rom 
A 

we 293s}, tholaHojao] Mat Ae Sas}, AS4 Blt SPBsA Aa Ws Cet} oles] Sols 
ol 

al 5 ， 仿 
NASB) ASH AIDS NRG, Asa] PS ass] MF 選 基 生 刀 仿 對 Pe], ots Ba aa 
BAS ve] SQA BE ye] By ALS) DNA NaS] AS HE 是 号 可 upp aes) Seq. EB 
著 早早 日 DNA Bat] MIP TH VHS YARVAac}. eS Fala] acto) qa Aad soya Aa a 
9) WSS SYRY DNAS SPST HA ADH) SL NY 对 oo 可 对 ulareep. Yaya] BL 亚 是 可 对 
全 對 對 24 Aaa] QAo] qa] Vad Vas) Ae (ES YRS) sole uepa aleley 
ECE oA, BP FAM DNA AM AML WSL ol Sato} HA bo] ASS Mel AF DNAol 对 可 a 
AA] JIS ASE +H MN. Bole GL FES MIA) AM] IS BEG. GS Baal gas} wl 
+ (S% 2 AD 对 全 县 + MU. We, SH Ysa] ya] Gad AA 司令 9| Ss, Gael a 
Jo] qa Aad AAS 可 和合 ol PAD Aolch. BA] PRS WKS Aa] asap Belasto} Yoo] a 
Aa] Ake HS] WPSaA) RAR BA Ae S ApS] ASS 习习 刘 o qe a7lsp 可 卫生 个 ge} 
习习 可 也 EE AR AAO] Ole 可 卫 才 HA APSR | 多 中
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So] Adele SAS, VA] Bt DNA S Wat 3% 生 | 6% 才 Hotel 2] eer}. 
5 we Hobe Valea] 量 忆 下 卫 Bay Sl 

Al DNA B22} PAS DNA HAS Aeseul PSHac+. ols} Po] 了 ] 示 可 Aad HA 
Y @Ajalte] SRY 音色 盡 [Lo YMD et al. 1998 Am J Hum Genet, 62, 768-775] 器 SLAl7} RhD- 癌 总 
RHD 414} [Lo YMD et al. 1998 N Engl J Med, 339, 1734-1738] 蟬 S@etr}. 

Ho} SAM] 如 半生 HAA SA SIS Ate 71H 9] AAS AAP Welzb(carrier)e! Aaya 部 

He ASA, BA 2 BA} 2zbole SWB ]S He 2fqe 41949] SAH] Gee - assy 

az #4 [Ding C. et al 2004 Proc Natl Acad Sci USA 101, 10762-10767]2& 2A] ake] Ab Alay] ay 

AlSjetcp. oO] eS 7S ASS HOS SA; BA. AS Se], Pe FSS FAY Feu} SUS 

AHS Ae VIAS Ba Bt SMe] 484 SAH] ASHE 引 可 以 所 Ao; ade ae 

wut. 

ae AUB OS & 23] 可 入 司 相 Bt. 7) AUEONAES, 352) Zest Bol AAS, NN, NM & MM 

e] 衝衝 計生 生, 47141, N Ate) GAHTAzAS Vey, Me SUMS] AHA Uedc. Bae] 

datas] ad deed 24S, WE eA, t3-zleqwa, Ag4as Sa, Ar CAMss, Aa 

XM) tea cS Yovle AS Vetere. clefet Aes] t= of OMIM (Online Mendelian Inheritance 

in Man) [ www.ncbi.nlm.nih.gov/sites/entrez?db=OMIM& itool=toolbar]o]7] 2S 下 gicth. Ba Sto, 

可 时 是 引 DNAS SLASAEeE] FAS NMS Bele. 2713 3S2] Bol FAAS SF UL Arm, BA] Bt 

SAIN SS Gee FSte 人 生 生 S50 Mol AAAS Bas] Ber. wer, SIAel Ws 

2 可 了] 可 ASS 车 grt. 

oS AFA + Vo. Mal BW dob} Sep NMS! 對 中 生 本 主 N 
A} AWA HBS oF AS Bole}. Lely, SAN} NMo] 卫 Bop} NGI 到 

a= Sa] Bt SIAN TBP ESA GPA BeVo] lols welch. Ss, SA NM] 
EHOW} MMS) POS BA] VE SAT M WEAVE BRS 可 
2}, Ho} SAV] ASS Ma AHAMLES 

H
o
e
 &
 

EAA) 全 

arazs ees Sa Be tale EM Zit WIGS Arse 4z4/S PRE Ade 个 gre. AW 

Al Ale] Qo744, SA 时 习习 Ba Ste BAEeE S| 5071 AM BR BoeHyEle] 5071 吉 至 引 10074 AME 

rE] Wes DNAS Brettp. abel, oleyet Hue] At Sella] Fol DNAS] VS SME 50%]. BAZ} 

TAARS NMG) 2s SONS] N 可 习 冯 如 对 BR SOS] M Tab} 旦 司 可 外 如 可 本 oh 人 如 志恒 NMG) 

才 立正 SONS] N 本 習 會 媽 井 RR SOAS) M AeA AlAb7t 本 可 习 避 可 起 如 为 ，N ale alabsh M a] eal 

& 1004 74) ANS 本 習 合 刀 電 Seso] Stas) Sect. BA, Bob7t NN +AlzAbBel Wall 

= eae Hye] Bt Sol loons] Boks] N 可 悦 育 如 对 才 SNS Aolte. wep, S 15072) N ae 

1 alz}e} 5072) M 可 习 冯 如 对 才 SAS Alolc}. SG, NZ} M Abele Ne] Mel) dst} 3:19] ASE BO RSS 

eras} Sasol] Saye Aol. 

abc} o} PBA, Goby} MM HALAAVA BHM lees Po] Pt Fol 100792) 同 e 二 會 恒生 M ay RA 
才 EAR 及 9 本.。 呀 生 對 , 150712] M MRA SOA N PE AAE SA Aoleh. S, Na M apolal 
<= Mo] Nol sho} 3:15) SH sH}RSE YHA BHP] SAF Bole}. lela qaeay BeBe 
OAS PRE AV 宁 A. Ga A] 7 AS Geet Be FMOm ERMC. AIS RNA- 
SNP UATE RCD BAS} HAPS, CLAVE PCR AMAIA AHA) AA BRE Fos Be WE 如 个 
Ja apa. 十 寻 对 ， 是 AU OS Teas BBS] oleae Met 310/41, Az Bat 
Bo] at QR IAS PCR 是 号 Soho] AS Pe FY Ro] Yep Pepa oleh. upepy, SPRT wy 
对 时 22, WS Bet BR FY ES (mol AAA BAY Wage] Abi] 是 异 o AG Bar} ach. 

a 

x 二 和 aS
 1 

+ Uz Bao] YMA Hof DNAS) BH HM] up} Pepac}. a7] eal} 
SM, SY so] way Azo] WALL PELS] 907) A BL 司 o 坚 早日 可 107) ANS] 1007) ASE] 
Weel DNAS OHSS SHE haa. ue}, leet Pao] VI SoA] Hof DNA BS SME 10%] 

一 37 一
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Uh. MAZE fraizhe NMSI 2-Pol= 9071S) N Oeralazt R 9072) M 可 习 合 多 对 直 BAe 生 二年生 

介 刀 站 習 NMSI 加 了 可 二 1072] N 本 習 會 二 R 10 放 让 M 本 習 會 太 間 二 efoto) Speke}. 十 如 为 ，N cl eal 4} 

ok M Oel-s-az} (242F & 1007] FX) Abo] y-eaz} Beso] Baapz] ech. BMW, Gob} NN eal 

AB BPs oletek Fo] At Sol] 207A] 同 o 上 會 年 對 N aT Aasyyt SHS Alolep. abet}, S 110 

AS] N 本 習 會 刀 才 針 OOS] 可 翌 公 如 对 才 SAS Alolep. 

SF, NM Abo NO] Mel Geto] 过 可 亚 妾 且 可 局 和 如 对 Bot So] HAS Aolcte. eae} Aso, Bolt 

MM --21zbeel BPells= 中 如 于 ao] Sad Sel 2072] Bol Fael M Oapasy} BAS Alc}. vey, 

110712] M AS ezbe} SONS] N 醒 習 會 太 才 才 SHS Aol. S|, NA M el 可 三 Mel FIRS UTA 

AL BatBo]) HA Aeolch. eo DNAS] BS) Su} 10%91 Af DAHas Sees] H4e] AME 

110:902 Aelaz, = ~t7) Moy uep ps} Zo] 50% Elo} DNAZ] BASHE BPS] 3:1 BSsz} Aho] sr}. 

aetA], SPRT HAAS} Be, Bol DNAS] BS So] Aad BA 是 也 條 Aha Biol 作 县 县 B27} 

git}. 

te], Bt DNAS Fed Aolty. Bd BS FS |] HR Ho} DNAS] GE AS Se] 7] a 

PCR 如 如 [Lo, et al. 1998 Am J Hum Genet 62, 768-775] HE 品 字 才 引 者 S719 GS Feo] Aes} +a, 

o]= =°) SNP @A [Dhallan R et al. 2007 Lancet, 369, 474-481] 2 本 ol = 4 “ly [Chan KCA et al. 2006 

Clin Chem, 52, 2211-2218]8 °]8sto] @eetr+. Elo} DNAS] We S(%)S AlAbetc+. of-F, CYA} PCR & 

44 -e eto] Zp BS Mo] Bat Ie] FS BZ ON GHTaates +B Wa, SSM deeaze += VHS 

TIES Ase Bt DA 8S (IAS S29 8444 SS WSs AKAr. Me] 和 生 可, B 2 者 生 

a 

rhs 了 +) oe
 

也 这 之 也 

Wau SEM CAEN Beas] 本 ol] 习 ol] 卫 ， 十 娃 se M AAA Says agate qe 
PCR BAS Jee}. 92] Mollet gel ao] = BW 24] vole gel Mo] Fe Aeae}. ofS ae] ws 
SAS APA BEB] Sy} Mer eS agedcy. Gypad HV] Baad Sye sel 
Apel SAL AY, oo] SPRIE APSO] BS + Meh. oles BAe] SF Wawolare Melk Bgol7y 

] a} el MR Noy eye) We] PB AP eS We Zhe shat, Neyek eeu M Bl Nel) Bagel 
Sse, 1E APA MSS BSE AS hse. Ba 日 datas Baws) Base Sts 
Sqlzbol a Sze WY, aa] SPRT 量 对 号 寺 可 BS 个 ghep. ce] 

C]z)2 RMD (At) 4 Seaeto] (Relative Mutant Dosage) )z}37 AZ} 于 总 

/导入 (XX/XY) DNA ZSHSS ASS ASageo. We 2 4Agozeyece] S24 二 至 DNAS YW DNAS} 

Zee], MS 2dacl] UEP A ues} eo], XY 對 赋 避 可 XX HE XY HAASS 22} 25% B 50%2] BAS 

BS HSS Het 1292] Ys RB 1289) 48 AAWIEPe 宁 导 让 加 可 As Bey ziM DNA 
3 + 

DNA 25% = 如 分 如 万 12712] DNA 

SPRT #A}2] | AS ula DNA HASH AGS] FAZAS AMse Rolsct. 75% XY DNAS] wel) 25% 

XX DNAS Sse DNA = Se, AS] Date DNA 75%°A Feet Volt}. BS Se] DNA 25%7} 

XX fF Abeol7) Ware], WS Sell & 200742] DNA HA} SAshe APs 150742] ebb XY AAMOWAL AP 

qa Aeolch. abel, Y deze] FE Hae Aes aac. Best, 44 DNA (-4-21248 XY) 相 BIS 

Ve X Heras] + SA) 757lelte. = Aad CT AAS XX) 21S X Haze] Ge 50 (= 225) |r}. 

ae}, X/Y B)S 125/75 = (1 + 25%)/(1 - 25%) = 5/3°]t}. 

Bao) Ay] FHA, 24 AZ WSe Wesel Faz, S AZ 

(G>A) & CD41/42 (CTTT/-) BUMS He We 249 可 和 记录 早上 + 

(MM, MN Y= NN)S BE Je} SLA] (CMN COU7)A1, M = Seto], N = ofS) ) BRE 

Se SA] St PSS BUs7] Haq, ofVS Gaeta daa SBAs NN) 242] SAM] FS 

S=y), ue} (ABB) --%1Zkell HbE 

Sayan. BE 7st faze 

SPE] eee UY ATS DNA ASS} 对 对 Shpelsic}. olay, a 對 Aas SAV] DNAS BE 
DNA @ eee] Asse. Beek, CD41/42 Aol da EVA CMe 中 久生 六 早日 和 Ae} 2M DNA Bas 

AVS St] DNA SEES AlBoAc. SPRT HFS At Ge WSS AMAA] S7) Haq, ZF DNA SYS SF 

dd DNAS] BS] SES ZFY/X AAleB ARMac. 

一 88 一
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UZ) = ZFY/X AAS o]Bsho] SPRIS ASspat HS DNA SYS SF Ye DNAS] BSA SR 

a Xe 对 相 fet B71 (Zine Finger) Ga AA (ZEX) B Maya) Yal 對 對 ofel =r ae AA (ZY) SI 
A)S PCR BASE ARPA, AYE 血本 相 可 scaaovucraaacrascararacctss (aja) 47) Way 
Sze] SOE RACE ae IIS OTN AS ER AACA 生 小 ( Aa 48) = AF-S ZFX mw ZFY 全 Aq ALS} 2] 87-bp aS z 

#2 FA FA) SSA. Saal X 中 了 Wee TWS Pete 262] S44Aq-Sel4 BAW VHUS AAs} 
asn, o] 9] ALLL 才 才 PEVIEYPO TS EAGCACAT TORI GENE QRS" (aa 49) 加 

3. GRAIN EET AS AAS DOR AACS? ( 对 for] 50) 3 t} . 

DNA BAS Fo) SAM] FS Salve] TUR] de Qt Teas] ols PCR PIow Agape 
ch HbE SANV]S] AH, Ae Bo Selo] Gye] 87-bp ASISS AM zepoyy 
S$} CHAR OA ACHE GA ALTA 3 ( 对 for] 51) wm a 二 如 立 过 o| 可 oC LESS PET TE AA AT EP a ( A fez] 

52) PA BA] SHAR. WF (6G) LP Save) (A) Teas Als PWS 2S] easels = 

可 = wh Ven = aq Al oe 也 °| 2] AT a 2 Zz} SUNT PPS TSG PRA OMICS E38" ( 对 a 5 3) wm 

SRAM TEC EOE A AERIS DVOGRBMEL ES (对 for] 54) 3 这 . HbE eo wy ol 本 名 St Aw =S = 250] Ue} sr} . 

CD41/42 422 SBUwolS] 2, At 2 SAdHe] ATA] 87-bp RX 83-bp WSUYZS ANS Vzpoly 
SAE POA PAE PES 3 ( AG 55) mw clubek 区 Zpo] Fy SAR SCHOA POAC AAET OS AAA EE +B ( AA 56) 

AS ARs] PA BA) SHalac. Ast (AI US) B Save] (Ag AS) AYA Abels Pat 
=e 2] AGA So4a Wav =eys Adan, oo Nae 直 直 
EEC ( AA 57) mw SAP AP ATO TOA POC PNP ( AA 58) 3 

ct. HE SA} det AWS 下 26a 由 下 26bol yepskc}. 

oat See 12.765 42/2 42 (S74 MS AASste Feoles}a™ ZA (SFolt+eal4] Fae 

are. ie] wee] ae wee 2 Blau US PCR UAE BA (94 Szpo|E vol oA AWSZ)S Alea} 

可 WS FF] 10 we Aether}. cD41/42 8 ZFY/X AAS] Be, 4A WSSe 1X BAW FUR PCR BA 
a2, 900 nM] 才 Sebo] e], 125 nM 色 和 ZF SHU 2 1 ng/ule) DNA BBS 3.5 wS SHAG. HbE 

AAS Ae, AAG 2 Save] (A) THTRAAS HACE BE, 42} 250 nM B 125 nMel MBS 7} 

AS/A@A Soe GRSIA™ IFC AV) (SF 14M 444 Feecld Bgagr. wees 
& 50CHA] 22 Sek AALS Fol 95°C A] 10% 

$f) He 56C (HbEe A--), lee] 503) F7)= 

ah , AA) ol Pola 4 lS uly) wpa Abe 

SS Ma veo] evpa™ alAolay pgasrgep, we 
“eek Zsa, 95C, 15% 4B 57 (ZFY/X # Cd41/422] A 

ghz JSS Ha 相 是 對 Ewe] 可 o] 是 量 Baap. 
me, CA) PCR) VelApol VAI AY, AS So} PPAPA BW, Use] PCR vpo|aAM sole rj, 
ola PCR, SEU PCR, SYM SHY, Vepopm day w Ae RIypS ogee aa + sce 2 

  

AIBA, BOVIS PMs] by SHIT Ws F VE Asp Peo] PRA 司 食 e] Bopp yy 
JSS BEF Ud. SF SHIA, 4 Asal 94 A HAAG ord oy Ase 2 

as) +, 246 可怕 全 和 才 相 ded by ASE We As] +H, LP 2S] eps Scho] clair} 对 
= a FB US PRE aVda. As YHA Be a 全 才 可 ae GaPAaAS 

( OAV) St} EMA HO] BY AS We AGO ges Gee, SF S oj 二 Bele 
24 dapat ea 休 IS). Ae AAA cal Sa ao S FS 由 全 本 本, GE 可 眉間 

久久 49S eal Go) Foe BS DS 如 宁可 up a g Ae GUHA Wat SR FER 
37) AALS AAS 7842) WS ARS etry. 

PL
 

Ht 
od
 

o&
 

fr 
E
u
 

ea
 le mu
 

N
 

~~
 

\, 

= wa
nd
 

ti)
 
六 

a
 

oo
 19, 

X
o
 

ol ot
 

悶
 a te 但 才 以 fo
 

968 WSAIA, 2071 WL A 可怕 會 有 二 olay 登入 引 忌 , 27 MSG 可 習 合肥 才 引 olay 全 入 9] 相 , ze We 
oS 272] Az MFO] aay Belch. A YHA ase} aged as) 全 才 可 Az] wi, A 中 
UAE Te UA EA. BA HAA ola] Sage] Wo] FA 96 - 20 - 28 = 48 鹿 91 中. 
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TEAL, mec OS WME 者 站 轉 + Bhat, -1n(48/96) = 0.693°]c}. 

LOH Aes} teas, AP 7baeAS Te) Aaa Sto] SAstoy SAL Ga ast BR) Bo] Holts) 

weAtpa 才 避 如 可 .9 中 可 下 resol, 262] AA eaztel Ge gy asl 个 引 at HBS 1:1elay, 引 引 

ae} FAA oe BHSeH NTAWAS Grate Gaalse 2 (24 169 AdTA4A Gay 守宮 先 

ae} at A) &2 0.5°]t}. 

299LOH BS} HAste], GHH7AAIAS BS2] AM FS 500A WAS Asta 性 名] HAs] Bs) 

at zt Bo] Woju gttpar 7eg_sc. Brees Uae} Be AHA Abole] Ge ast 則 

&°) 2:1o17] Ward, 2S Baoszee Weta] Bet See Ae Gata] Bat Sms] aes Aol 

tT. au, AcUHSe Dats tel de] += Ae Getazte] tel ae] 全 可 Bes] 2 是 才 of} 

Ut} Foes Ho] us Aer}. 

AnAale 草鱼 A HE G A 

at zt Bo] Wop 

¥% 600e) UEP BS} Sr}. 47) edz], Se AMS] 50%] LOHZ HAGE S$ =e a 妃 G 印 習 會 太 才 

o) Wat 27} 20.693 = 1.3862! Aolc}. Lon7} Sek Ale] 50% Zz] SAME AQqE aac 可怕 

fT aAzbe] Wat “Ewe; 如 了] Alo oS Role}: 1/[1 -CLOWS ZE H2)) &K m. 

my
 

-1.386 

G Wate] cage) ade] aft wee 1 -ee = 0.75 (4, 75% BE 7272] Aa Aolth. A HEG 

arate] det adel] go] Se Aoleta. 者 全 WW, 0.5 < 0.75 = 0.3752] Ao] ARG Aaa = 

可 cele) Bolte. ubekAy, 0.5 - 0.375 = 0.1252] Wo] © 2) A Uys alzpolet Oke] Bola, 0.75 - 0.375 

0.3752] Ho] 24 G 本 習 全 世間 引號 t3a Ad Aeoley. ew, Aas Be] HGS 0.125 + 0.375 = 

0.52 Aolte. G Haass Ae Anas Bel at 22 0.375/0.5 = 0.759]. 引 章 , P.ol] ae oe 

a aft Se ARS, BS AAA 日 总 o] Woy AP (|S, A7)A1S LOH)7| SAE 12] ASS 4 

] At AAS SPRT SAS PH | Yr}. 

& 42Aag, W-44 可 习 和 痛 如 对 县 Fe Anas ae] aa ys (P 

= Ao) Hoes Z 4], BE Be As Aes 扯 才 和 EAC] 

AAS VoHS]7) HA Po] Aa SARS SAR Pw WS 8S 

eos seo] AASeu, cle 27] Ho) Gata Bet So] HASSE PS HAs HE PSE ad 4a 

ez Hasso] ARSE were Bes Ashe Ale ey) Aeolt} ([Zhou, W, et al. (2001) 

Nat Biotechnol 19, 78-81], [Zhou et al 2002 (417] #8)]). 47] dell, QAuae ale] FE 20 + 24 = 

44°]31, HSBACHE FSel Pe 24/44 = 0.545594. A PAR APAS BeorSo]7] AAS < 

0.5879°]31, HB72S Woesol7] HAMS = 0.6739°]r}. 荐 時 本, oles oye] PSS ABTA BI 

So] We} NOTe s 是 rel} 

ASAoe, Bade FS Fo] 14 HSS ASthe B2HS Hops. F Bite, 2 2s 

Hol SAA ol a2] BASS del 4AeSe + WT, FS Be] BA Bt |S Aol Atte] UAS Sal 全 

S414] 218 召 竺 全 ach. cee BERS Ht Ger, SEY BOS WS, SA, zeae WS, BA 

Hee MGse, Boh AAS Bree FS 如 是 各 和 SAq=e 482 + ach. Aa, HB Ade +e 

ala 21 Woes 旦 合 計生 oe] Sa] Att S SA] 214 2] BRl-ws x 太 才 到 PLAC4 mRNA 可 SNPS] 可 

araz) 2H#as Age] He 2 Bee] GES Hera. Ba, Baye 2 Bee) #S444) 212] 
H-AGA doh ASS AAA RCD GAS SAA] ck(Relative Chromosome Dosage)) BAYS Bal Bl- 嘻 悦己 

] 

3 aq ajo] Bs] ACHSHYUMEZ] AHS 48 Whee AS pulse}, 

UZ) RODS Qalge AA) Bol 25% 本 ol DNAS BPirshe BS He 218 aed + BA Ber. 己 

号 2 
oO 

所 了 太 台 EA Ban] AS (SPRT) 含 如 号 寺中 IAS PCR oes 避 习 可 如 可 。 WHEY vga Bas a 
Aja] Aa BH 导 卫 司 香 相 Se VAIS Helaa 
FE, BAPMS 号 7] PSM] SMAI FA 9 到 下 GE Bas] Ia AG BEY} ag, ae Sol wv 
a] Bt F doy Sol] AS Ho Gay AS 2 ad S SAPs] Bar Bao] ofa ogy aM ae 
| FAA AS 2 Ade] geo] 必食 還 = YSS Mopar}
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# BAA ZA ele] 22 Eo] BH BS Zee dae Ade Bre A, AS Be] 才 時 (Java), 

CH HE B(Perl) (JS SO B4te] Zilz BE AA 4) SCobject-oriented) 72S ASG ANS ALS BB 

AlAlo] Sle] Aa SS AVEO] Heer AaSe + Bo. AVES RES BH] ZA) BE Bz) 

Ate Het Brel Berke WMA AGS + 2724, Ade Aale ase Wi 

access memory), @J= £2] Sz] (ROM, read only memory), “18 Aa, AA Fe Erpolw BE SEY 

Aa, Se ss WA, AAd S44 qAza (cD) SE DVD (442 AAS UAA(digital versatile 

disk), SAA WSe SS More. Bare Bebe AAS oles alt Arle] Sse] HSA + Ae. 

qt =e Fe Fae BBES, oF So} elo] wep HA, BP w/e EA EIS Fal 
ASIES Wal Alo] ASS ABete] Peas aed FE ach. ols} Pel, B ws] 电台 对 司 可 
UPS QE) BSS val} oleae MBO gsshea cole} MSS 对 县 训 是 Age 4 gl Bw 
Yo aes gest GE Webs Wale Babys B15 Ml sia ee Vs, BE 
EE AS (1S So}, MY Gees yea FR aeh. Mele) oles WEE) WHrks oye 
Ae MEd ae (|S So] FE Syl SE Aaj WHE aswel gay 2 upsell ge 
glat, JY) HS VEMS ups) sole He] Sere asad gy a ups) le 个 at. a 

ge yy, Bde SS Boa ase Molo) ApS Asbo Ase) Ha de ape gA 
Ss 

{} 马 但 型 宮 = random 

= & 27] UEP AT. MS 274) UEP A aH AZAS ASE AA (22775)=S FA] Bada 

WE] (2782)9] ASA #712] SANZ, ad SWE) (2774), 7IB= (2778), WA 

, BU) (2776) SS Ueber}. 1/0 AZ) (2771) ASaa S717] 2 Ba/424 (1/0) 4 
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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 

-73-
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<400> 1 

agtatataga accatgttta ggccaga 27 

<210> 2 

<211> 21 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> synthetic real-time PCR PLAC4 primer 

<400> 2 

CCgctagggt gtcttttaag c 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> c modified by minor groove binding non-fluorescent 

quencher (MGBNFQ) 

<400> 4 

一 74 一 
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attggagcaa attc 14 

<210> 5 

<211> 104 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> single-stranded synthetic DNA oligonucleotide 

amplicon 

<400> 5 

cgccgctagg gtgtctttta agctattgga gcaaattcaa atttggctta aagaaaaaga 60 

aactcatttt gtattgcaac accaggagta tcccaaggga ctcg 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 TaqMan probe target ing 

rs8130833 SNP of PLAC4 

<220> 

<221> modified_base 

<222> (1)...(1) 

<223> t modified by 6-carboxyfluorescein (FAM) 

<220> 

<221> modified_base 

一 75 一 
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<222> (15)...(15) 

<223> g modified by minor groove binding non-fluorescent 

quencher (MGBNFQ) 

<400> 7 

tegtcgtcta acttg 15 

<210> 8 

<211> 17 

<212> DNA 

< 

213> Artificial Sequence 

<220> 

<223> synthetic allele-A-specific TaqMan probe targeting 

rs8130833 SNP of PLAC4 

<220> 

<221> modified_base 

<222> (1)...(1) 

<223> a modified by fluorescent reporter VIC 

<220> 

<221> modified_base 

<222> (17)...C17) 

<223> g modified by minor groove binding non-fluorescent 

quencher (MGBNFQ) 

<400> 8 

attcgtcate 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 

gttgttctgc aaaaaacctt cga 23 

一 76 一 
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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> 

<215> 

<220> 

<223> 

<220> 

<221> 

<222> 

<223> 

<220> 

<221> 

<222> 

<223> 

<400> 

11 

19 

DNA 

Artificial Sequence 

synthetic chromosome-specific TaqMan 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 Sequence 

一 77 一 
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<223> synthetic chromosome-specific TaqMan probe 

designed to target chromosome 1 paralog 

<220> 

<221> modified_base 

<222> (1)...(1) 

<223> c 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 

cgtacctctg taatetgtaa 20 

<210> 13 

<211> 27 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> synthetic digital PCR PLAC4 gene-specific reverse 

transcription primer 

<400> 18 

agtatataga accatgttta geccaga 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 

一 78 一 
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<213> 

<220> 

<223> 

<220> 

<221> 

<222> 

<223> 

<220> 

<221> 

<222> 

<223> 

<400> 

Artificial Sequence 

synthetic allele-G-specific TaqMan probe target ing 

PLAC4 rs8130833 SNP 

modified_base 

(1)...€1) 

t modified by 6-carboxyfluorescein (FAM) 

modified_base 

(15)...(15) 

g modified by minor groove binding non-fluorescent 

quencher (MGBNFQ) 

15 

tcgtcgtcta acttg 15 

<210> 

<211> 

<212> 

<213> 

<220> 

<223> 

<220> 

<221> 

<222 

> (1).. 

<223> 

<220> 

<221> 

<222> 

<223> 

<400> 

16 

17 

DNA 

Artificial Sequence 

synthetic allele-A-specific TaqMan probe target ing 

PLAC4 rs8130833 SNP 

modified_base 

C1) 

a modified by fluorescent reporter VIC 

modified_base 

(17)...€17) 

g modified by minor groove binding non-fluorescent 

quencher (MGBNFQ) 

16 

attcgtcate taacttg 17 

-79- 
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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 

egcagacttc tcaccaaaca 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 

ctcagctctg caatcaatgec 20 

<210> 19 

<211> 16 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> synthetic allele-A-specific TaqMan probe target ing 

serpin peptidase inhibitor clade B (ovalbumin) 

member 2 (SERPINB2) rs6098 SNP 

<220> 

<221> modified_base 

<222> (1)...(1) 

<223> c modified by 6-carboxyfluorescein (FAM) 

一 80 一 
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<220> 

<221> modified_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 TaqMan probe target ing 

serpin peptidase inhibitor clade B (ovalbumin) 

member 2 (SERPINB2) rs6098 SNP 

<220> 

<221> modified_base 

<222> (1)...(1) 

<223> c modified by 6-carboxyfluorescein (FAM) 

<220> 

<221> modified_base 

<222> (16)...(16) 

<223> t modified by minor groove binding non-fluorescent 

quencher (MGBNFQ) 

<400> 20 

ccacagggga ttattt 16 

<210> 21 

<211> 23 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> synthetic digital PCR analysis co-amplification 

forward primer for 101-bp amplicon for paralogous 

一 81 一 
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<400> 

loci on chromosome 21 and 1 

21 

gttgttctgc aaaaaacctt 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 

cttggccaga 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 TaqMan 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) 

23 

tacctccata atgagtaaa 19 

<210> 

<211> 

<212> 

24 

20 

DNA 

一 82 一 
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<213> 

<220> 

<223> 

<220> 

<221> 

<222> 

<223> 

<220> 

<221> 

<222> 

<223> 

<400> 

Artificial Sequence 

synthetic chromosome-specific TaqMan probe 

designed to target chromosome 1 paralog 

modified_base 

(1)...€1) 

c modified by fluorescent reporter VIC 

modified_base 

(20). ..€20) 

a modified by minor groove binding non-fluorescent 

quencher (MGBNFQ) 

24 

cgtacctctg taatgtgtaa 20 

<210> 

<211> 

<212> 

<213> 

<220> 

<223> 

<400> 

25 

24 

DNA 

Artificial Sequence 

synthetic digital RCD analysis co-amplification 

forward primer for 128-bp amplicon for paralogous 

loci on chromosome 21 and 18 

25 

gtacagaaac cacaaactga tcgg 24 

<210> 

<211> 

<212> 

<213> 

<220> 

<223> 

26 

17 

DNA 

Artificial Sequence 

synthetic digital RCD analysis co-amplification 

reverse primer for 128-bp amplicon for paralogous 

loci on chromosome 21 and 18 

一 83 一 
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<400> 26 

gtCCaggctg tgggcct 

<210> 

<211> 

<212> 

<213> 

<220> 

<223> 

<220> 

<221> 

<222> 

<223> 

<220> 

<221> 

<222> 

<223> 

<400> 

27 

14 

DNA 

Artificial Sequence 

synthetic chromosome-specific TaqMan probe 

designed to target chromosome 21 paralog 

modified_base 

(1)...(1) 

a modified by 6-carboxyfluorescein (FAM) 

modified_base 

(14)...(14) 

a modified by minor groove binding non-flu 

quencher (MGBNFQ) 

27 

aagagecgag gcaa 

<210> 

<211> 

<212> 

<213> 

<220> 

<223> 

<220> 

<221> 

<222> 

<223> 

<220> 

<221> 

28 

15 

DNA 

Artificial Sequence 

synthetic chromosome-specific TaqMan probe 

designed to target chromosome 18 paralog 

modified_base 

(1)... 

a modified by fluorescent reporter VIC 

modified_base 

17 

orescent 

14 

一 84 一 
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<222> (15)...(15) 

<223> c modified by minor groove binding non-fluorescent 

quencher (MGBNFQ) 

<400> 28 

aagaggacag gcaac 15 

<210> 29 

<211> 33 

<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 

acgttggatg gttgttctgc aaaaaacctt cga 383 

<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 

一 85 一 
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<400> 31 

ctcatcctca cttcgtacct c 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 

acettggatg gtacagaaac cacaaactga tcgg 84 

<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 gtccaggctg tggecct 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 

acaaaagggg gaagagg 17 

<210> 35 

一 86 一 
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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 cttcg 35 

<210> 36 

<211> 35 

<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 geccagaaat act 83 

<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 gaatttaage taaatcagcc tgaactg 37 

<210> 38 

<211> 37 

<212> DNA 

<213> Artificial Sequence 

<220> 

一 87 一 
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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 ggcttat 37 

<210> 39 

<211> 30 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> synthetic digital RCD analysis co-amplification 

forward primer for 101 bp amplicon for paralogous 

loci on chromosome 21 and 2 

<400> 39 

acettggate tcaggcaggg ttctatgcag 30 

<210> 40 

<211> 30 

<212> DNA 

< 

213> Artificial 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 

acettggatge agecegcttc ctggctcttg 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 

一 88 - 
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<400> 41 

acgttggatg gctcgtctca ggctcgtagt 上 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 tttcttcgag cccttcttgg 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 

<400 

> 43 

gtctcatctc tacttcgtac ctc 23 

<210> 44 

<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 

ttttacgctg tccccattt 19 

<210> 45 

一 89 一 
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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 

ggtctatgca ggagccgac 

<210> 46 

<211> 25 

<212> DNA 

<213> Artificial Sequence 

<220> 

19 

<223> synthetic extension primer for paralogous sequence 

mismatches (PSM) on paralogous loci on chromosomes 

21 and 6 

<400> 46 

tgggcgcggg agcggacttc gctgg 

<210> 47 

<211> 25 

<212> DNA 

<213> Artificial Sequence 

<220> 

25 

<223> synthetic digital PCR analysis co-amplification 

forward primer for 87-bp amplicon for zine finger 

protein sequences on chromosome X (ZFX) and Y 

(ZFY) 

<400> 47 

caagtgectgg actcagatgt aactg 

<210> 48 

<211> 28 

<212> DNA 

25 

一 90 一 
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<213> Artificial Sequence 

<220> 

<223> synthetic digital PCR analysis co-amplification 

reverse primer for 87-bp amplicon for zine finger 

protein sequences on chromosome X (ZFX) and Y 

(ZFY ) 

<400> 48 

tgaagtaatg tcagaagcta aaacatca 28 

<210> 49 

<211> 16 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> synthetic chromosome-specific TaqMan probe 

designed to target chromosome X paralog 

<220> 

<221> modified_base 

<222> (1)...(1) 

<223> t modified by fluorescent reporter VIC 

<220> 

<221> modified_base 

<222> (16)...(16) 

<223> a modified by minor groove binding non-fluorescent 

quencher (MGBNFQ) 

<400> 49 

tctttagcac attgca 16 

<210> 50 

<211> 17 

<212 

> DNA 

<213> Artificial Sequence 

<220> 

<223> synthetic chromosome-specific TaqMan probe 

designed to target chromosome Y paralog 

一 91 一 
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<220> 

<221> 

<222> 

<223> 

<220> 

<221> 

<222> 

<223> 

<400> 

modified_base 

(1)...(1) 

t modified by 6-carboxyfluorescein (FAM) 

modified_base 

(17)...€17) 

c 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 

pr imer 

ol 

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 

一 92 一 

10-1896167
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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 TaqMan probe target ing 

beta-globin (hemoglobin beta (HBB)) HbE mutation 

normal allele 

modified_base 

(1)...€1) 

t modified by fluorescent reporter VIC 

modified_base 

(14)...(14) 

c modified by minor groove binding non-fluorescent 

quencher (MGBNFQ) 

53 

ttggtggtga gg&cC 14 

<210> 

<211> 

<212> 

<213> 

<220> 

<223> 

<220> 

<221> 

<222> 

<223> 

<220> 

<221> 

<222> 

54 

14 

DNA 

Artificial Sequence 

synthetic allele-A-specific TaqMan probe target ing 

beta-globin (hemoglobin beta (HBB)) HbE mutation 

mutant allele 

modified_base 

(1)...(1) 

t modified by 6-carboxyfluorescein (FAM) 

modified_base 

(14)...(14) 

一 93 一 
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<223> c modified by minor groove binding non-fluorescent 

quencher (MGBNFQ) 

<400> 54 

ttggtggtaa gecc 14 

<210> 55 

<211> 20 

<212> DNA 

<215> Artificial Sequence 

<220> 

<223> synthetic digital PCR co-amplification forward 

primer for 87-bp and 83-bp amplicon of CD41/42 

deletion mutation normal and mutant allele 

<400> 55 

ttttcccace cttaggctge 20 

<210> 56 

<211> 28 

<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 238 

<210> 57 

<211> 19 

<212> DNA 

<213> Artificial Sequence 

<220> 

<223> synthetic allele-specific TaqMan probe targeting 

CD41/42 deletion mutation normal allele (without 

delet ion) 

<220> 

一 94 一 
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<221> 

<222> 

<223> 

<220> 

<221> 

<222> 

<223> 

<400> 

modified_base 
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Client Ref. No.: 19/MED/901 US Conl 
  

KILPATRICK TOWNSEND & STOCKTON LLP 

  

By: 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re Application of: Confirmation No.: 2092 

Yuk-Ming Dennis Lo et al. Examiner: Laura B. Goddard 

Application No.: 17/379,544 Technology Center/Art Unit: 1642 

Filed: July 19, 2021 

For: DETERMINATION OF BASE INFORMATION DISCLOSURE 

MODIFICATIONS OF NUCLEIC STATEMENT 

ACIDS 

Customer No.: 20350     
Commissioner for Patents 

P.O. Box 1450 

Alexandria, VA 22313-1450 

Commissioner: 

The references cited on attached form PTO/SB/O8A are being called to the attention of the 

Examiner. In accordance with the provisions of 37 CFR §1.98(a)(2), copies of any cited U.S. 

Patents and U.S. Patent Application Publications are not provided. Copies of the remaining cited 

references are provided. 

It is respectfully requested that the cited references be expressly considered during the 

prosecution of this application and the references be made of record therein and appear among the 

“references cited” on any patent to issue therefrom. 

As provided for by 37 CFR §1.97(g) and (h), no inference should be made that the 

information and references cited are prior art merely because they are in this statement and no

Pg.1065



Attorney Docket No.: 080015-1249377-028420US 

representation is being made that a search has been conducted or that this statement encompasses 

all the possible relevant information. This Information Disclosure Statement is being filed before 

the mailing date of the first Office Action on the merits. 

Applicant believes that no fee is required for submission of this statement. However, if 

any fees are due for the submission of this Information Disclosure Statement, please deduct those 

fees from Deposit Account No. 20-1430. 

Respectfully submitted, 

/David D. Hsu/ 

David D. Hsu 
Registration No. 71659 

KILPATRICK TOWNSEND & STOCKTON LLP 

dhsu(@kilpatricktownsend.com 

1400 Wewatta Street 

Suite 600 

Denver, CO, 80202 

United States of America
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Kilpatrick Townsend & Stockton LLP - West Coast 

Mailstop: IP Docketing - 22 MOC A 
1100 Peachtree Street C0000 TS0049877 
Suite 2800 
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Title:DETERMINATION OF BASE MODIFICATIONS OF NUCLEIC ACIDS 

Publication No.US-202 1-0363571-A1 

Publication Date:1 1/25/2021 

NOTICE OF PUBLICATION OF APPLICATION 

The above-identified application will be electronically published as a patent application publication pursuant to 37 

CFR 1.211, et seq. The patent application publication number and publication date are set forth above. 

The publication may be accessed through the USPTO's publically available Searchable Databases via the 

Internet at www.uspto.gov. The direct link to access the publication is currently http:/Awww.uspto.gov/pattt/. 

The publication process established by the Office does not provide for mailing a copy of the publication to 

applicant. A copy of the publication may be obtained from the Office upon payment of the appropriate fee set 

forth in 37 CFR 1.19(a)(1). Orders for copies of patent application publications are handled by the USPTO's 

Public Records Division. The Public Records Division can be reached by telephone at (571) 272-3150 or (800) 

972-6382, by facsimile at (571) 273-3250, by mail addressed to the United States Patent and Trademark Office, 
Public Records Division, Alexandria, VA 22313-1450 or via the Internet. 

In addition, information on the status of the application, including the mailing date of Office actions and 

the dates of receipt of correspondence filed in the Office, may also be accessed via the Internet through 

the Patent Electronic Business Center at www.uspto.gov using the public side of the Patent Application 
Information and Retrieval (PAIR) system. The direct link to access this status information is currently 
https://portal.uspto.gov/pair/PublicPair. Prior to publication, such status information is confidential and may only 

be obtained by applicant using the private side of PAIR. 

Further assistance in electronically accessing the publication, or about PAIR, is available by calling the Patent 

Electronic Business Center at 1-866-217-9197. 

  

Office of Data Managment, Application Assistance Unit (571) 272-4000, or (571) 272-4200, or 1-888-786-0101 

page 1 of 1

Pg.1067



  

  

UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Address; COMMISSIONER FOR PATENTS 

P.O. Box 1450 
Alexandria, Virginia 22313-1450 
www.uspto.gov 

  

  

  

| APPLICATION NO. | FILING DATE FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. CONFIRMATION NO. 

17/379,544 07/19/2021 Yuk-Ming Dennis Lo 080015-028420US- 1249377 2092 

20350 7590 11/23/2021 | EXAMINER 

Kilpatrick Townsend & Stockton LLP - West Coast 

Mailstop: IP Docketing - 22 

1100 Peachtree Street 

Suite 2800 

Atlanta, GA 30309 
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| ART UNIT | PAPER NUMBER 

1642 

| NOTIFICATION DATE | DELIVERY MODE 

11/23/2021 ELECTRONIC 

Please find below and/or attached an Office communication concerning this application or proceeding. 

The time period for reply, if any, is set in the attached communication. 

Notice of the Office communication was sent electronically on above-indicated "Notification Date" to the 

following e-mail address(es): 

KTSDocketing2 @ kilpatrick.foundationip.com 

ipefiling @kilpatricktownsend.com 
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UNITED STATES PATENT AND TRADEMARK OFFICE 
  

Commissioner for Patents 

United States Patent and Trademark Office 

P.O. Box 1450 

Alexandria, VA 22313-1450 

www.uspto.gov 

Kilpatrick Townsend & Stockton LLP - West Coast Mailstop: IP Docketing - 22 
1100 Peachtree Street Suite 2800 
Atlanta, GA 30309 

In re Application of : 
Lo et al. : 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 CG 2 O 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 (VID. 

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. Pg.1069
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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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Application No. Applicant(s) 

  

17/379,544 Lo etal. 
Office Action Summary Examiner Art Unit | AIA (FITF) Status 

LAURA B GODDARD 1642 Yes       
  

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence 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. 

C} A declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filed on 

2a)L) This action is FINAL. 2b) M This action is non-final. 

3) 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) 口 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 Ex parte Quayle, 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) © Claim(s) ___ is/are rejected. 

8) (1 Claim(s) is/are objected to. 

9) Claim(s) 1-30 are subject 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 ata 

participating intellectual property office for the corresponding application. For more information, please see 

http:/Awww.uspto.gov/patents/init_events/pph/index.jsp or send an inquiry to PPHfeedback@uspto.gov. 
  

Application Papers 

10) 品 The specification is objected to by the Examiner. 

11) 口 The drawing(s) filed on is/are: a) accepted or b)D 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) 口 Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f). 
Certified copies: 

a)C All b) 口 Some** ciD None of the: 

1. 口 Certified copies of the priority documents have been received. 

2.1) Certified copies of the priority documents have been received in Application No. 

3.1.) 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) 口 ] Notice of References Cited (PTO-892) 3) (LJ Interview Summary (PTO-413) 

. . Paper No(s)/Mail Date 
2) (J Information Disclosure Statement(s) (PTO/SB/08a and/or PTO/SB/08b) 4) 口 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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Notice of Pre-AlA 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 AIA. 

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. 

Il. 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 atime 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. 

Ill. 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-IV 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; 

(bj 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 1.148) 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-AIA 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(i).
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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 

(571)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:/Awww.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:/Awww.uspto.gov/patents/apply/patent- 

center for more information about Patent Center and 

httos:/Awww.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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Decision Granting Request for 

Prioritized Examination (Track I) 

Application No. Applicant(s) 

  

  

17/379 ,544 Lo etal. 

Examiner Art Unit AIA (FITF) Status 

TERRI S JOHNSON OPET Yes     
  

filing a notice of appeal: 

r
o
 
m
m
o
 

59
 

mailing of a notice of allowance; 

mailing of a final Office action; 

abandonment of the application. 

1. THE REQUEST FILED 19 July 2021 IS GRANTED . 

filing a request for suspension of action; 

The above-identified application has met the requirements for prioritized examination 

A. for an original nonprovisional application (Track I). 

B. C) for an application undergoing continued examination (RCE). 

completion of examination as defined in 37 CFR 41.102; or 

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 ; 

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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APPLICATION FILING or GRP ART 

NUMBER 371(c) DATE UNIT FIL FEE REC'D ATTY.DOCKET.NO TOT CLAIMSJIND CLAIMS 

17/379,544 07/19/2021 4980 080015-028420US-1249377 30 4 

CONFIRMATION NO. 2092 

20350 FILING RECEIPT 

Kilpatrick Townsend & Stockton LLP - West Coast 

Mailstop: IP Docketing - 22 LC 
1100 Peachtree Street 

Suite 2800 

Atlanta, GA 30309 

Date Mailed: 08/16/2021 

Receipt is acknowledged of this non-provisional utility patent application. The application will be taken up for 
examination in due course. Applicant will be notified as to the results of the examination. Any correspondence 
concerning the application must include the following identification information: the U.S. APPLICATION NUMBER, 

FILING DATE, NAME OF FIRST INVENTOR, and TITLE OF INVENTION. Fees transmitted by check or draft are 
subject to collection. 

Please verify the accuracy of the data presented on this receipt. If an error is noted on this Filing Receipt, please 

submit a written request for a corrected Filing Receipt, including a properly marked-up ADS showing the changes 

with strike-through for deletions and underlining for additions. If you received a "Notice to File Missing Parts” or 
other Notice requiring a response for this application, please submit any request for correction to this Filing Receipt 

with your reply to the Notice. When the USPTO processes the reply to the Notice, the USPTO will generate another 
Filing Receipt incorporating the requested corrections provided that the request is grantable. 

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 htto://www.uspto.gov for more information.) - None.   
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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 AIA (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 
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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:/Avww.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 onor 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). 
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Se/ecfUS4 

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:/Awww.SelectUSA.gov or call 

+1-202-482-6800. 
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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 5mC (5-methylcytosine), 4mC (N4- 

methylcytosine), ShmC (5-hydroxymethylcytosine), 5fC (5-formylcytosine), ScaC (5- 

carboxylcytosine), ImA (N1-methyladenine), 3mA (N3-methyladenine), 7mA (N7- 

methyladenine), 3mC (N3-methylcytosine), 2mG (N2-methylguanine), 6mG (O6- 

methylguanine), 7mG (N7-methylguanine), 3mT (N3-methylthymine), and 4mT (O4- 

methylthymine). In vertebrate genomes, 5mC 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 a/., 2009; Frommer ef al., 1992). In 

this approach, DNA samples are first treated with bisulfite which converts unmethylated cytosine 

(i.e. C) to uracil. 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 5mC 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 S5caC, 1mA, 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. 5 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.
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[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. 
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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. 5mC: 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. 

11
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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 buffy 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. 
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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 CDKN24 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. 
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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. SsssI treatment according to embodiments of the present invention. 

[0117] FIG. 99 shows a comparison between overall methylation levels determined by SMRT- 

seq (Sequel IT Sequencing Kit 2.0) and BS-seq with the use of different subread depth cutoffs 

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 I 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 

MIX01) 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 MIX01 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 MIX02 according to embodiments of the present invention. 

[0137] FIG. 118 is a table comparing methylation determined by bisulfite sequencing and 

Pacific Biosciences sequencing for MIX01 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 MspI-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 MspI-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 MspI-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 MspI-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 MspI-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 M/spI-based targeted single molecule, real-time 

sequencing according to the embodiments of the present invention. 

TERMS 

[0153] 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 

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. 5-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 “c/assification” 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., a scale from 1 to 10 or 0 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 “/evel 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 contexf 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 “abou? 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, 1.e., the limitations of the measurement system. For 

example, “about” can mean within | 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 5mC 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 5mC analysis. For 

example, the 5mC 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 5mC, and the conversion rate for non-CpG was 11.4% lower than that 

for CpG contexts (Y. Liu ef a/., 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 1s 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 E. coli (Flusberg et a/., 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 5mC (Clark ef 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 a/l., 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 ef 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 ef a/., 2012; Clark et a/. 2013), IPD 

but not PW was incorporated in the algorithms for the detection of 5-methylcytosine. In Clark et 

al. 2012, the detection rate of 5-methylcytosine without converting it to 5-methylcytosine only 

ranged from 1.9% to 4.3%. Furthermore, in Clark ef a/. 2013, the authors had further reaffirmed 

the subtlety of the kinetic signature of 5-methylcytosine. To overcome the low sensitivity of 

detecting 5-methylcytosine, Clark et a/. further developed a method which converted 5- 

methylcytosine to 5-carboxylmethylcytosine using Ten-eleven translocation (Tet) proteins so as 

to improve the sensitivity of 5-methylcytosine (Clark et a/. 2013) because the alteration of IPD 

caused by 5-carboxylcytosine was much more than by 5-methylcytosine. 

[0187] Inamore recent report by Blow ef al., the IPD ratio-based method previously described 

by Flusberg ef a/ was used to detect the base modifications in 217 bacterial and 13 archaeal 

species with 130-fold read coverage per organism (Blow ef a/., 2016). Among all the base 

modifications they identified, only 5% involved 5-methylcytosine. They attributed this low 

detection rate of 5-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 

Dem in FE. coli) at nearly all of these motifs in the genome, with only a small fraction of these 

motif sites remaining non-methylated (Beaulaurier ef a/. 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 a/. 2013). Taken as a whole, the IPD method without prior base 

conversion (e.g., using Tet proteins) missed the majority of 5-methylcytosine. 

[0188] In the studies mentioned above (Clark ef a/., 2012; Clark et al., 2013; Blow etal, 

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 a/ 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 a/. 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 5-methylcytosine (Schadt ef 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.Sau3AI 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 a/., 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] Insummary, 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 5-methylcytosine with meaningful or practical accuracy. In a 

recent review by Gouil ef a/., the authors concluded that because of the low signal-to-noise ratio 2 

the detection of 5-methylcytosine in a single molecule using single-molecule real-time 
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sequencing is inaccurate (Gouil ef a/., 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 ef a/., 2007; Okou et al., 2007; Lee et a/., 2011), or approaches 

based on physical separation (e.g. based on sizes, etc) or following restriction enzyme digestion 

(e.g. MspI), or Cas9-based enrichment (Watson ef a/., 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 1s 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. 

L 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] As illustrated 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 (ie., 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), 5-methylcytosine (SmC) and 5- 

hydroxymethylcytosine (ShmC) in synthetic and microbial sequences (e.g. E. coli) (Flusberg et 

al., 2010). Flusberg et a/. 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 ef 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 ef al., 

2013). For example, the analytic software package (SMRT Link v6.0.0) provided by Pacific 

Biosciences is not able to perform 5mC analysis. Furthermore, a previous version of the SMRT 

Link v5.1.0 required one to use the Tet] enzyme to convert 5mC to 5-carboxylcytosine (ScaC) 

prior to methylation analysis, since the IPD signals associated with 5caC would be enhanced 

(Clark et a/., 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. 

I. 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 
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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 

+], +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. 5, 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 (1.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 0 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) is 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 0 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 0 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):3094-3 100) 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 (1.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 
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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 acytosine 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 is 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 a/., 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 

lst 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. 
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[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 1s 

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 toa 

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] Fora 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. 

Tt. 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.SssI 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 I. 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 I sequencer include the Sequel II 

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 ReLU (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, (11) IPD only, and (ii1) 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, 

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. As another example, 2 nt 

downstream combined with | 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 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, 

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. 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 ef 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. IPDs 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 ef 

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 ef a/. study (Flusberg ef a/., 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 ef 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 er 

al’s study (Flusberg ef a/., 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 ef 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). 

(人 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.SssI 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. 

57

Pg.1153



10 

15 

20 

25 

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 ef 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 ina 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 II) 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 II) 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 (Li 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 I 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 IT 

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 (Li 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. 36A 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 ReLU (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 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 with 10 neurons 

followed by a ReLU 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 cutoff, 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 cutoff, 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" got soth, 

60" 70", go", 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 Bl and B2). 

(c) 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 omA 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 ef 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 a/ 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 ef a/., 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 chr1:113246546- 

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 ef a/., 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 GF 2, H19, and CDKNIC (P57*??) which are strong regulators of fetal growth 

(Brioude ef a/, 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 /GF?2 is differentially 

methylated on the paternal allele. ICR1 directs parent of origin-specific expression of /GF?2. 

Thus, the genetic and epigenetic aberrations in ICR1 would lead to aberrant expression of /GF2 

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, 5 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, 1.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 /. 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 和 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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