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METHOD FOR DETERMINING THE PRESENCE OR ABSENCE OF DIFFERENT
ANEUPLOIDIES IN A SAMPLE

FIELD OF THE INVENTION

The invention relates generally to the field of diagnostics, and provides a methgfl for
determining variations in the amount of nucleic acid sequences in a mixture of nuclgf acids derived
from different genomes. In particular, the method is applicable to the practice of foninvasive prenatal

diagnostics, and to the diagnosis and monitoring of metastatic progression in gffhcer patients.

BACKGROUND OF THE INVENTION

One of the critical endeavors in human medical research is thgflliscovery of genetic
abnormalities that are central to adverse health consequences. In ngfiny cases, specific genes and/or
critical diagnostic markers have been identified in portions of thef senome that are present at abnormal
copy numbers. For example, in prenatal diagnosis, extra or gfissing copies of whole chromosomes are
the frequently occurring genetic lesions. In cancer, deletigh or multiplication of copies of whole
chromosomes or chromosomal segments, and higher leffel amplifications of specific regions of the
genome, are COMIMON occurrences.

Most information about copy number vgffation has been provided by cytogenetic resolution
that has permitted recognition of structural abfformalities. Conventional procedures for genetic
screening and biological dosimetry have yfftized invasive procedures e.g. amniocentesis, to obtain
cells for the analysis of karyotypes. Rgfognizing the need for more rapid testing methods that do not
require cell culture, fluorescence ingfm hybridization (FISH), quantitative fluorescence PCR (QF-
PCR) and array- Comparative Ggflomic Hybridization (array-CGH) have been developed as
molecular-cytogenetic methogf for the analysis of copy number variations.

The advent of techffologies that allow for sequencing entire genomes in relatively short time,
and the discovery of cigfllating cell-free DNA (cfDNA) have provided the opportunity to compare
genetic material origffiating from one chromosome 10 be compared to that of another without the risks
associated with ip#asive sampling methods. However, the limitations of the existing methods, which

include insuffyfient sensitivity stemming from the limited levels of cfDINA, and the sequencing bias of

The present invention fulfills some of the above needs and in particular offers an advantage in
roviding a reliable method that is applicable at least to the practice of noninvasive prenatal

diagnostics, and to the diagnosis and monitoring of metastatic progression in cancer patients.
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SUMMARY OF THE INVENTION
The invention provides a method for determining copy number variations (CNV) of a
sequence of interest in a test sample that comprises a mixture of nucleic acids that are known or ar
suspected to differ in the amount of one or more sequence of interest. The method comprises
statistical approach that accounts for accrued variability stemming from process-related,

interchromosomal and inter-sequencing variability. “The method is applicable to determingflg CNV of

determined from sequencing information that is obtained by sequencingfonly once the nucleic acids of

a test sample.

In one embodiment, a method is provided for determinig the presence or absence of any four
or more different complete fetal chromosomal aneuploidies igfh maternal test sample comprising fetal
and maternal nucleic acid molecules. The steps of the megfod comprise (a) obtaining sequence
information for the fetal and maternal nucleic acids in € maternal test sample; (b) using the sequence
information to identify a number of sequence tags figfeach of any four or more chromosomes of
interest selected from chromosomes 1-22, X and J and to identify a number of sequence tags for a
normalizing chromosome sequence for each offthe any four or more chromosomes of interest; {c)
using the number of sequence tags identifight for each of the any four or more chromosomes of interest
and the number of sequence tags identifjfd for each normalizing chromosome to calculate a single
chromosome dose for each of the anyfiour or more chromosomes of interest; and (d) comparing each
of the single chromosome doses fgf each of the any four or more chromosomes of interest to a
threshold value for each of thegfour or more chromosomes of interest, and thereby determining the
presence or absence of any Jbur or more complete different fetal chromosomal aneuploidies in the
maternal test sample. Sgfp (a) can comprise sequencing at least a portion of the nucleic acid
molecules of a test sgfiple to obtain said sequence information for the fetal and maternal nucleic acid
molecules of the tghi sample. In some embodiments, step (c) comprises calculating a single
chromosome dgfe for each of the chromosomes of interest as the ratio of the number of sequence tags
identified [gffeach of the chromosomes of interest and the number of sequence tags identified for the
normalizfig chromosome sequence for each of the chromosomes of interest. In some other
embogfiments, step (c) comprises (i) calculating a sequence tag density ratio for each of the
chyfmosomes of interest, by relating the number of sequence tags identified for each of the
romosomes of interest in step (b) to the length of each of the chromosomes of interest; (i)

calculating a sequence tag density ratio for each normalizing chromoscme sequence by relating the
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number of sequence tags identified for the sequence in step (b) to the length of each normalizing
chromosome; and (iii) using the sequence tag density ratios calculated in steps (i) and (ii) to calculate
a single chromosome dose for each of the chromosomes of interest, wherein the chromosome dose

calculated as the ratio of the sequence tag density ratio for each of the chromosomes of interest gd

of interest.

In another embodiment, a method is provided for determining the presence or gbsence of any
four or more different complete fetal chromosomal aneuploidies in a maternal test gffnple comprising
fetal and maternal nucleic acid molecules. The steps of the method comprise (a}bbtaining sequence
information for the fetal and maternal nucleic acids in (the maternal {est samp)#; (b) using the sequence
information to identify a number of sequence tags for each of any four or glore chromosomes of
interest selected from chromosomes 1-22, X and Y and to identify a nyffiber of sequence tags for a
normalizing chromosome sequence for each of the any four or morgf€hromosomes of interest; (c)
using the number of sequence tags identified for each of the any Jbur or more chromosomes of interest
and the number of sequence tags identified for each normalizjflg chromosome to calculate a single
chromosome dose for each of the any four or more chromgfomes of interest; and (d) comparing each
of the single chromosome doses for each of the any foyfor more chromosomes of interest to a
threshold value for each of the four or more chromogbmes of inlerest, and thereby determining the
presence or absence of any four or more completgfdifferent fetal chromosomal aneuploidies in the
maternal test sample, wherein the any four ogghore chromosomes of interest selected from
chromosomes 1-22, X, and Y comprise at Jghst twenly chromosomes selected from chromosomes 1-
22, X, and Y, and wherein the presence gt absence of at Jeast twenty different complete fetal
chromosomal anenploidies is determjfied. Step (a) can comprise sequencing at least a portion of the
nucleic acid molecules of a test sgfiple to obtain said sequence information for the fetal and maternal
nucleic acid molecules of the tght sample. In some embodiments, step (c) comprises calculating a
single chromosome dose fopfeach of the chromosomes of interest as the ratio of the number of
sequence tags identified JOr each of the chromosomes of interest and the number of sequence tags
identified for the norgfalizing chromosome sequence for each of the chromosomes of interest. In
some other embodffnents, step (c) comprises (i) calculating a sequence tag density ratio for each of the
chromosomes gf interest, by relating the number of sequence tags identified for each of the
chromosomgf of interest in step (b) to the length of each of the chromosomes of interest; (it)
calculatig a sequence tag density ratio for each normalizing chromosome sequence by relating the
numbgf of sequence tags identified for the normalizing chromosome sequence in step (b) to the length
of ghch normalizing chromosome; and (iii) using the sequence tag density ratios calculated in steps (i)

d (ii) to calculate a single chromosome dose for each of the chromosomes of interest, wherein the

chromosome dose is calculated as the ratio of the sequence tag density ratio for each of the
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chromosomes of interest and the sequence tag density ratio for the normalizing chromosome sequence
for each of the chromosomes of interest,

In another embodiment, a method is provided for determining the presence or absence of a
four or more different complete fetal chromosomal aneuploidies in a maternal test sample compyfSing
fetal and maternal nucleic acid molecules. The steps of the method comprise (a) obtaining sgffuence
information for the fetal and maternal nucleic acids in the maternal test sample; (b) using gfie sequence
information to identify a number of sequence tags for each of any four or more chromgfomes of
interest selected from chromoscmes 1-22, X and Y and to identify a number of seqyfnee tags for a
normalizing chromosome sequence for each of the any four or more chromosomyfs of interest; (c)
using the number of sequence tags identified for each of the any four or morgghromosomes of interest
and the number of sequence tags identified for each normalizing chromosgfne sequence to calculate a
single chromosome dose for each of the any four or more chromosomegfof interest; and (d) comparing
each of the single chromosome doses for each of the any four or mgg€ chromosomes of interest to a
threshold value for each of the four or more chromosomes of intgfest, and thereby determining the
presence or absence of any four or more complete different feffll chromosomal aneuploidies in the
maternal test sample, wherein the any four or more chromyfsomes of interest selected from
chromosomes 1-22, X, and Y is all of chromosomes 1-2f, X, and Y, and wherein the presence or
absence of complete fetal chromosomal aneuploidiegfof all of chromosomes 1-22, X, and Y is
determined. Step (a) can comprise sequencing at Jfast a portion of the nucleic acid molecules of a test
sample to obtain said sequence information foyfthe fetal and maternal nucleic acid melecules of the
test sample. In some embodiments, step (c)€omprises calculating a single chromosome dose for each
of the chromosomes of interest as the ray of the number of sequence tags identified for each of the
chromosomes of interest and the nurgBer of sequence tags identified for the normalizing chromosome
sequence for each of the chromosghnes of interest. In some other embodiments, step () comprises (i)
calculating a sequence tag dengfty ratio for each of the chromosomes of interest, by relating the
number of sequence tags idgfitified for each of the chromosemes of interest in step (b) to the length of
each of the chromosomegfof interest; (if) calculating a sequence tag density ratio for each normalizing
chromosome sequenggfby relating the number of sequence tags identified for the normalizing
chromosome sequgfice in step (b) to the length of each normalizing chromosome; and (iii) using the
sequence tag defsity ratios calculated in steps (i) and (ii) to calculate a single chromosome dose for
each of the giiromosomes of interest, wherein the chromosome dose is calculated as the ratio of the
sequenceffag density ratio for each of the chromosomes of interest and the sequence tag density ratio
for thgfMormalizing chromosome sequence for cach of the chromosomes of interest.

In any of the embodiments above, the normalizing chromosome sequence may be a single

romosome selected from chromosomes 1-22, X, and Y. Alternatively, the normalizing

chromosome sequence may be a group of chromosomes selected from chromosomes 1-22, X, and Y.
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In another embodiment, a method is provided for determining the presence or absence of any
one or more different complete fetal chromosomal aneuploidies in a maternal test sample comprising
fetal and maternal nucleic acids. The steps of the method comprise: (a) obtaining sequence
information for the fetal and maternal nucleic acids in the sample; (b) using the sequence informyfftion
to identify a number of sequence tags for each of any one or more chromosomes of interest sgected
trom chromosomes 1-22, X and Y and to identify a number of sequence tags for a normaljfing
segment sequence for each of any one or more chromosomes of interest; (¢} using the gfimber of
sequence tags identified for each of any one or more chromosomes of interest and g€ number of
sequence tags identified for the normalizing segment sequence to calculate a singfle chromosome dose
for each of any one or more chromosomes of interest; and (d) comparing eachfof the single
chromosome doses for each of any one or more chromosomes of interest tgfa threshold value for each
of the one or more chromosomes of interest, and thereby determining tjf€ presence or absence of one
or more different complete fetal chromosomal aneuploidies in the sgfiple. Step (a) can comprise
sequencing at least a portion of the nucleic acid molecules of a tefl sample to obtain said sequence
information for the fetal and maternal nucleic acid molecules g the test sample.

In some embodiments, step {c) comprises calculating a singfe chromosome dose for each of the
chromosomes of interest as the ratio of the number of sgfiuence tags identified for each of the
chromosomes of interest and the number of sequencgfags identified for the normalizing segment
sequence for each of the chromosomes of interes some other embodiments, step (¢) comprises (i}
calculating a sequence tag density ratio for eagll of chromosomes of interest, by relating the number of
sequence tags identified for each chromosggfies of interest in step (b) to the length of each of the
chromosomes of interest; (ii) calculatingfh sequence tag density ratio for each normalizing segment
sequence by relating the number of sgfjuence tags identified for the normalizing segment sequence in
step (b) to the length of each the gffrmalizing chromosomes; and (iii) using the sequence tag density
ratios calculated in steps (i) angf(ii) to calculate a single chromosome dose for each of said
chromosomes of interest, wjrein said chromosome dose is calculated as the ratio of the sequence tag
density ratio for each of gle chromosomes of interest and the sequence tag densitly ratio for the
normalizing segmentgfquence for each of the chromosomes of interest.

In anothegfmbodiment, a method is provided for determining the presence or absence of any
one or more difffrent complete fetal chromosomal aneuploidies in a maternal test sample comprising
fetal and mggfrnal nucleic acids. The steps of the method comprise: (a) obtaining sequence

informatj#n for the fetal and maternal nucleic acids in the sample; (b} using the sequence information

gment sequence for each of any one or more chromosomes of interest; (c) using the number of

sequence tags identified for each of any one or more chromosomes of inierest and the number of
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sequence tags identified for the normalizing segment sequence to calculate a single chromosome dose
for each of any one or more chromosomes of interest; and (d} comparing each of the single
chromosome doses for each of any one or moere chromosomes of interest to a threshold value for e

of the one or more chromosomes of interest, and thereby determining the presence or absence gjfone
or more different complete fetal chromosomal aneuploidies in the sample, wherein the any o€ or
more chromosomes of interest selected from chromosomes 1-22, X, and Y comprise at leght twenty
chromosomes selected from chromosomes 1-22, X, and Y, and wherein the presence gfabsence of at
least twenty different complete fetal chromosomal aneuploidies is determined. Stepg{a) can comprise
sequencing at least a portion of the nucleic acid molecules of a test sample to obyfiin said sequence
information for the fetal and maternal nucleic acid molecules of the test sampge. In some
embodiments, step (c) comprises calculating a single chromosome dose fgffeach of the chromosomes
of interest as the ratio of the number of sequence tags identified for eaglf of the chromosomes of
interest and the number of sequence tags identified for the normalizjfig segment sequence for each of
the chromosomes of interest. In some other embodiments, step (ff) comprises (i) calculating a
sequence tag density ratio for each of chromosomes of interegf by relating the number of sequence
tags identified for each chromosomes of interest in step (b)fo the length of each of the chromosomes
of interest; (ii) calculating a sequence tag density ratio §fr each normalizing segment sequence by
relating the number of sequence tags identified for ty€ normalizing segment sequence in step (b) to
the length of each the normalizing chromosomesgfnd (iii) using the sequence tag density ratios
calculated in steps (i) and (ii) to calculate a sig€le chromosome dose for each of said chromosomes of
interest, wherein said chromosome dose isgfalcnlated as the ratio of the sequence tag density ratio for
each of the chromosomes of interest angfthe sequence tag density ratio for the normalizing segment
sequence for each of the chromosomyfs of interest.

In another embodiment, eth::d is provided for determining the presence or absence of any
one or more different completgfetal chromosomal aneuploidies in a maternal test sample comprising
fetal and maternal nucleic gfids. The steps of the method comprise: (a) obtaining sequence
information for the fetalfnd maternal nucleic acids in the sample; (b) using the sequence information
to identify a number g sequence tags for each of any one or more chromosomes of interest selected
from chromosomgf 1-22, X and Y and to identify a number of sequence tags for a normalizing

segment sequepfie for each of any one or more chromosomes of interest; {¢) using the number of

chgbmosome doses for each of any one or more chromosomes of interest to a threshold value for each
f the one or more chromosomes of interest, and thereby determining the presence or absence of cne

or more different complete fetal chromosomal aneuploidies in the sample, wherein the any one or
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more chromosomes of interest selected from chromosomes 1-22, X, and Y is all of chromosomes 1-
22, %, and Y, and wherein the presence or absence of complete fetal chromosomal aneuploidies of all
of chromosomes 1-22, X, and Y is delermined. Step (a) can comprise sequencing at least a portion
the nucleic acid molecules of a test sample to obtain said sequence information for the fetal and

maternal nucleic acid molecules of the test sample. In some embodiments, step (c) comprise;

interest. In some other embodiments, step {¢) comprises (i) calculating a sequeryf tag density ratio
for each of chromosomes of interest, by relating the number of sequence taggffientified for each
chromosomes of interest in step (b) to the length of each of the chromosogfes of interest; (ii)
calculating a sequence fag density ratio for each normalizing segment gfquence by relating the
number of sequence tags identified for the normalizing segment § nce in step (b) to the length of
each the normalizing chromosomes; and (iii) using the sequencefig density ratios calculated in steps
(i) and (ii) to calculate a single chromosome dose for each of ghid chromosomes of interest, wherein
said chromosome dose is calculated as the ratio of the seqyfnce tag density ratio for each of the
chromosomes of interest and the sequence tag density rglio for the normalizing segment sequence for
each of the chromosomes of interest.
In any one of the embodiments above, the differgfl complete chromosomal aneuploidies are selected
from complete chromosomal trisomies, comp)ffe chromosomal monosomies and complete
chromosomal polysomies. The different cgfplete chromosomal ancuploidies are selected from
complete aneuploidies of any one of chgfmosome 1-22, X, and Y. For example, the said different
complete fetal chromosomal aneuplgifiies are selected from trisomy 2, trisomy 8, trisomy 9, trisomy
21, trisomy 13, trisomy 16, trisorgh 18, trisomy 22, 47,XXY, 47, XXX, 47,XYY, and monosomy X.
In any one of the embgfliments above, steps (a)-(d) are repeated for test samples from
different
malernal subjects, and tpf method comprises determining the presence or absence of any four or more
different complete fejfll chromosomal aneuploidies in each of the test samples.
In any one of the gfnbodiments above, the method can further comprise calculating a normalized
chromosome vgffue (NCV), wherein the NCV relates the chromosome dose to the mean of the

correspondifiz chromosome dose in a set of qualified samples as:

whfre 1; and &; are the estimated mean and standard deviation, respectively, for the j-th chromosome

ose in a set of qualified samples, and x;; is the observed j-th chromosome dose for test sample i.
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In another embodiment, a method is provided for determining the presence or absence of
different partial fetal chromosomal aneuploidies in a maternal test sample comprising fetal and
maternal nucleic acids. The steps of the method comprise: (2} obtaining sequence information for

fetal and maternal nucleic acids in the sample; (b) using the sequence information to identify a

normalizing segment sequence for each of any one or more segments of any one or m
chromosomes of interest; (c) using the number of sequence tags identified for each gl any one or more
segments of any one or more chromosomes of interest and said number of sequege tags identified for
the normalizing segment sequence to calculate a single segment dose for eachyhf said any one or mere
segments of any one or more chromosomes of interest; and (d} comparingach of the single segment
doses for each of any one or more segments of any one or more chromgfomes of interest to a
threshold value for each of any one or more chromosomal segmentsgf any one or more chromosome
of interest, and thereby determining the presence or absence of o or more different partial fetal
chromosomal aneuploidies in the sample. Step (a) can comprig€ sequencing at least a portion of the
nucleic acid molecules of a test sample to obtain said sequgfice information for the fetal and maternal
nucleic acid molecules of the test sample.

In some embodiments, step (c} comprises cajfulating a single segment dose for each of any
one or more segments of any one or more chromgfomes of interest as the ratio of the number of
sequence tags identified for each of any one ogffhore segments of any one or more chromosomes of
interest and the number of sequernce tags idghtified for the normalizing segment sequence for each of
the any one or more segments of any ongfor more chromosomes of interest. In some other
embodiments, step (c) comprises (i) gflculating a sequence tag density ratio for each of segment of
interest, by relating the number offequence tags identified for each segment of interest in step (b} to
the length of each of the segm of interest; (ii) calculating a sequence tag density ratio for each
normalizing segment sequegfe by relating the number of sequence tags identified for the normalizing

segment sequence in stegf b) to the length of each the normalizing segment sequence; and (iii) using

nding segment dose in a set of gualified samples as:

Xij _'naj
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where fi; and §; are the estimated mean and standard deviation, respectively, for the j-th segment
dose in a set of qualified samples, and x;; is the observed j-th segment dose for test sample i.

In embodiments of the method described whereby a chromosome dose or a segment dose §

aneuploidies in each of said samples. Partial fetal chromosomal aneuploidiegfthat can be determined

according to the method include partial aneuploidies of any segment of ap#f chromosome. The partial

aneuploidies can be selected from partial duplications, partial multiplightions, partial insertions and
partial deletions. Examples of partial aneuploidies that can be detegfined according to the method
include partial monosomy of chromosome 1, partial monosomy g chromosome 4, partial monosomy
of chromosome 5, partial monosomy of chromosome 7, partyt monosomy of chromosome 11, partial
monosomy of chromesome 135, pariial monosomy of chrogfosome 17, partial monosomy of
chromosome 18, and partial monosomy of chromosomgf22.

In any one of the embodiments described agfve, the test sample may be a maternal sample
selected from blood, plasma, serum, urine and sgfva samples. In any one of the embodiments, the
test sample is may be plasma sample. The nygfleic acid molecules of the maternal sample are a
mixture of fetal and maternal cell-free DNl molecules. Sequencing of the nucleic acids can be
performed using next generation sequegfing (NGS). In some embodiments, sequencing is massively
parallel sequencing using sequencingfoy-synthesis with reversible dye terminators. In other
embodiments, sequencing is sequ#hcing-by-ligation. In yet other embodiments, sequencing is single
molecule sequencing. Optidn v, an amplification step is performed prior to sequencing.
In another embodigfent, a method is provided for determining the presence or absence of any
twenty or more differengfomplete fetal chromosomal aneuploidies in a maternal plasma test sample
comprising a mixturghf fetal and maternal cell-free DNA molecules. The steps of the method
ncing at least a portion of the cell-free DNA molecules to obtain sequence
information fggfthe fetal and maternai cell-free DNA molecules in the sample; (b) using the sequence
informatiogffo identify a number of sequence tags for each of any twenty or more chromosomes of
interest gflected from chromosomes 1-22, X, and Y and to identify a number of sequence tags for a
normgflizing chromosome for each of said twenty or more chromosomes of interest; (c) using the
ber of sequence tags identified for each of the twenty or more chromosomes of interest and the
umber of sequence tags identified for each normalizing chromosome to calculate a single

chromosome dose for each of the twenty or more chromosomes of interest; and (d) comparing each of
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the single chromosome doses for each of the twenty or more chromosomes of interest to a threshold
value for each of the twenty or more chromosomes of interest, and thereby determining the presence
or absence of any twenty or more different complete fetal chromosomal aneuploidies in the sample

In another embodiment, the invention provides a method for identifying copy number
variation (CNV) of a sequence of interest ¢.g. a clinically relevant sequence, in a test sample
comprising the steps of: (a) obtaining a test sample and a plurality of qualified samples, sgil test
sample comprising test nucleic acid molecules and said plurality of qualified samples g#mprising
qualified nucleic acid molecules; (b) obtaining sequence information for said fetal giid maternal
nucleic acids in said sample; (c) based on said sequencing of said qualified nuclglt acid molecules,
calculating a qualified sequence dose for said qualified sequence of interest igfeach of said plurality of
gualified samples, wherein said calculating a qualified sequence dose conyffises determining a
parameter for said qualified sequence of interest and at least one qualifyfd normalizing sequence; (d)
based on said qualified sequence dose, identifying at least one qualigfed normalizing sequence,
wherein said at least one qualified normalizing sequence has the gfnallest variability and/or the
greatest differentiability in sequence dose in said plurality of gfialified samples; () based on said
sequencing of said nucleic acid molecules in said test samgfe, calculating a test sequence dose for said
test sequence of interest, wherein said calculating a testfequence dose comprises determining a
parameter for said test sequence of interest and at leg#i one normalizing test sequence, and wherein
said at least one normalizing test sequence correspfonds to said at least one qualified normalizing
sequence; (f) comparing said test sequence dogf to at least one threshold value; and (g} assessing said
copy number variation of said sequence of Jterest in said test sample based on the outcome of step
(f). In one embodiment, the parameter {#r said qualified sequence of interest and at least one qualified
normalizing sequence relates the nurgher of sequence tags mapped to said qualified sequence of
interest to the number of tags mapgfed to said qualified normalizing sequence, and wherein said
parameter for said test sequenggfof interest and at least one normalizing test sequence relates the
number of sequence tags mghped to said test sequence of interest to the number of tags mapped to
said normalizing test seggfence. In some embodiments, step (b) comprises sequencing at least a
portion of the qualifigh and test nucleic acid molecules, wherein sequencing comprises providing a
plurality of mappeff sequence tags for a test and a qualified sequence of interest, and for at least one
test and at leasybne qualified normalizing sequence; sequencing at least a portion of said nucleic acid

molecnles gthe test sample to obtain the sequence information for the fetal and maternal nucleic acid

fiher embodiments, the sequencing method is sequencing-by-ligation. In some embodiments,

sequencing comprises an amplification. In other embodiments, sequencing is single molecule
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sequencing. The CNV of a sequence of interest is an aneuploidy, which can be a chromosomal or a
partial aneuploidy. In some embediments, the chromosomal aneuploidy is selected from trisomy 2,
trisomy 8, trisomy 9, trisomy 16, trisomy 21, trisomy 13, trisomy 18, trisomy 22, 47,XXY, 47.XX
47.XYY, and monosomy X. In other embodiments, the partial aneuploidy is a partial chromosoggffial
deletion or a partial chromosomal insertion. In some embodiments, the CNV identified by
method is a chromosomal or partial aneuploidy associated with cancer. In some embodigfents, the
test and qualified sample are biological fluid samples e.g. plasma samples, obtained {rgh a pregnant
subject such as a pregnant human subject. In other embodiments, a test and qualifigh bioclogical fluid
samples e.g. plasma samples, are obtained from a subject that is known or is susp€cted of having
Cancer.

Although the examples herein concern humans and the language ig/primarily directed to

human concerns, the concept of this invention is applicable to genomegfrom any plant or animal.

INCORPORATION BY REFERENCE

All patents, patent applications, and other publications, includigh all sequences disclosed within these
references, referred to herein are expressly incorporated by g€ference, to the same extent as if each
individual publication, patent or patent application was gfecifically and individually indicated to be
incorporated by reference. All documents cited are, igffelevant part, incorporated herein by reference.
However, the citation of any document is not to bgfonstrued as an admission that it is prior art with

respect to the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features of the invegflon are set forth with particularity in the appended claims. A
better understanding of the features ghd advantages of the present invention will be obtained by
reference to the following detailgh description that sets forth illustrative embodiments, in which the
principles of the invention argflitilized, and the accompanying drawings of which:

Figure 1 is a flowgfiart of a method 100 for determining the presence or absence of a copy
number variation in a tgft sample comprising a mixture of nucleic acids.

Figure 2 illgftrates the distribution of the chromosome dose for chromosome 21 determined
from sequencingMIDNA extracted from a set of 48 blood samples obtained from human subjects each
pregnant withgf male or a female fetus. Chromosome 21 doses for qualified i.e. normal for
chromosorngl 21 (), and trisomy 21 test samples are shown (A) for chromesomes 1-12 and X (Figure
2A), angflor chromosomes 1-22 and X (Figure 2B).

Figure 3 illustrates the distribution of the chromosome dose for chromosome 18 determined
fifm sequencing cfDNA extracted from a set of 48 blood samples obtained from human subjects each

bregnant with a male or a female fetus. Chromosome 18 doses for qualified i.e. normal for
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chromosome 18 (O), and trisomy 18 (A) test samples are shown for chromosomes 1-12 and X (Figure
3A), and for chromosomes 1-22 and X (Figure 3B).

Figure 4 illustrates the distribution of the chromosome dose for chromosome 13 determin
from sequencing cfDNA extracted from a set of 48 blood samples obtained from human subjecgfeach
pregnant with a male or a female fetns. Chromosome 13 doses for qualified i.e. normal for
chromosome 13 (O), and trisomy 13 (A) test samples are shown for chromosomes 1-12 a
4A), and for chromosomes 1-22 and X (Figure 4B).

X (Figure
Figure 5 illustrates the distribution of the chromosome doses for chromosgie X determined
from sequencing cfDNA extracted from a set of 48 test blood samples obtained Jfom human subjects
each pregnant with a male or a female fetus. Chromosome X doses for malegf46,XY: (0O)), females
{46,XX; (A))Y; monosomy X (45.X; (+)), and complex karyotypes (Cplx (

chromosomes 1-12 and X (Figure 5A), and for chromosomes 1-22 and

samples are shown for
(Figure 5B).
Figure 6 illustrates the distribution of the chromosome dosgf for chromosome Y determined
from sequencing cfDNA extracted from a set of 48 test blood sagffples obtained from human subjects
each pregnant with a male or a female fetus. Chromosome Y ffoses for males (46,XY; (A)), females
(46,XX; (0)); monosomy X (45,X; (+)), and complex k
chromosomes 1-12 (Figure 6A), and for chromosomes

Figure 7 shows the coefficient of variation ) for chromosomes 21 (m), 18 (#)and 13 (A)
that was determined from the doses shown in Figyffes 2, 3, and 4, respectively.
Figure 8 shows the coefficient of varjflion (CV) for chromosomes X (m} and Y () that was
determined from the doses shown in Figurgf 5 and 6, respectively.
Figure 9 shows the cumulative fistribution of GC fraction by human chromosome. The
verlical axis represents the frequency®f the chromosome with GC content below the value shown on
the horizontal axis.

Figure 10 illustrates ¢

{81000082-103000103bp)

sequence doses (Y-axis) for a segment of chromosome 11

ermined from sequencing cfDNA extracted from a set of 7 qualified

mined in samples from training set 1 using normalizing chromosomes as described in Example 6.
Figure 13 shows normalized chromosome values for chromosomes 21 (0), 18 (A), and 13

(o) determined in samples from test set 1 using normalizing chromosomes as described in Example 6.
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Tigure 14 shows normalized chromosome values for chromosomes 21 (O} and 18 (A)
determined in samples from test set 1 using the normalizing method of Chiu ef al. (normalizes the
number of sequence tags identified for the chromuseme of interest with the number of sequence ta
obtained for the remaining chromosomes in the sample; see elsewhere herein Example 7).

Figure 15 shows normalized chromosome values for chromosemes 21 (O}, 18 (A), gffd 13 (D)
determined in samples from training set 1 using systematically determined normalizing chfomosomes
(as described in Example 7).

Figure 16 shows normalized chromosome values for chromosomes 21 (O)#138 (A), and 13 (2)
determined in samples from test set 1 using systematically determined normalizjfg chromosomes (as
described in Example 7).

Figure 17 shows normalized chromosome values for chromosomgf (O) determined in
samples from test set 1 using systematically determined normalizing cifomosomes (as described in
Example 7).

Figure 18 shows normalized chromosome values for chpgfmosomes X (X-axis) and Y (Y-
axis). The arrows point to the 5 (Figure 18A) and 3 (Figure 1JB) monosomy X samples that were
identified in the training and test sets, respectively, as desgfibed in Example 7.

Figure 19 shows normalized chromosome valyfs for chromosemes 1-22 determined in
samples from test set 1 using systematically determjffed normalizing chromosomes (as described in

Example 7).

DETAILED DESCRIPTION OF THE IN¥VENTION

The invention provides a methogffor determining copy number variations (CNV} of a
sequence of interest in a test sample Ughl comprises a mixture of nucleic acids that are known or are
suspected to differ in the amount gffone or more sequence of interest. Sequences of interest include
genomic sequences ranging-fro kilobases (kb) to megabases (Mb) to entire chromosomes that are
known or are suspected to bgfassociated with a genetic or a disease condition. Examples of sequences
of interest include chromgfomes associated with well known aneuploidies e.g. trisomy 21, and
segments of chromosgffies that are multiplied in diseases such as cancer e.g. partial trisomy 8 in acute
myeloid leukemia JANV that can be determined according to the present method include
monosomies angftrisomies of any one or more of autosomes 1-22, and of sex chromosomes X and Y
eg 45X, 47 AT XXY and 47, XYY, other chromosomal polysomies i.e. tetrasomy and
pentasomyfs including but not limited to X3, XXXXX, XXXXY and XYYYY, and deletions
and/ogfuplications of segments of any one or more of the chromosomes.

The method comprises a statistical approach that accounts for accrued variability stemming

om process-related, interchromosomal (intra-run), and inter-sequencing (inter-run) variability. The
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method is applicable to determining CNV of any fetal aneuploidy, and CNVs known or suspected to
be associated with a varjety of medical conditions.
Unless otherwise indicated, the practice of the present invention involves conventional
techniques commonly used in molecular biology, microbiology, protein purification, protein
5  engineering, protein and DNA sequencing, and recombinant DNA fields, which are within thyfskill of
the art. Such techniques are known to those of skill in the art and are described in numeroyh texts and
reference works (See e.g., Sambrook et al., "Molecular Cloning: A Laboratory Manualyf Third Edition
(Cold Spring Harbor), [2001]); and Ausubel et al., "Current Protocols in Molecular Siology" [1987]).
Numeric ranges are inclusive of the numbers defining the range. It is intgfided that every

10  maximum numerical limitation given throughout this specification includes eyry lower numerical
limitation, as if such lower numerical limitations were expressly written hgfein, Every minimum
numerical limitation given throughout this specification will include eygfy higher numerical
limitation, as if such higher numerical limitations were expressly wiften herein. Every numerical
range given throughout this specification will include every narrgfer numerical range that falls within

15  such broader numerical range, as if such narrower numerical gfges were all expressly written herein.

The headings provided herein are not limitations gffthe various aspects or embodiments of the
invention which can be had by reference to the Specifiggfion as a whole. Accordingly, as indicated
above, the terms defined immediately below are mogf fully defined by reference to the specification
as a whole.

20 Unless defined otherwise herein, all tefhnical and scientific terms used herein have the same
meaning as commonly understood by one gff ordinary skill in the art to which this invention belongs.
Various scientific dictionaries that inclyd® the terms included herein are well known and available to
those in the art. Although any methgffs and materials similar or equivalent to those described herein
find use in the practice or testing g the present invention, some preferred methods and materials are

25  described. Accordingly, the tegfns defined immediately below are more fully described by reference
to the Specification as a whgfle. It is to be understood that this invention is not limited to the particular
methodology, protocols#nd reagents described, as these may vary, depending upon (he context they

are used by those of giill in the art.

30 DEFIATIONS
As yfed herein, the singular terms "a", "an,” and "the" include the plural reference unless the
context gfarly indicates otherwise. Unless otherwise indicated, nucleic acids are written left to right
in 5' g 3" orientation and amino acid sequences are written left to right in amino to carboxy
orjfntation, respectively.
35 The term “assessing” herein refers to characterizing the status of a chromosomal aneuploidy

by one of three types of calls: “normal”, “affected”, and “no-call”. For example, in the presence of
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trisomy the “normal” call is determined by the value of a parameter e.g. a test chromosome dose that

is below a user-defined threshold of reliability, the “affected” call is determined by a parameter 2.g. a

test chromosome dose, that is above a user-defined threshold of reliability, and the “no-call” resultj

determined by a parameter e.g. a test chromosome dose, that lies between the user-defined thregliolds

of reliability for making a “normal” or an “affected” call.

The term “copy number variation™ herein refers to variation in the number of copjffs of a

nucleic acid sequence that is 1 kb or larger present in a test sample in comparison wi

number of the nucleic acid sequence present in a qualified sample. A “copy numb

The term “aneuploidy” herein refers to an imbalance of

gain of a whole chromosome, or part of a chromosome.

netic material caused by aloss or

The terms *chromosomal anenploidy™ and “complgfe chromosomal aneuploidy™ herein refer

to an imbalance of genetic material cansed by a loss or
germline aneuploidy and mosaic aneuploidy.

The terms “partial aneuploidy” and “parg
imbalance of genetic material caused by a los

and partial trisomy, and encompasses imb

insertions.

The term “*aneoploid sampley

chromosomal content is not eupl

number of chromosomes.

in of a whole chromosome, and includes

chromosomal aneuploidy™ herein refer to an
r gain of part of a chromosome e.g. pariial monosomy

nces resulting from translocations, deletions and

erein refers to a sample indicative of a subject whose

, i.e. the sample is indicative of a subject with an abnormal copy

The term “aneuplojfl chromosome” herein refers to a chromosome that is known or

determined to be preseng#n a sample in an abnormal copy number.

The term “plyfality” is used herein in reference to a number of nucleic acid molecules or

es} in test samples and qualified samples using in the methods of the invention. In

ents, at least about 3 x 10° sequence tags, at least about 5 x 10° sequence tags, at least
q £=1 e’q =)
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The terms "polynucleotide”, "nucleic acid" and “nucleic acid molecules™ are used
interchangeably and refer to a covalently linked sequence of nucleotides (i.e., ribonucleotides for
RNA and deoxyribonucleotides for DNA) in which the 3' position of the pentose of one nucleotide,
joined by a phosphodiester group to the 5' position of the pentose of the next, include sequenceght
any form of nucleic acid, including, but not limited to RNA, DNA and ¢fDNA molecules. TH€ term
"polynucleotide” includes, without limitation, single- and double-stranded polynucleotid

The term “portion” is used herein in reference to the amount of sequence infogfiation of fetal
and maternal nucleic acid molecules in a biological sample that in sum amount to 1965 than the
sequence information of <1 human genome.

The term “test sample” herein refers to a sample comprising a mixtugf of nucleic acids
comprising at least one nucleic acid sequence whose copy number is suspg€ted of having undergone
variation. Nucleic acids present in a test sample are referred to as “tesiflucleic acids”.
The term “qualified sample” herein refers to a sample compfsing a mixture of nocleic acids
that are present in a known copy number to which the nucleic acyfs in a test sample are compared, and
it is a sample that is normal i.e. not aneuploid, for the sequengf of interest e.g. a qualified sample used
for identifying a normalizing chromosome for chromoso 1is a sample that is not a trisomy 21
sample.

The term “training set” herein refers to a segff samples that can comprise affected and
unaffected samples. The unaffected samples in agfaining set are used as the qualified samples to
identify normalizing sequences, e.g. normalighig chromosomes, and the chromosome doses of
unaffected samples are used to set the threglfolds for each of the sequences , e.g. chromesomes, of

interest. The affected samples in a trainjffz set can be used to verify that affected test samples can be

ent, or a chromosome. For example, a sequence of interest can be a chromosome that is over-
epresented in an aneuploidy condition, or a gene encoding a tumor-suppressor that is under-

represented in a cancer. Sequences of interest include sequences that are over- or under- represented

-17-




10

15

20

25

30

WO 2013/015793 PCT/US2011/045412

in the total population, or a subpopulation of cells of a subject. A “qualified sequence of interest” is a
sequence of interest in a qualified sample. A “test sequence of interest” is a sequence of interest in a
test sample.

The term “normalizing sequence” herein refers to a sequence that displays a variability f the
number of sequence tags that are mapped to it among samples and sequencing runs that best
approximates that of the sequence of interest for which it is used as a normalizing paramegfr, and that
can best differentiate an affected sample from one or more unaffected samples. A “nogfalizing
chromosome” or “normalizing chromosome sequence” is an example of a “normaliging sequence”,

A “normalizing chromosome sequence” can be composed of a single chiromosogg€ or of a group of
chromosomes. A “normalizing segment” is another example of a “normalizig€ sequence”. A
“normalizing segment sequence” can be composed of a single segment offfchromosome or it can be
composed of two or more segments of the same or of different chromogfmes.

The term “differentiability” herein refers to the characteristyff of a normalizing chromosome
that enables to distinguish one or more unaffected ie. normal, sapfiples from one or more affected i.e.
aneuploid, samples.

The term “sequence dose” herein refers to a paramgfter that relates the sequence tag density of
a sequence of interest to the tag density of a normalizingfsequence. A “test sequence dose” is a
parameter that relates the sequence tag density of a gfquence of interest e.g. chromosome 21, to that
of a normalizing sequence e.g. chromosome 9, dgftrmined in a test sample. Similarly, a “qualified
sequence dose” is a parameter that relates the gquence tag density of a sequence of interest to that of
a normalizing sequence determined in a qugffified sample.

The term “sequence tag densitygfherein refers to the number of sequence reads that are
mapped to a reference genome sequgifce e.g. the sequence tag density for chromosome 21 is the
number of sequence reads generagfd by the sequencing method that are mapped to chromosome 21 of
the reference genome. The tegfl “sequence tag density ratio” herein refers to the ratio of the number
of sequence tags that are mgfped to a chromosome of the reference genome e.g. chromosome 21, to
the length of the referengl genome chromosome 21,

The term “Ngkt Generation Sequencing (NGS)” herein refers to sequencing methods that
allow for massive}f parallel sequencing of clonally amplified and of single nucleic acid molecules.
Non-limiting ples of NGS include sequencing-by-synthesis using reversible dye terminators, and
sequencinggfy-ligation.

e term “parameter” herein refers to a numerical value that characterizes a quantitative data
set agflfor a numerical relationship belween quantitative data sels. For example, a ratio (or function of
a gftio) between the number of sequence tags mapped to a chromosome and the length of the

romosome to which the tags are mapped, is a parameter.
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The terms “threshold value” and “qualified threshold value™ herein refer to any number that is
calculated using a qualifying data set and serves as a limit of diagnosis of a copy number variation
e.g. an aneuploidy, in an organism. If a threshold is exceeded by results obtained from practicing

invention, a subject can be diagnosed with a copy number variation e.g. trisomy 21. Appropria

qualified (i.e. unaffected) samples and affected samples. The samples in the trainingfset known to
have chromosomal aneuploidies (i.e. the affected samples) can be used to configh that the chosen
thresholds are useful in differentiating affected from unaffected samples in aj€st set (see the
Examples herein). The choice of a threshold is dependent on the level of ghnfidence that the user
wishes to have to make the classification. In some embodiments, the gfining set used to identify
appropriate threshold values comprises at least 10, at least 20, at legfl 30, at least 40, at least 50, at
least 60, at least 70, at least 80, at least 90, at Ieast 100, at least at least 300, at Ieast 400, at least
500, at least 600, at least 700, at least 800, at least 900, at legl 1000, at least 2000 , at least 3000,
at least 4000, or more qualified samples. It may advantaggous to use larger sets of qualified samples
to improve the diagnostic utility of the threshold value:

The term “normalizing value” herein refers 6 a numerical value that relates the number of
sequence tags identified for the sequence (e.g. chyimosome or chromosome segment) of interest (o
the number of sequence tags identified for thegfiormalizing sequence (e.g. normalizing chromosome or
normalizing chromosome segment). For eyfample, a “normalizing value” can be a chromosome dose
as described elsewhere herein, or it cangfe an NCV (Normalized Chromosome Value) as described
elsewhere herein, or it can be an NS} (Normalized Segment Value) as described elsewhere herein,

The term “read” refers tgff DNA sequence of sufficient length (e.g., at least about 30 bp) that
can be vsed to identify a largeyfSequence or region, e.g. that can be aligned and specifically assigned
to a chromosome or genomyf region or gene.

The term “sequgfice tag” is herein used interchangeably with the term “mapped sequence tag”
to refer to a sequencgfead that has been specifically assigned i.e. mapped, to a larger sequence e.g. a
reference genomefby alignment. Mapped sequence tags are uniquely mapped to a reference genome
i.e. they are asgfgned to a single location to the reference genome. Tags that can be mapped to more

than one logfltion on a reference genome ie. tags that do not map uniquely, are not included in the

As used herein, the terms “aligned”, “alignment”, or “aligning” refer to one or more
segfliences that are identified as a match in terms of the order of their nucleic acid molecules to a
nown sequence from a reference genome. Such alignment can be done manually or by a computer

algorithm, examples including the Efficient Local Alignment of Nucleotide Data (ELAND) computer
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program distributed as part of the Illumina Genomics Analysis pipeline. The matching of a sequence
read in aligning can be a 100% sequence match or less than 100% (non-perfect match).

As used herein, the term “reference genome” refers to any particular known genome
sequence, whether partial or complete, of any organism or virus which may be used to referenc
identified sequences from a subject. For example, a reference genome used for human subjegfs as
well as many other organisms is found at the National Center for Biotechnology Informagn at
www.nchi.nlm.nih.gov. A “genome” refers to the complete genetic information of an g#fganism or
virus, expressed in nucleic acid sequences.

The term “clinically-relevant sequence” herein refers to a nucleic acid sgfluence that is known
or is suspected to be associated or implicated with a genetic or disease condifgfn. Determining the
absence or presence of a clinically-relevant sequence can be useful in detgfining a diagnosis or
confirming a diagnosis of a medical condition, or providing a prognosigffor the development of a
disease.

The term *“derived” when used in the context of a nucleigfacid or a mixture of nucleic acids,
herein refers to the means whereby the nucleic acid(s) are obgflned from the source from which they
originate. For example, in one embodiment, a mixture of cleic acids that is derived from two
different genomes means that the nucleic acids e.g. cfQJNA, were naturally released by cells through
naturally occurring processes such as necrosis or apghtosis. In another embodiment, a mixture of
nucleic acids that is derived from two different ggfiomes means that the nucleic acids were extracted
from two different types of cells from a subje

The term “mixed sample” herein rgffers to a sample containing a mixture of nucleic acids,
which are derived from different geno

The term “maternal sample’ferein refers to a biological sample obtained from a pregnant
subject e.g. a woman,

The term "biclogical Aid" herein refers to a liquid taken from a biological source and
includes, for example, blogf, serum, plasma, sputum, lavage fluid, cerebrospinal fluid, urine, semen,
sweat, tears, saliva, andgfie like. As used herein, the terms "blood," "plasma” and "serum" expressly
encompass {ractionsgr processed portions thereof. Similarly, where a sample is taken from a biopsy,
swab, smear, efc. ghe "sample” expressly encompasses a processed fraction or portion derived from
the biopsy, swgb, smear, efc.

Thgfterms “maternal nucleic acids™ and “fetal nucleic acids” herein refer to the nucleic acids
of a pregflant female subject and the nucleic acids of the fetus being carried by the pregnant female,

ively.

As used herein, the term “corresponding to” refers to a nucleic acid sequence e.g. a gene ora

hromosome, that is present in the genome of different subjects, and which does not necessarily have
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the same sequence in all genomes, but serves to provide the identity rather than the genetic
information of a sequence of interest e.g. a gene or chromosome.

As used herein, the term "substantially cell free” encompasses preparations of the desired
sample from which components that are normally associated with it are removed. For example
plasma sample is rendered essentially cell free by removing blood cells e.g. red cells, which gfe
normally associated with it. In some embodiments, substantially free samples are process to remove
cells that would otherwise contribute to the desired genetic material that is to be tested

As used herein, the term “fetal fraction™ refers to the fraction of fetal nuclejffacids present in
a sample comprising fetal and maternal nucleic acid.

As used herein the term "chromosome” refers to the heredity-bearinggene carrier of a living
cell which is derived from chromatin and which comprises DNA and protgfh components (especially
histones). The conventional internationally recognized individual humgff genome chromosome
numbering system is employed herein.

As used herein, the term “polynucleotide length” refers gffthe absolute number of nucleic acid
molecules (nucleotides) in a sequence or in a region of a refegfice genome. The term “chromosome
length™ refers to the known length of the chromosome givgfl in base pairs e.g. provided in the
NCBI36/hgl8 assembly of the human chromosome foufd on the world wide web at
genome.ucse.edu/cgi-hin/hgTracksThgsid=1671556 f &chromlinfoPage=

The term “subject” herein refers to a hurgfln subject as well as a non-human subject such as a
mammal, an invertebrate, a vertebrate, a fungyf, a yeast, a bacteria, and a virus. Although the
examples herein concern humans and the lgfiguage is primarily directed to human concerns, the
concept of this invention is applicable tgfeenomes from any plant or animal, and is useful in the fields
of veterinary medicine, animal scieng€s, research laboratories and such.

The term “condition” herghn refers to “medical condition” as a broad term that includes all
diseases and disorders, but cangfnclude [injuries] and normal health situations, such as pregnancy, that
might affect a person's healyf, benefit from medical assistance, or have implications for medical
treatments.

g

The term “cggfiplete” is used herein in reference to a chromosomal aneuploidy to refer to a

gain or loss of an ghtire chromosome.

The term “non-mosaic” herein refers to an organism e.g. a human fetus, composed of cell of

one karyotypes.
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The term “using a chromosome” when used in reference to determining a chromosome dose,
herein refers to using the sequence information obtained for a chromosome i.e. the number of
sequence tags obtained for a chromosome.

The term “sensitivity” is used herein is equal to the number of true positives divided byne
sum of true positives and false negatives.

The term “specificity” is used herein is equal to the number of true negatives divifled by the
sum of true negatives and false positives.

The term “patient sample” herein refers to a biclogical sample obtained frgg a patient i.e. 2
recipient of medical attention, care or treatment. The patient sample can be any#f the samples
described herein. Preferably, the patient sample is obtained by non-invasive grocedures e.g.
peripheral blood sample or a stool sample.

The term “hypodiploid” herein refers to a chromosome numbeyfthat is one or more lower than

the normal haploid number of chromosomes characteristic for the sp€cies.

DESCRIPTION

The invention provides a method for determining gOpy number variations (CNV) of different
gsequences of interest in a test sample that comprises a gfixture of nucleic acids derived from two
different genomes, and which are known or are susgftted to differ in the amount of one or more
sequence of interest. Copy number variations dgfrmined by the method of the invention include
gains or losses of entire chromosomes, alteratyns involving very large chromosomal segments that
are microscopically visible, and an abundgyfe of sub-microscopic copy number variation of DNA
segments ranging from kilobases {(kb) tgfmegabases (Mb) in size. The method comprises a statistical
approach that accounts for accrued yfriability stemming from process-related, interchromosomal and
inter-sequencing variability. Theghethod is applicable to determining CNV of any fetal aneuploidy,
and CNVs known or suspectegfio be associated with a variety of medical conditions. CNV that can
be determined according togfhe present method include trisomies and monosomies of any one or more
of chromosomes 1-22, d Y, other chromosomal polysomies, and deletions and/or duplications of
segments of any one T more of the chromosomes, which can be detected by sequencing only once the
nucleic acids of agfst sample. Any aneuploidy can be determined from sequencing information that is
obtained by segfiencing only once the nucleic acids of a test sample.

CNJf in the human genome significantly influence human diversity and predisposition to
disease @ledon et al., Nature 23:444-454 [2006), Shaikh et al. Genome Res 19:1682-1690 [2009]) .
CNVgfhave been known to contribute to genetic disease through different mechanisms, resulting in
eiger imbalance of gene dosage or gene disruption in most cases. In addition to their direct

orrelation with genetic disorders, CNV's are known to mediate phenotypic changes that can be

deleterious. Recently, several studies have reported an increased burden of rare or de novo CNVs in
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complex disorders such as Autism, ADHD, and schizophrenia as compared to normal controls,
highlighting the potential pathogenicity of rare or unigue CNVs (Sebat er al., 316:445 - 449 [2007];
Walsh et al., Science 320:539 — 543 [2008]). CNV arise from genomic rearrangements, primarily,
owing to deletion, duplication, insertion, and unbalanced transiocation events.

The method described herein employs next generation sequencing technology (NG
which clonally amplified DNA templates or single DNA molecules are sequenced in a mgfsively
parallel fashion within a flow cell (e.g. as described in Volkerding et al. Clin Chem
[2009]; Metzker M Nature Rev 11:31-46 [20107). In addition to high-throughput sgfuence
information, NGS provides quantitative information, in that each sequence read j# a countable
"sequence tag" representing an individual clonal DNA template or a single DJ8A molecule. The
sequencing technologies of NGS include pyrosequencing, sequencing-by-ghnthesis with reversible
dye terminators, sequencing by oligonucleotide probe ligation and ion g€miconductor sequencing.
DNA from individual samples can be sequenced individually (i.e. sjffeleplex sequencing) or DNA
from multiple samples can be pooled and sequenced as indexed g€nomic molecules (i.e. multiplex
sequencing) on a single sequencing run, to generate up to sevgfal hundred million reads of DNA
sequences. Examples of sequencing technologies that cangfe used to obtain the sequence information
according to the present method are described below.
Sequencing Methods

Some of the sequencing technologies areffvailable commercially, such as the sequencing-by-
hybridization platform from Affymetrix Inc. (Finnyvale, CA} and the sequencing-by-synthesis
CT), Illumina/Solexa (Hayward, CA) and Helicos
Biosciences (Cambridge, MA), and the gfquencing-by-ligation platform from Applied Biosystems
(Foster City, CA), as described belo

sequencing-by-synthesis of Heli

platforms from 454 Life Sciences (Bradfo

” In addition to the single molecule sequencing performed using

Biosciences, other single molecule sequencing technologies

is T.D. et al., Science 320:106-109 [2008]). In the tSMS technique, a DNA sample is cleaved
to strands of approximately 100 to 200 nucleotides, and a polyA sequence is added to the 3’ end of

each DNA strand. Each strand is labeled by the addition of a fluorescently labeled adenosine
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nucleotide. The DNA strands are then hybridized to a flow cell, which contains millions of oligo-T
capture sites that are immobilized to the flow cell surface. The templates can be at a density of about
100 million templates/cml. The flow cell is then loaded into an instrument, e.g., HeliScope™
sequencer, and a laser illuminates the surface of the flow cell, revealing the position of each te
A CCD camera can map the position of the templates on the flow cell surface. The template,
fluorescent label is then cleaved and washed away. The sequencing reaction begins by ingfoducing a
DNA polymerase and a fluorescently labeled nucleotide. The oligo-T nucleic acid sepy€s as a primer.
The polymerase incorporates the labeled nucleotides to the primer in a template diggfted manner. The
polymerase and unincorporated nucleotides are removed. The templates that hay€ directed
incorporation of the fluorescently labeled nucleotide are discerned by imagingfthe flow cell surface.
After imaging, a cleavage step removes the fluorescent label, and the progfSs is repeated with other
fluorescently labeled nucleotides until the desired read length is achieygll. Sequence information is
collected with each nucleotide addition step. Whole genome sequeg€ing by single molecule
sequencing technologies excludes PCR-based amplification in thff preparation of the sequencing
libraries, and the directness of sample preparation allows for grect measurement of the sample, rather
than measurement of copies of that sample.

In another embodiment, the present method copffprises obtaining sequence information for the
nucleic acids in the test sample e.g. cfDNAinam al test sample, using the 454 sequencing
ature 437:376-380 [2005]). 454 sequencing

ared into fragments of approximately 300-800 base

{Roche) (e.g. as described in Margulies, M. et al
involves two steps. In the first step, DINA is
pairs, and the fragments are blunt-ended. @Higonucleotide adaptors are then ligated to the ends of the
fragments. The adaptors serve as primgf§ for amplification and sequencing of the fragments. The
fragments can be attached to DNA cgbture beads, e.g., streptavidin-coated beads using, e.g., Adaptor
B, which contains 5'-biotin tag. Phe fragments attached to the beads are PCR amplified within
droplets of an oil-water emulsn. The result is multiple copies of clonally amplified DNA fragments

on each bead. In the secongfstep, the beads are captured in wells (pico-liter sized). Pyrosequencing is

In another embodiment, the present method comprises obtaining sequence information for the
eic acids in the (est sample e.g. ¢[DNA in a maternal test sample, using the SOLiD™ technology
Applied Biosystems). In SOLiD™ sequencing-by-ligation, genomic DNA is sheared into fragments,

and adaptors are attached to the 5’ and 3’ ends of the fragments to generate a fragment library.
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Alternatively, internal adaptors can be introduced by ligating adaptors to the 5° and 3’ ends of the
fragments, circularizing the fragments, digesting the circularized fragment to generate an internal

adaptor, and attaching adaptors to the 5* and 3* ends of the resulting fragments to generate a mate-
p g adap g 1rag g

oligonucleotide is cleaved and removed and the process is then repeated.
In another embodiment, the present method comprises obtaining gfquence information for the
nucleic acids in the test sample e.g. ¢fDNA in a maternal test sample, ying the single molecule, real-
time (SMRT™) sequencing technology of Pacific Biosciences. In JMRT sequencing, the continuous
incorporation of dye-labeled nucleotides is imaged during DNA gnthesis. Single DNA polymerase
molecules are attached to the bottom surface of individual zeg#-mode wavelength detectors (ZMW
detectors) that obtain sequence information while phosphgifnked nucleotides are being incorporated
into the growing primer strand. A ZMW is a confinemght structure which enables observation of
incorporation of a single nucleotide by DNA polymgfase against the background of fluorescent
nucleotides that rapidly diffuse in an out of the ZYEW (in microseconds). It takes several milliseconds
to incorporate a nucleotide into a growing strgfd. During this time, the fluorescent label is excited
and produces a fluorescent signal, and the Jhorescent tag is cleaved off. Measurement of the
corresponding fluorescence of the dye ipflicates which base was incorporated. The process is
repeated.

In another embodiment, gf€ present method comprises obtaining sequence information for the
nucleic acids in the test samplgfe g. cfDNA in a maternal test sample, using nanopore sequencing
and Meller A. Clin Chem 53: 1996-2001 [2007]). Nanopore sequencing

DNA analysis techniquegfare being industrially developed by a number of companies, including

(e.g. as described in Soni

Oxford Nanopore Teghinologies (Oxford, United Kingdom). Nanopore sequencing is a single-

nucleotide on the DNA molecule obstructs the nanopore to a different degree, changing the
agnitude of the current through the nanopore in different degrees. Thus, this change in the current as

the DNA molecule passes through the nanopore represents a reading of the DNA sequence.
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In another embodiment, the present method comprises obtaining sequence information for the
nucleic acids in the test sample e.g. ¢fDNA in a maternal test sample, using the chemical-sensitive
field effect transistor {chemFET) array (e.g., as described in U.S. Patent Application Publication Ngf
20090026082). In one example of the technique, DNA molecules can be placed into reaction
chambers, and the template melecules can be hybridized to a sequencing primer bound to a
polymerase. Incorporation of one or more triphosphates into a new nucleic acid strand atgfie 3’ end of
th-e sequencing primer can be discerned by a change in current by a chemFET. An arrgf can have
multiple chemFET sensors. In another example, single nucleic acids can be attachggf to beads, and the
nucleic acids can be amplified on the bead, and the individual beads can be trangferred to individual
reaction chambers on a chemFET array, with each chamber having a chem sensor, and the nucleic
acids can be sequenced.

In another embodiment, the present method comprises obtainig# sequence information for the
nucleic acids in the test sample e.g. cfDNA in a maternal test sampf, using the Halcyon Molecular’s
technology, which uses transmission electron microscopy (TEM)f The method, termed Individual
Molecule Placement Rapid Nano Transfer (IMPRNT), comprjffes utilizing single atom resolution
transmission electron microscope imaging of high-molecujffr weight (150kb or greater) DNA
selectively labeled with heavy atom markers and arrangffig these molecules on ulira-thin films in
ultra-dense (3nm strand-to-strand) parallel arrays wifl consistent base-to-base spacing. The electron
microscope is used to image the molecules on thgffilms to determine the position of the heavy atom
markers and to extract base sequence informagbn from the DNA. The method is further described in
PCT patent publication WO 2009/046445. fhe method allows for sequencing complete human
genomes in less than ten minutes.

In another embodiment, the PNA sequencing technology is the Ion Torrent single molecule
sequencing, which pairs semicongfictor technology with a simple sequencing chemistry to directly
translate chemically encoded igformation (A, C, G, T) into digital information (0, 1) on a
semiconductor chip. In nayffe, when a nucleotide is incorporated into a strand of DNA by a
polymerase, a hydrogenjfn is released as a byproduct. Ion Torrent uses a high-density array of
micro-machined wellgfto perform this biochemical process in a massively parallel way. Each well
helds a different QA molecnle. Beneath the wells is an ion-sensitive layer and beneath that an ion
senser. When ghucleotide, for example a C, is added to a DNA template and is then incorporated
into a strangfdf DNA, a hydrogen ion will be released. The charge from that ion will change the pH
of the sojftion, which can be detected by Ion Torrent’s ion sensor. The sequencer—essentially the
worldf smallest solid-state pH meter—calls the base, going directly from chemical information to
digftal information. The Ion personal Genome Machine (PGM™) sequencer then sequentially floods

e chip with one nucleotide after another. If the next nucleotide that floods the chip is not a match.

No voltage change will be recorded and no base will be called. If there are two identical bases on the
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DNA strand, the voltage will be double, and the chip will record two identical bases called. Direct
detection allows recordation of nucleotide incorporation in seconds.

In another embodiment, the present method comprises obtaining sequence information for jfie
nucleic acids in the test sample e.g. cfDNA in a maternal test sample, using sequencing by
hybridization., Seqeuncing-by-hybridization comprises contacting the plurality of polynuclegfide

sequences with a plurality of polynucleotide probes, wherein each of the plurality of polygficleotide

array of known nucleotide sequences. The pattern of hybridization to the array cangdle used to
determine the polynucleotide sequences present in the sample. In other embodigfents, each probe is
tethered to a bead, e.g., a magnetic bead or the like. Hybridization to the b can be determined and
used to identify the plurality of polynucleotide sequences within the sam

In another embodiment, the present method comprises obtainig# sequence information for the
nucleic acids in the test sample e.g. ¢fDNA in a maternal test samp}f, by massively parallel
sequencing of millions of DNA fragments using Iflumina’s sequgficing-by-synthesis and reversible
terminator-based sequencing chemistry (e.g. as described in Bfntley er al., Nature 6:53-59 [2009]).
Template DNA can be genomic DNA e.g. cfDNA. In somyf embodiments, genomic DNA from
isolated cells is used as the template, and it is fragmentgh into lengths of several hundred base pairs.
In other embadiments, cfDNA is used as the templayf, and {ragmentation is not required as cfDNA
exists as short fragments. For example fetal cfDYJA circnlates in the bloodstream as fragments
approximately 170 base pairs (bp} in length (5fn er al., Clin Chem 56:1279-1286 [2010}}, and no
fragmentation of the DNA is required priogo sequencing. Ilumina’s sequencing technology relies on
the attachment of fragmented genomic JNA to a planar, optically transparent surface on which
oligonucleotide anchors are bound. mplate DNA is end-repaired to generate 5'-phosphorylated
biunt ends, and the polymerase aggfvity of Klenow fragment is nsed to add a single A base to the 3' end
of the blunt phosphorylated DYFA fragments. This addition prepares the DNA fragments for ligation
to oligonucleotide adapters #vhich have an overhang of a single T base at their 3’ end to increase
ligation efficiency. The gllapter oligonucleotides are complementary to the flow-cell anchors. Under
limiting-dilution congflions, adapter-modified, single-stranded template DNA. is added to the flow cell
and immobilized B hybridization to the anchors. Attached DNA fragments are extended and bridge

amplified to crgllte an ultra-high density sequencing flow cell with hundreds of millions of clusters,

gegbmic DNA e.g. cfDNA is enriched using the cluster amplification alone (Kozarewa et al., Nature
ethods 6:291-295 [2009]). The templates are sequenced using a robust four-color DNA

sequencing-by-synthesis technology that employs reversible terminators with removable fluorescent
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dyes. High-sensitivity fluorescence detection is achieved using laser excitation and total internal
reflection optics. Short sequence reads of about 20-40 bp e.g. 36 bp, are aligned against a repeat-
masked reference genome and unique mapping of the short sequence reads to the reference geno
are identified using specially developed data analysis pipeline software. Non-repeat-masked
5  reference genomes can also be used. Whether repeat-masked or non-repeat-masked referen

genomes are used, only reads that map uniquely to the reference genome are counted. A

10 sequence tags comprising reads of predetermined length e.g. 36 bp, are mapg#d to a known reference
genome are counted. In one embodiment, the reference genome sequencgdfs the NCBI36/hgl8
sequence, which is available on the world wide web at genome.ucsc.egf/cgi-
bin/hgGateway?org=Human&db=hg18&hgsid=166260105). Altegpfatively, the reference genome

sequence is the GRCh37/hg19, which is available on the world yfde web at genome.ucsc.edu/cgi-

include GenBank, dbEST, dbSTS,

e DDBI (the DNA Databank of Japan).

ing sequences, inclading without limitation

BLAST (Altschul et al., 1990), BLITZ (MPsrch) (Syfrrock & Collins, 1993), FASTA (Person &

Lipman, 1988), BOWTIE (Langmead et al., Geryfme Biology 10:R25.1-R25.10 [2009]), or ELAND

20 (Illumina, Inc., San Diego, CA, USA). In ongfmbodiment, one end of the clonally expanded copies

15  bin/hgGateway. Cther sources of public sequence informati
EMBL (the European Molecular Biology Laboratory), an

A number of computer algorithms are available for ali

of the plasma cfDNA molecules is sequengfd and processed by bicinformatic alignment analysis for
the Illumina Genome Analyzer, which
Databases (ELLAND) software.

es the Efficient Large-Scale Alignment of Nucleotide

In some embodiments of the met
25  reads of about 20bp, about 25
55bp, about 60bp, about 6
95bp, about 100bp, abo
about 250bp, about

d described herein, the mapped sequence tags comprise sequence
, about 30bp, about 35bp, about 40bp, about 45bp, about 50bp, about
, about 70bp, about 75bp, about 80bp, about 85bp, about90bp, about
110bp, about 120bp, about 130, about 140bp, about 150bp, about 200bp,
bp, about 350bp, about 400bp, about 450bp, or about S00bp. It is expected
that technologicalffdvances will enable single-end reads of greater than 500bp enabling for reads of
30

35 llowed to account for minor polymorphisms that may exist between the reference genome and the

genomes in the mixed sample.
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A plurality of sequence tags are obtained per sample. In some embodiments, at least about 3
x 10° sequence tags, at feast about 5 x 10° sequence tags, at least about 8 x 10%sequence tags, at least

about 10 x 10° sequence tags, at least about 15 x 10° sequence tags, at least about 20 x 10° sequenc

reads to the reference genome per sample.  In one embodiment, all the sequence reads agf mapped (o
all regions of the reference genome. In one embodiment, the tags that have been mapgfd to all
regions e.g. all chromosomes, of the reference genome are counted, and the CNV £ the over- or
under-representation of a sequence of interest e.g. a chromosome or portion thegfof, in the mixed
DNA sample is determined. The method does not require differentiation begyfeen the two genomes.

The accuracy required for correctly determining whether a CNV gfg. aneuploidy, is present or
absent in a sample, is predicated on the variation of the number of seqyfnce tags that map to the
reference genome among samples within a sequencing run (inter-chffmosormal variability), and the
variation of the number of sequence tags that map to the referengf genome in different sequencing
runs (inter-sequencing variability). For example, the variatioyf§ can be particularly pronounced for
tags that map to GC-rich or GC-poor reference sequences #Other variations can result from using
different protocols for the extraction and purification offfhe nucleic acids, the preparation of the
sequencing libraries, and the use of different sequengfing platforms. The present method vses sequence
doses (chromosome doses, or segment doses) bagfd on the knowledge of normalizing sequences
(normalizing chromosome sequences or normyflizing segment sequences), to intrinsically account for
the accrued variability stemming from integ€hromosomal (intra-run), and inter-sequencing (inter-rum)
and platform-dependent variability. Chgmosome doses are based on the knowledge of a normalizing
chromosome sequence, which can bgfcomposed of a single chromosome, or of two or more
chromosomes selected from chropflosomes 1-22, X, and Y. Alternatively, normalizing chromosome
sequences can be composed offa single chromosome segment, or of two or more segments of one
chromosome or of two or qgfre chromosomes. Segment doses are based on the knowledge of a
normalizing segment segfience, which can be composed of a single segment of any one chromosome,
or of two or more segfents of any two or more of chromosomes 1-22, X, and Y.

Determination offNormalizing Sequences in Qualified Samples: Normalizing Chromosome

sequeglce of interest e.g. a chromosome or segment thereof. Determination of normalizing sequences
is flitlined in steps 100, 120, 130, 140, and 145 of the embodiment of the method depicted in Figure

. The sequence information obtained from the qualified samples is also used for determining
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statistically meaningful identification of chromosomal aneuploidies in test samples (step 135 Figure
1, and Examples).

Figure 1 provides a flow diagram of an embodiment of the method of the invention 100 for
determining a CNV of a sequence of interest e.g. a chromosome or segment thereof, in a biclogifal
sample. In some embodiments, a biological sample is obtained from a subject and comprisegy
mixture of nucleic acids contributed by different genomes. The different genomes can begfontributed
to the sample by two individuals e.g. the different genomes are contributed by the fetugfand the
mother carrying the fetus. Alternatively, the genomes are contributed to the sampledy aneuploid
cancerous cells and normal euploid cells from the same subject e.g. a plasma sagfple from a cancer
patient.

A set of qualified samples is obtained to identify qualified normalgfing sequences and to
provide variance values for use in determining statistically meaningful fentification of CNV in test
samples. In step 110, a plurality of biological qualified samples arggbtained from a plurality of
subjects known to comprise cells having a normal copy number §fr any one sequence of interest. In
one embodiment, the qualified samples are obtained from moyfers pregnant with a fetus that has been
confirmed using cytogenetic means to have a normal copyfumber of chromosomes. The biological
qualified samples may be a biological fluid e.g. plasmagbr any suitable sample as described below. In
some embodiments, a qualified sample contains a mifture of nucleic acid molecules e.g. cfDNA
molecules. In some embodiments, the qualified gfmple is a maternal plasma sample that contains a
mixture of fetal and maternal cf[DNA moleculgf. Sequence information for normalizing chromosomes
and/or segments thereof is obtained by seqyfncing at least a portion of the nucleic acids e.g. fetal and
maternal nucleic acids, using any knowpfsequencing method. Preferably, any one of the Next
Generation Sequencing (NGS) methgfls described elsewhere herein is used to sequence the fetal and
maternal nucleic acids as single oyftlonally amplified molecules.

In step 120, at least a gfrtion of each of all the qualified nucleic acids contained in the
qualified samples are sequeged to generate millions of sequence reads e.g. 36bp reads, which are
aligned to a reference ggffome, e.g. hgl8. In some embodiments, the sequence reads comprise about
20bp, about 25bp, abgfit 30bp, about 35bp, about 40bp, about 45bp, about 50bp, about 55bp, about
60bp, about 65bp #Mbout 70bp, about 75bp, about 80bp, about 85bp, aboutd0bp, about 95bp, about
100bp, about 1)0bp, about 120bp, about 130, about 140bp, about 150bp, about 200bp, about 230bp,
about 300bgfabout 350bp, about 400bp, about 450bp, or about 500bp. It is expected that
technologfical advances will enable single-end reads of greater than 500bp enabling for reads of
greatgf than about 1000bp when paired end reads are generated. In one embodiment, the mapped
segflience reads comprise 36bp. Sequence reads are aligned to a reference genome, and the reads that
fire uniquely mapped Lo the reference genome are known as sequence tags. In one embodiment, at

least about 3 x 10° qualified sequence tags, at least about 5 x 10° qualified sequence tags, at least about
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8 x 10° qualified sequence tags, at least about 10 x 10° qualified sequence tags, at least about 15 x 10°
qualified sequence tags, at least about 20 x 10° qualified sequence tags, at least about 30 x 10°

qualified sequence tags, at least about 40 x 10° qualified sequence tags, or at least about 50 x 10
qualified sequence tags comprising between 20 and 40bp reads are obtained from reads that ma

uniquely to a reference genome.

In step 130, all the tags obtained from sequencing the nucleic acids in the qualifighf samples
are counted to determine a qualified sequence tag density. In one embodiment the se
density is determined as the number of qualified sequence tags mapped to the sequgfice of interest on
the reference genome. In another embodiment, the qualified sequence tag densiyf is determined as the
number of qualified sequence tags mapped to a sequence of interest normalizgll to the length of the
qualified sequence of interest to which they are mapped. Sequence tag degfSities that are determined
as a ratio of the tag density relative to the length of the sequence of intgfest are herein referred to as
tag density ratios. Normalization to the length of the sequence of iggfrest is not required, and may be
included as a step to reduce the number of digits in a number to gfnplify it for human interpretation.
As all qualified sequence tags are mapped and counted in eacyfof the qualified samples, the sequence
tag density for a sequence of interest e.g. a clinically-releyght sequence, in the qualified samples is
determined, as are the sequence tag densities for additigffal sequences from which normalizing

sequences are identified subsequently.

In some embodiments, ihe sequence of igferest is a chromosome that is associated with a
complete chromosomal aneuploidy e.g. chromffsome 21, and the qualified normalizing sequence is a
complete chromosome that is not associategfwith a chromosomal aneuploidy and whose variation in
sequence tag density best approximatesghat of the sequence (i.e. chromosome) of interest e.g.
chromosome 21. Any one or more gfchromosomes 1-22, X, and Y can be a sequence of interest, and
one or more chromosomes can begfdentified as the normalizing sequence for each of the any one
chromosomes 1-22, X and Y igfthe qualified samples. The normalizing chromasome can be an

individual chromosome or jfcan be a group of chromosomes as described elsewhere herein.

In all embodiments, whether a single sequence or a group of sequences are identified in the
ified samples as the normalizing sequence for any one or more sequence of interest, the qualified
ormalizing sequence has a variation in sequence tag density best approximates that of the sequence

of interest as determined in the qualified samples. For example, a qualified normalizing sequence is a
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sequence that has the smallest variability i.e. the variability of the normalizing sequence is closest io

that of the sequence of interest.

In some embodiments, the normalizing sequence is a sequence that best distingnishes one
more qualified, samples from one or more affected samples, which implies that the normalizing
sequence is a sequence that has the greatest differentiability i.e. the differentiability of the ngfnalizing
sequence is such that it provides optimal differentiation to a sequence of interest in an affgfted test
sample to easily distinguish the affected test sample from other unatfected samples. IgfOther
embodiments, the normalizing sequence is a sequence that has the smallest variabilify and the greatest
differentiability. The level of differentiability can be determined as a statisticalfifference between
the sequence doses e.g. chromosome doses or segment doses, in a populationgff qualified samples and
the chromosome dose(s) in one or more test samples as described below shown in the Examples.
For example, differentiability can be represented numerically as a T-tegfvalue, which represents the
statistical difference between the chromosome doses in a populatioggbf qualified samples and the
chromosome dose(s) in one or more lest samples. Alternatively gifferentiability can be represented
numerically as a Normalized Chromosome Value (NCV), whjffh is a z-score for chromosome doses as
long as the distribution for the NCV is normal. Similarly, #Afferentiability can be represented
numerically as a T-test value, which represents the statiffical difference between the segment doses in
a population of qualified samples and the segment dgfe(s} in one or more test samples. Alternatively,
differentiability of segment doses can be represegftd numerically as a Normalized Segment Value
(NSV), which is a z-score for chromosome degfs as long as the distribution for the NSV is normal, In
determining the z-score, the mean and stanglird deviation of chromosome or segment doses in a set of
qualified samples can be used. Alternagfely, the mean and standard deviation of chromosome or
segment doses in a training set compyffsing qualified samples and affected samples can be used. In
other embodiments, the normalizjffg sequence is a sequence that has the smallest variability and the
greatest differentiability.

The method identififfs sequences that inherently have similar characteristics and that are prone

to similar variations amgflg samples and sequencing runs, and which are useful for determining

sequencgfag density for the sequence of interest and the qualified sequence tag density for additional
sequegfces from which normalizing sequences are identified subsequently in step 145. The identified
alizing sequences are used subsequently to determine sequence doses in test samples,

In one embodiment, the sequence dose in the qualified samples is a chromosome dose that is

calculated as the ratio of Lthe number of sequence tags for a chromosome of interest and the number of
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sequence tags for a normalizing chromosome sequence in a qualified sample. The normalizing
chromosome sequence can be a single chromosome, a group of chromosomes, a segment of one
chromosome, or a group of segments from different chromosomes. Accordingly, a chromosome do
for a chromosome of intercst is determined in a qualified sample as (i) the ratio of the number offfags

for a chromosome of interest and the number of tags for a normalizing chromesome sequenc

and the number of tags for a normalizing chromosome sequence composed of two or

chromosomes, or (iii) the ratio of the number of tags for a chromosome of interest the number of

tags for a normalizing segment sequence composed of a single segment of a chrgffiosome, (iv) the
ratio of the number of tags for a chromosome of interest and the number of tagh for a normalizing
segment sequence composed of two or more segments form one chromosggfie, or (v) the ratio of the
number of tags for a chromosome of interest and the number of tags fogfi normalizing segment
sequence composed of two or more segments of two or more chromgfomes. Examples for

determining a chromosome dose for chromosome of interest 21
chromosome doses for chromosome of interest e.g. chromosogffe 21, are determined as a ratio of the
sequence tag density of chromosome 21 and the sequence g density for each of all the remaining
chromosomes i.e. chromosomes 1-20, chromosome 22 #£hromosome X, and chromosome Y (i);
chromoseme doses for chromosome of interest e,g, gfromosome 21, are determined as a ratio of the
sequence tag density of chromosome 21 and the gffjuence tag density for all possible combinations of
two or more remaining chromosomes (ii); chrgfosome doses for chromosome of interest e.g.
chromosome 21, are determined as a ratio gffthe sequence tag density of chromosome 21 and the
sequence tag density for a segment of agffther chromosome e.g. chromosome 9 (jii); chromosome
doses for chromosome of interest e.gghromosome 21, are determined as a ratio of the sequence tag

density of chromosome 21 and thegfSequence tag density for two segment of one another chromosome
e.g. two segments of chromosggfie 9 (iv); and chromosome doses for chromosome of interest e.g.
chromosome 21, are determyfled as a ratio of the sequence tag density of chromosome 21 and the

sequence tag density for vo segments of two different chromosomes ¢.g. a segment of chromosome 9

quence composed of a single segment of a chromosome, (ii) the ratio of the number of tags for a

segment of interest and the number of tags for a normalizing segment sequence composed of two or
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more segments of one chromosome, or (iii) the ratio of the number of tags for a segment of interest
and the number of tags for a normalizing segment sequence composed of two or more segments of

two or more different chromosomes.

samples, and a normalizing chromosome sequence is identified in step 145. Similarly, segmghit doses
for one or more segments of interest are determined in all qualified samples, and a normayfzing
segment sequence is identified in step 145.

Tdentification of normalizing sequences from qualified sequence doses

In step 145, a normalizing sequence is identified for a sequence of intergft as the sequence
based on the calculated sequence doses i.e. that results in the smallest variabijfty in sequence dose for
the sequence of interest across all qualified samples. The method identifigh sequences that inherently
have similar characteristics and that are prone to similar variations amgffg samples and sequencing
runs, and which are useful for determining sequence doses in test safiples.

Normalizing sequences for one or more sequences of intgfest can be identified in a set of
qualified samples, and the sequences that are identified in thegfualified samples are used subsequently
to calculate sequence doses for one or more sequences of ipfferest in each of the test samples (step
150) to determine the presence or absence of aneuploidyfin each of the test samples. The normalizing
sequence identified for chromosomes or segments offfnterest may differ when different sequencing
platforms are used and/or when differences exist # the purification of the nucleic acid that is to be
sequenced and/or preparation of the sequenciggd library. The use of normalizing sequences according
to the method of the invention provides spgffific and sensitive measure of a variation in copy pumber
of a chromosome or segment thereof irrgfpective of sample preparation and/or sequencing platform
that is used.

In some embodiments, ryfre than one normalizing sequence is identified i.e. different
normalizing sequences can be getermined for one sequence of interest, and multiple sequence doses
can be determined for one gffuence of interest. For example, the variation e.g. coefficient of
variation, in chromosomyfdose for chromosome of interest 21 is least when the sequence tag density
of chromosome 14 isglsed. However, two, three, four, five, six, seven, eight or more normalizing

sequences can be jflentified for use in determining a sequence dose for a sequence of interest in a test

chyfmosome sequence for a chromosome of interest, the normalizing chromosome sequence will be a
romosome that results in chromosome doses for the chromosome of interest that has the smallest

variability across all samples tested e.g. qualified samples.
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Normalizing chromosome sequence as a normalizing sequence for chromosome(s)

It other embodiments, a normalizing chromosome sequence can be a single sequence or it ca
be a group of sequences. For example, in some embodiments, a normalizing sequence is a group of]
sequences e.g. a group of chromosomes, that is identified as the normalizing sequence for any

more of chromosomes 1-22, X and Y. The group of chromosomes that compose the normali

samples. Preferably, individual and groups of chromosomes are tested ghgether for their ability to best
mimic the behavior of the sequence of interest for which they are chyfSen as normalizing chromosome
sequences,

In one embodiment, the normalizing sequence for chyfmosome 21 is selected from

chromosome 9, chromosome 1, chromosome 2, chromosogl€ 3, chromosome 4, chromosome 5,

chromosome 6, chromosome 7, chromosome 8, chromogOme 10, chromosome 11, chromosome 12,
chromosome 13, chromesome 14, chromosome 15, gfromosome 16, and chromosome 17. In another
embodiment, the normalizing sequence for chromyfsome 21 is selected from chromosome 9,
chromosome 1, chromosome 2, chromosome WY, chromosome 12, and chromosome 14.
Alternatively, the normalizing sequence fogfhromosome 21 is a group of chromosomes selected from
chromosome 9, chromosome 1, chromog#me 2, chromosome 3, chromosome 4, chromosome 5,
chromosome 6, chromosome 7, chroglosome 8, chromosome 10, chromosome 11, chromosome 12,
chromosome 13, chromosome 14 ghromoseme 15, chromosome 16, and chromosome 17. In another
embodiment, the group of chrggfiosomes is a group selected from chromosome 9, chromosome 1,
chromosome 2, chromosomyf’11, chromosome 12, and chromosome 14.
In some embodigfents the method is further improved by using a normalizing sequence that is

determined by systemyflic caleulation of all chromosome doses using each chromosome individually

mples (see Example 7). Accordingly, in one embodiment, the systematically calculated normalizing

chremosome sequence for chromosome 21 is a group of chromosomes consisting of chromosome 4,
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chromosome 14, chromosome 16, chromosome 20,-and chromosome 22. Single or groups of
chromosomes can be determined for all chromosomes in the genome.
In one embodiment, the normalizing sequence for chromosome 18 is selected chromosom

chromosome 2, chromosome 3, chromosome 4, chromosome 5, chromosome 6, chromosome 7,

chromosome 7, chromasome 9, chromosome 10, chromosome 11, chromosogg€ 12, chromosome 13,

and chromosome 14. Preferably, the group of chromosomes is a group sejfCted from chromosome 8,
chromosome 2, chromosome 3, chromosome 5, chromosome 6, chromgfome 12, and chromosome 14.
In another embodiment, the normalizing sequence for chrorgbsome 18 is determined by
systematic calculation of all possible chromosome doses using egfh possible normalizing
chromosome individually and all possible combinations of ngyfnalizing chromosomes (as explained
elsewhere herein). Accordingly, in one embodiment, the ngfrmalizing sequence for chromosome 18 is
a normalizing chromosome consisting of the group of cjffomosomes consisting of chromosome 2,
chromosome 3, chromosome 5, and chromosome 7.
In one embodiment, the normalizing seqyfnce for chromosome X is selected from
chromosome 1, chromosome 2, chromosome 3 chromosome 4, chromosome 5, chromasome 6,
chromosome 7, chromosome 8, chromosorg€ 9, chromosome 10, chromosome 11, chromosome 12,
chromosome 13, chromosome 14, chromgbsome 15, and chromosome 16. Preferably, the normalizing
sequence for chromosome X is selecyfd from chromosome 2, chromosome 3, chromosome 4,
chromosome 5, chromosome 6 angfchromosome 8. Alternatively, the normalizing sequence for
chromosome X is a group of chfomosomes selected from chromosome 1, chromosome 2,
chromosome 3, chromosomyf4, chromosome 5, chromosome 6, chromosome 7, chromosome 8,
chromosome 9, chromoggfne 10, chromosome 11, chromosome 12, chromosome 13, chromosome 14,
chromosome 15, and ghiromosome 16. Preferably, the group of chromosomes is a group selected from

chromosome 2, chyfmosome 3, chromosome 4, chromosome 5, chromosome 6, and chromosome 8.

nogfalizing chromosome consisting of the group of chromosome 4 and chromosome 8.
In one embodiment, the normalizing sequence for chromosome 13 is a chromosome selected

from chromosome 2, chromosome 3, chromosome 4, chromosome 5, chromosome 6, chromosome 7,
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chromosome 8, chromoseme 9, chromosome 10, chromosome 11, chromosome 12, chromosome 14,
chromosome 18, and chromosome 21. Preferably, the normalizing sequence for chromosome 13 isa
chromosome selected from chromosome 2, chromosome 3, chromosome 4, chromoscme 3,
chromosome 6, and chromosome 8. In another embodiment, the normalizing sequence for
chromosome 13 is a group of chromosomes selected from chromosome 2, chromosome 3,

chromosome 4, chromosome 35, chromosome 6, chromosome 7, chromosome 8, chromos

chromosome individually and all possible combinations of normalizingfhromosomes (as explained

elsewhere herein). Accordingly, in one embodiment, the normaliziggfsequence for chromosome 13 is
a normalizing chromosome comprising the group of chromosomyf4 and chromosome 5. In another
embodiment, the normalizing sequence for chromosome 13 ig# normalizing chromosome consisting
of the group of chromosome 4 and chromosome 5.

The variation in chromosome dose for chromogfme Y is greater than 30 independently of
which normalizing chromosome is used in determinjffg the chromosome Y dose. Therefore, any one
chromosome, or a group of two or more chromoggfines selected from chromosomes 1-22 and
chromosome X can be used as the normalizingfsequence for chromosome Y. In one embodiment, the
at least one normalizing chromosome is a gfoup of chromosomes consisting of chromosomes 1-22,
and chromosome X. In another embodjfient, the group of chromosomes consists of chromosome 2,
chromosome 3, chromosome 4, chropflosome 5, and chromosome 6.

In another embodiment, € normalizing sequence for chromosome Y is determined by
systematic calculation of all pgfsible chromosome doses using each possible normalizing
chromosome individually all possible combinations of normalizing chromosomes (as explained
elsewhere herein). Accoyfiingly, in one embodiment, the normalizing sequence for chromosome Y is a
normalizing chromoggme comprising the group of chromosomes consisting of chromosome 4 and
chromosome 6. nother embodiment, the normalizing sequence for chromosome Y is a

normalizing chpbmosome consisting of the group of chromosomes consisting of chromosome 4 and

.g. a normalizing chromosome (one or a group} for chromosome of interest A can be the same or it
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can be different from the normalizing sequence ¢.g. a normalizing chromosome (one or a group) for
chromosome of interest B.

The normalizing sequence for a complete chromosome may be a complete chromosome or
group of complete chromosomes, or it may be a segment of a chromosome, or a group of segmefls of
one or more chromosomes.

Normalizing segment sequence as a normalizing seguence for chromosome(s)

In another embodiment, the normalizing sequence for a chromoesome can be a g0rmalizing
segment sequence. The normalizing segment sequence can be a single segment or Jfcan be a group of
segments of one chromosome, or they can be segments from two or more differgft chromosomes. A
normalizing segment sequence can be determined by systematic calculation gfall combinations of
segment sequences in the genome. For example, a normalizing segment sgfiuence for chromosome 21
can be a single segment that is bigger or smaller than the size of chromghome 2, which is
approximately 47Mbp (million base pairs) from chromosome 9, whigh is approximately 140 Mbp.
Alternatively, a normalizing sequence for chromosome 21 can b combination of a sequence form
chromosome 1, and a sequence from chromosome 12.

In one embodiment, the normalizing sequence for ghromosome 21 is a normalizing segment
sequence of one segment or of a group of two or more gfzments of chromosomes 1-20, 22, X, and Y.
In another embodiment, the normalizing sequence fgfchromosome 18 is a segment or groups
segments of chromosomes 1-17, 19-22, X, and Y In another embodiment, the normalizing sequence
for chromosome 13 is a segment or groups of g€gments of chromosomes 1512, 14-22, X, and Y. In
another embodiment, the normalizing sequgfice for chromosome X is a segment or groups segments
of chromosomes 1-22, and Y. In anothgfembodiment, the normalizing sequence for chromosome Y
is a segment or group of segments offhromosomes 1522, and X. Normalizing segment sequences of
single or groups of segments can B determined for all chromosomes in the genome. The two or more
segments of a noermalizing seggfent sequence can be segments from one chromosome, or the two or
more segments can be segmnts of two or more different chromosomes. As described for normalizing
chromosome sequences, #normalizing segment sequence can be the same for two or more different
chromosomes,

Normalizing segryht sequence as a normalizing sequence for chromosome segment(s

The prgfence or absence of CNV of a sequence of interest can be determined when the
sequence of fliterest is a segment of a chromosome. Variation in the copy number of a chromosome
segment gllows for determining the presence or absence of a partial chromosomal aneuploidy.
Descrged below are examples of partial chromosomal aneuploidies that are associated with various
fetgh abnormalities and disease conditions. The segment of the chromosome can be of any length.

or example, it can range from a kilobase to hundreds of megabases. The human genome occupies

just over 3 billion DNA bases, which can be divided into tens, thousands, hundreds of thousands and
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millions of segments of different sizes of which the copy number can be determined according to the
present method. The normalizing sequence for a segment of a chromosome is a normalizing segment
sequence, which can be a single segment [Tom any one of the chromosomes 1-22, X and Y, oritc

be a group of segments from any one or moere of chromosomes 1-22, X, and Y.

chromosomes and across samples that is closest to that of the segment of interest. Determghation of a
normalizing sequence can be performed as described for determining the normalizing gfquence for a
chromosome of interest when the normalizing sequence is a group of segments of gy one or more of
chromosomes 1-22, X and Y. A normalizing segment sequence of one or a groyf of segments can be
identified by calculating segment doses using one, and all possible combinatighs of two or more
segments as normalizing sequences for the segment of interest in each sargfle of a set of qualified
samples i.e. samples known to be diploid for the segment of interest, ag#l the normalizing sequence is
determined as that providing a ssgment dose having the lowest varighility for the segment of interest
across all qualified samples, as is described above for normalizing chromosome sequences.

For example, for a segment of interest that is IMb {myfzabase), the remaining 3 million
segments (minus the 1 mg segment of interest) of the apprgimately 3Gb human genome can be used
individually or in combination with each other to caleulfle segment doses for a segment of interest in
a qualified set of sample to determine which one or gfoup of segments would serve as the normalizing
segment sequence for qualified and test samples. #Segments of interest can vary from about 1000
bases to tens of megabases. Normalizing segggnt sequences can be composed of one or more
segments of the same size as that of the segifence of interest. In other embodiment, the normalizing
segment sequence can be composed of gfements that differ from that of the sequence of interest,
and/or from each other. For examplgffa normalizing segment sequence for a 10,0000 base long
sequence can be 20,000 bases longf and comprise a combination of sequences of different lengths e. g.
a 7,000+8,00045,000 bases. is described elsewhere herein for nermalizing chromosome
sequences, normalizing segfient sequences can be determined by systematic calculation of ail
possible chromosome or segment doses using each possible normalizing chromosome segment
individually and all pgfsible combinations of normalizing segments (as explaired elsewhere herein).

Single or groups gfsegments can be determined for all segments and/or chromosomes in the genome.
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Determination of aneuploidies in test samples
Based on the identification of the normalizing sequence(s) in qualified samples, a sequence
dose is determined for a sequence of interest in a test sample comprising a mixture of nucleic acids

derived from genomes that differ in one or more sequences of interest.

that contains a mixture of fetal and maternal cfDNA molecules.

In step 125, at least a portion of the test nucleic acids in the test sampg€ is sequenced as
described for the qualified samples to generate millions of sequence readslg. 36bp reads. As in step
120, the reads generated from sequencing the nucleic acids in the test sgfple are uniquely mapped to
a reference genome. As described in step 120, at least about 3 x 10%fualified sequence tags, at least
about 5 x 10° qualified sequence tags, at least about 8 x 10° qualif€d sequence tags, at least about 10 x
10° qualified sequence tags, at Jeast about 15 x 10° qualified sgffuence tags, at least about 20 x 10°
qualified sequence tags, at least about 30 x 10° qualified segflience tags, at least about 40 x 10°
qualified sequence tags, or at least about 50 x 10° qualigfed sequence tags comprising between 20 and
40bp reads are obtained from reads that map uniquelfto a reference genome.

In step 135, all the tags obtained from segflencing the nucleic acids in the test samples are
counted to determine a test sequence tag densigf. In one embodiment, the number of test sequence
tags mapped to a sequence of interest is nogfMalized to the known length of a sequence of interest to
which they are mapped to provide a testgequence tag density ratio. As described for the qualified
samples, normalization to the known€ngth of a sequence of interest is not required, and may be
included as a step to reduce the nyffiber of digits in a number to simplify it for human interpretation.
As all the mapped test sequencgfiags are counted in the test sample, the sequence tag density fora
sequence of interest e.g. a cjhically-relevant sequence, in the test samples is determined, as are the

sequence tag densities fgyfadditional sequences that correspond to at least one normalizing sequence

e test sample corresponds to the normalizing sequence identified in the qualified samples for the

particular sequence of interest. For example, if the normalizing sequence identified for chromosome
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21 in the qualified samples is determined to be a chromosome e.g. chromosome 14, then the test
sequence dose for chromosome 21 (sequence of interest) is determined as the ratio of the sequence tag
density for chromosome 21 in and the sequence tag density for chromosome 14 each determined i
the test sample. Similarly, chromosome doses for chromosomes 13, 18, X, Y, and other chromgffomes
5  associated with chromosomal aneuploidies are determined. A normalizing sequence for a
chromosome of interest can be one or a group of chromosomes, or one or a group of chrogfosome
segments. As described previously, a sequence of interest can be part of a chromosomyfe.g. a
chromosome segment. Accordingly, the dose for a chromosome segment can be dgfrmined as the
ratio of the sequence tag density determined for the segment in the test sample aghl the sequence tag
10 density for the normalizing chromosome segment in the test sample, whereingfie normalizing segment
in the test sample corresponds to the normalizing segment (single or a grogh of segments) identified
in the qualified samples for the particular segment of interest. Chromogbme segments can range from
kilobases (kb) to megabases (Mb) in size.
In step 155, threshold values are derived from standard ¢fviation values established for
15  qualified sequence doses determined in a plurality of qualifiegfSamples and sequence doses
determined for samples known to be aneuploid for a sequegfe of interest. Accurate classification
depends on the differences between probability distribyyfons for the different classes i.e. type of
aneuploidy. Preferably, thresholds are chosen from ghnpirical distribution for each {ype of aneuploidy
e.g. trisomy 21. Possible threshold values that wigfe established for classifying trisomy 13, trisomy
20 18, trisomy 21, and monosomy X ancuploidiegfas described in the Examples, which describe the use
of the method for determining chromosomgfaneuploidies by sequencing cfDNA extracted from a
maternal sample comprising a mixture gffetal and matemal nucleic acids. The threshold value that is
determined to distinguish samples af§fcted for an aneuploidy of a chromosome can be the same or can
be different from the threshold thgffis determined to distinguish samples affected for a different
25  aneuploidy. Asis shown in thgfExamples, the threshold value for each chromosome of interest is
determined from the variabjfty in the dose of the chromosome of interest across samples and
sequencing runs. The leg€ variable the chromosome dose for any chromosome of interest, the
narrower the spread jpfthe dose for the chromosome of interest across all the unaffected samples,
which are used to g€t the threshold for determining different aneuploidies.
30 In step 60, the copy number variation of the sequence of interest is determined in the test
sample by paring the test sequence dose for the sequence of interest to at least one threshold value
establishgll from the qualified sequence doses.
In step 165, the calculated dose for a test sequence of interest is compared to that set as the
thgfhold values that are chosen according to a user-defined threshold of reliability to classify the
ample as a “normal” an “affected” or a “no call”. The “no call” samples are samples for which a

definitive diagnosis cannot be made with reliabilily.
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Another embodiment of the invention provides a method for providing prenatal diagnosis of a
fetal chromosomal aneuploidy in a biological sample comprising fetal and maternal nucleic acid

molecules. The diagnosis is made based on obtaining sequence information sequencing at least a

chromosome dose for the chromosome of interest and/or the segment dose for the gfgment of interest,
respectively, in the test sample and a threshold value established in a plurality offfjualified (normal)
samples, and providing the prenatal diagnosis based on the statistical differepffe. As described in step
165 of the method, a diagnosis of normal or affected is made. A “no call’f#5s provided in the event that
the diagnosis for normal or affected cannot be made with confidence.

Samples

Samples that are used for determining a CNV e.g. chromyfsomal and partial aneuploidies,
comprise nucleic acids that are present in cells or that are “ce[Jffree”. In some embodiments of the
invention it is advantageous to obtain cell-free nucleic acigffe.g. cell-free DNA. (cfDNA). Cell-free
nucleic acids, including cell-free DNA, can be obtainedgby various methods known in the art from
biological samples including but not limited to plasgyf and serum (Chen er al,, Nature Med. 2: 1033-
1035 [1996]; Lo er al.,, Lancet 350: 485-487 [1997]). To separate cell-free DNA from cells,
fracticnation, centrifugation (e.g., density gragfent centrifugation), DNA-specific precipitation, or
high-throughput cell sorting and/or separaty#n methods can be used.

The sample comprising the mixjfre of nucleic acids to which the methods described herein
are applied is a biological sample suglf as a tissue sample, a biological fluid sample, or a cell sample.
In some embodiments, the mixtuggfof nucleic acids is purified or isolated from the biological sample
by any one of the known methglls. A sample can consist of purified or isolated polynucleotide, or it
can comprise a biological sgfnple such as a tissue sample, a biclogical fluid sample, or a cell sample.
A biological fluid includgs, as non-limiting examples, blood, plasma, serum, sweat, lears, sputum,
urine, sputum, ear flggf, lymph, saliva, cerebrospinal flnid, ravages, bone marrow suspension, vaginal
flow, transcervicalffavage, brain fluid, ascites, milk, secretions of the respiratory, intestinal and
genitourinary tgfcts, amniotic fluid and leukophoresis samples. In some embodiments, the sample is a
sample that j#f easily obtainable by non-invasive procedures e.g. blood, plasma, serum, sweat, tears,
sputum, yfine, sputum, ear flow, saliva or feces. Preferably, the biclogical sample is a peripheral
bloodfample, or the plasma and serum fractions. In other embodiments, the biological sample is a
swglb or smear, a biopsy specimen, or a cell culture. In another embodiment, the sample is a mixture

two or more biological samples e.g. a biological sample can comprise two or more of a biological

fluid sample, a lissue sample, and a cell culture sample. As used herein, the terms "blood," "plasma”
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and "serum” expressly encornpass fractions or processed portions thereof. Similarly, where a sample
is taken from a biopsy, swab, smear, efc., the "sample" expressly encompasses a processed fraction or,
portion derived from the biopsy, swab, smear, efc.

In some embodiments, samples can be obtained from sources, incleding, but not limite
samples from different individuals, different developmental stages of the same or different

individuals, different diseased individuals {(e.g., individuals with cancer or suspected of hg#fing a

predisposition to a pathology, or individuals with exposure to an infectious djpase agent (e.g., HIV).

In one embodiment, the sample is a maternal sample that is obtaingfi from a pregnant female,
for example a pregnant woman. In this instance, the sample can be anglfzed using the methods
described herein to provide a prenatal diagnosis of potential chromgg®mal abnormalities in the fetus.
The maternal sample can be a tissue sample, a biological fluid sayfiple, or a cell sample. A biological
fluid includes, as non-limiting examples, blood, plasma, serungf sweat, tears, sputum, urine, sputum,
ear flow, lymph, saliva, cerebrospinal fluid, ravages, bone gflarrow suspension, vaginal flow,
transcervical lavage, brain flnid, ascites, milk, secretiongfof the respiratory, intestinal and
genijtourinary tracts, and leukophoresis samples. In gfiother embodiment, the maternal sample is a
mixture of two or more biological samples e.g. a jflological sample can comprise two or more of a
biological fluid sample, a tissue sample, and agfell culture sample. In some embodiments, the sample
is a sample that is easily obtainable by nongfivasive procedures ¢.g. blood, plasma, serum, sweat,
tears, sputum, urine, sputum, ear flow, ggffiva and feces. In some embodiments, the biological sample
is a peripheral blood sample, or the pjfisma and serum fractions. In other embodiments, the
biological sample is a swab or smgir, a biopsy specimen, or a cell culture. As disclosed above, the
terms "blood," "plasma” and "gffum” expressly encompass fractions or processed portions thereof.
Similarly, where a sample igflaken from a biopsy, swab, smear, etc., the "sample” expressly
encompasses a processegfiraction or portion derived from the biopsy, swab, smear, etc.

Samples can gfso be obtained from in vitro cultured tissves, cells, or other polynucleotide-
containing sourcegfThe cultured samples can be taken from sources including, but not limited to,
cultures (e.g., tifSue or cells) maintained in different media and conditions {(e.g., pH, pressure, or
temperaturelf cultures (e.g., tissue or cells) maintained for different periods of length, cultures (e.g.,
tissue orgllls) treated with different factors or reagents (e.g., a drug candidate, or a modulator), or
culturgh of different types of tissue or ceils,

Mgfods of isolating nucleic acids from biological sources are well known and will differ depending
pon the nature of the source. One of skill in the art can readily isolate nucleic acid from a source as

needed for the method described herein. In some instances, it can be advantageous to fragment the
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nucleic acid molecules in the nucleic acid sample. Fragmentation can be random, or it can be specific,
as achieved, for example, using restriction endonuclease digestion. Methods for random
fragmentation are well known in the art, and include, for example, limited DNAse digestion, alkali
treatment and physical shearing. In one embodiment, sample nucleic acids are obtained from a
cfDNA, which is not subjected to fragmentation. In other embodiments, the sample nucleic
obtained as genomic DNA, which is subjected to fragmentation into fragments of approxipffately 500
or more base pairs, and to which NGS methods can be readily applied.
Determination of CNV for prenatal diagnoses

Cell-free fetal DNA and RNA circulating in maternal blood can be used #Or the early non-
invasive prenatal diagnosis (NIPD) of an increasing number of genetic condighns, both for pregnancy
management and to aid reproductive decision-making. The presence of cgff~free DNA circulating in
the bloodstream has been known for over 50 years. More recently, pregfnce of small amounts of
circulating fetal DNA was discovered in the maternal bloodstream
350:485-487 [1997]). Thoughtto originate from dying placent

has been shown to consists of short fragments typically fewer,

ing pregnancy (Lo et al., Lancet
ells, cell-free fetal DNA. (cfDNA)
an 200 bp in length Chan et al., Clin
Chem 50:88-92 [2004]), which can be discerned as early gf4 weeks gestation (Illanes ef al,, Early
Human Dev 83:563-566 [2007]), and known to be cle from the maternal circulation within hours
of delivery (Lo et al, Am J Hum Genet 64:218-224 #1999]). In addition to cfDNA, fragments of
cell-free fetal RNA (cfRNA) can also be discern

genes that are transcribed in the fetus or place

1n the maternal bloodstream, originating from
. The extraction and subsequent analysis of these
fetal genetic elements from a maternal blogf sample offers novel opportunities for NIPD.

The present method is a polymggbhism-independent method that for use in NIPD and that
does not require that the fetal cfDNAbe distingnished from the maternal cfDNA to enable the
determination of a fetal aneuploidyf In some embodiments, the aneuploidy is a complete
chromosomal trisomy or monggbmy, or a partial trisomy or monosomy. Partial aneuploidies are
caused by loss or gain of pagf of a chromosome, and encompass chromosomal imbalances resulting
from unbalanced translogftions, unbalanced inversions, deletions and insertions. By far, the most

common known aneyfloidy compatible with life is trisomy 21 i.e. Down Syndrome (DS), which is

w months of life. Abnormalities associated with the number of sex chromosomes are also known

and include monosomy X e.g. Turner syndrome (XO), and triple X syndrome (XXX) in female births
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and Kleinefelter syndrome (XX Y} and XYY syndrome in male births, which are all associated with
various phenotypes including sterility and reduction in intellectual skills. The method of the inventio
can be used to diagnose these and other chromosomal abnormalities prenatally.

According to some embodiments of the present invention the trisomy determined by th

the XXY (Kleinefelter Syndrome), XYY, or XXX trisomies. It will be appreciated #fiat various other
complete trisomies and partial trisomies can be determined in fetal cfDNA accogfing to the teachings
of the present invention. Examples of partial trisomies include, but are not ligfited to, partial trisomy
1932-44, trisomy 9 p with trisomy, trisomy 4 mosaicism, trisomy 17p, pagfl trisomy 4¢26-qter,
trisomy 9, partial 2p trisomy, partial trisomy 1q, and/or partial trisomy gh/moncsomy 6q.

The method of the present invention can be also used to detgfmine chromosomal monosomy
X, and partial monosomies such as, monosomy 13, monosomy 13 monosomy 16, monosomy 21, and
monosomy 22, which are known to be involved in pregnancy giiscarriage. Partial monosomy of
chromosomes typically involved in complete aneuploidy cghl also be determined by the method of the
invention. Monosomy 18p is a rare chromosomal disorgfr in which all or part of the short arm (p) of
chromosome 18 is deleted (monosomic). The disordgf is typically characterized by short stature,
variable degrees of mental retardation, speech delffys, malformations of the skull and factal
{craniofacial) region, and/or additional physicgfabnormalities. Associated craniofacial defects may
vary greatly in range and severity from casgflo case. Conditions caused by changes in the structure or
number of copies of chromosome 15 ingfide Angelman Syndrome and Prader-Willi Syndrome, which
involve a loss of gene activity in the gflme part of chromosome 15, the 15q11-q13 region. It will be
appreciated that several translocagns and micredeletions can be asymptomatic in the carrier parent,
yet can cause a major genetic gfease in the offspring. For example, a healthy mother who carries the
15q11-q13 microdeletion cgff give birth to a child with Angelman syndrome, a severe
neurodegenerative disorgfr, Thus, the present invention can be used to identify such a partial deletion
and other deletions ingfhe fetus. Partial monosomy 13q is a rare chromosomal disorder that results
when a piece of thiflong arm (q) of chromosome 13 is missing (monosomic). Infants born with
partial monoscyfly 13q may exhibit low birth weight, malformations of the head and face (craniofacial

region), skelfial abnormalities (especially of the hands and feet), and other physical abnormalities.

ndrome caused by the deletion of a small piece of chromosome 22. The deletion (22 q11.2) occurs

near the middle of the chromosome on the long arm of one of the pair of chromosome. The features
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of this syndrome vary widely, even among members of the same family, and affect many parts of the
body. Characteristic signs and symptoms may include birth defects such as congenital heart disease,
defects in the palate, most commonly related to neuromuscular problems with closure (velo-
pharyngeal insufficiency), learning disabilities, mild differences in facial features, and recurren
infections. Microdeletions in chromosomal region 22¢11.2 are associated with a 20 to 30-fg

increased risk of schizophrenia. In one embodiment, the method of the invention is used y# determine

determined using the method.

The method of the invention can be also used to determine any aneupbidy if one of the
parents is a known carrier of such abnormality. These include, but not limfed to, mosaic for a small
supernumerary marker chromosome (SMC); t(11;14)(p15;p13) translogfftion; unbalanced
translocation t(8;11)(p23.2;p15.5); 11423 microdeletion; Smith-Magfnis syndrome 17p11.2 deletion;
22q13.3 delelion; Xp22.3 microdeletion; 10p14 deletion; 20p migfodeletion, DiGeorge syndrome
[del(22)(q11.2q11.23)], Williams syndrome (7q11.23 and 7q3# deletions}); 1p36 deletion; 2p
microdeletion; neurofibromatosis type 1 (17q11.2 microdgyftion), Yq deletion ; Wolf-Hirschhorn
syndrome (WHS, 4p16.3 microdeletion); 1p36.2 microgfietion; 11g14 deletion; 19qi3.2
microdeletion; Rubinstein-Taybi (16 p13.3 microdelflion); 7p21 microdeletion; Miller-Dieker
syndrome (17p13.3), 17p11.2 deletion; and 2937 ghicrodeletion.

Determination of Complete Fetal Chromosgial Aneuploidies

In one embodiment, the present inyfntion provides a method for determining the presence or
absence of any one or more different copfplete fetal chromosomal aneuploidies in a maternal test
sample comprising fetal and materna}fhucleic acid molecules. Preferably, the method determines the
presence or absence of any four ogfmore different complete chromosomal aneuploidies. The steps of
the method comprise (2) obtaigfig sequence information for the fetal and maternal nucleic acids in the
maternal test sample; and (Bffusing the sequence information to identify a number of sequence tags
for each of any one or mgfe chromosomes of interest selected from chromosomes 1-22, X and Y and
to identify a number gf sequence tags for a normalizing chromosome sequence for each of the any one
or more chromosgpfies of interest. The normalizing chromosome sequence can be a single
chromosome, gffit can be a group of chromosomes selected from chromosomes 1-22, X, and Y. The

method furtyfr uses in step (¢) the number of sequence tags identified for each of the any one or more

chyfmosomes of interest; and (d) compares each of the single chromosome doses for each of the any

ne or more chromosomes of inlerest to a threshold value for each of the one or more chromosomes
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of interest, thereby determining the presence or absence of any one or more complete different fetal
chromosomal aneuploidies in the maternal test sample.

In some embodiments, step {c) comprises calculating a single chromosome dose for each
chromosomes of interest as the ratio of the number of sequence tags identified for each of the
chromosomes of interest and the number of sequence tags identified for the normalizing chrgfiosome
for each of the chromosomes of interest.

In other embodiments, step (¢) comprises calculating a single chromosome dogf for each of
the chromosomes of interest as the ratio of the number of sequence tags identified fg each of the
chromosomes of interest and the number of sequence tags identificd for the norrghlizing chromosome
for each of the chromosomes of interest. In other embodiments, step (¢} comyfises calculating a
sequence tag ratio for a chromosome of interest by relating the number of gfquence tags obtained for
the chromosome of interest to the length of the chromosome of interesigfnd relating the number of
tags for the corresponding normalizing chromosome sequence for thf chromosome of interest to the
length of the normalizing chromosome sequence, and calculating chromosome dose for the
chromosome of interest as a ratio of the sequence tags densityf the chromosome of interest and the
sequence tag density for the normalizing sequence. The cgl€ulation is repeated for each of all
chromosomes of interest. Steps (a)-(d) can be repeated JOr test samples from different maternal
subjects.

An example of the embodiment wherebyOur or more complete fetal chromosomal
ancuploidies are determined in 2 maternal testgample comprising a mixture of fetal and maternal cell-
free DNA molecules, comprises: (a) sequegfing at least a portion of cell-free DNA molecules to
obtain sequence information for the fetgdfind maternal cell-free DNA molecules in the test sample; (b)
using the sequence information to id tify a number of sequence tags for each of any twenty or more
chromosomes of interest selected jom chromosomes 1-22, X, and Y and to identify a number of
sequence tags for a normalizingfchromosome for each of the twenty or more chromosomes of interest;
(c) using the number of seqyfnce tags identified for each of the twenty or more chromosomes of
interest and the number gl sequence tags identified for each the normalizing chromosome to calculate
a single chromosomegfose for each of the twenty or more chromoscmes of interest; and (d) comparing
each of the single ghiromosome doses for each of the twenty or more chromosomes of interest to a
threshold valuegfor each of the twenty or more chromosomes of interest, and thereby determining the

presence or ghsence of any twenty or more different complete fetal chromosomal aneuploidies in the

In another embodiment, the method for determining the presence or absence of any one or
mofk different complete fetal chromosomal aneuploidies in a maternal test sample as described above
ses a normalizing segment sequence for determining the dose of the chromosome of interest. In this

instance, the method comprises (a)obtaining sequence information for said fetal and maternal nucleic
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acids in said sample; (b) using said sequence information to identify a number of sequence tags for
each of any one or more chromosomes of interest selected from chromosomes 1-22, X and Y and to
identify a number of sequence tags for a normalizing segment sequence for each of said any one or

more chromosomes of interest. The normalizing segment sequence can be a single segment of

interest; and (d) comparing each of said single chromosome doses for each of sajf any one or more

chromosomes of interest to a threshold value for each of said one or more ¢ osomes of interest,
and thereby determining the presence or absence of one or more different gbmplete fetal chromosomal
aneuploidies in said sample.

In some embodiments, step (c) comprises calculating a singlff chromosome dose for each of
said chromosomes of interest as the ratio of the number of sequepfe tags identified for each of said
chromosomes of interest and the number of sequence tags idegfified for said normalizing segment
sequence for each of said chromosomes of interest.

In other embodiments, step {c) comprises calculfling a sequence lag ratio for a chromosome

of interest by relating the number of sequence tags opfained for the chromosome of interest to the
length of the chromosome of interest, and relatingfhe number of tags for the corresponding

normalizing segment sequence for the chromogbme of interest to the length of the normalizing
segment sequence, and calculating a chromgfome dose for the chromosome of interest as a ratio of the
sequence tags density of the chromosomyffof interest and the sequence tag density for the normalizing
segment sequence. The calculation igffepeated for each of all chromosomes of interest. Steps (a)-(d)

can be repeated for test samples figfm different maternal subjects,

In some embodiments, the presence or absence of at least one complete fetal chromosomal
angfiploidy is determined. In other embodiments, the presence or absence of at least two, at least
ree, at least four, at least five, at least six, at least seven, at least eight, at least nine, at least ten, at

least eleven, at least twelve, at least thirteen, at least fourteen, at least fifteen, at least sixteen, al least
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seventeen, at least eighteen, at least nineteen, at least twenty, at least twenty-one, at least twenty-two,
at least twenty-three, or twenty-four complete fetal chromosomal aneuploidies are determined in a

sample, wherein twenty-two of the complete fetal chromosomal aneuploidies correspond to compl

fetal chromosomal ancuploidies that are determined is related to the number gff chromosomes of

intcrest that are selected for analysis.
In one embodiment, determining the presence or absence of anyfone or more different
complete fetal chromosomal aneuploidies in a maternal test sample g€ described above uses a
normalizing segment sequence for one chromosome of interest, yhich is selected from chromosomes
1-22, X, and Y. In other embodiments, two or more chromosgfhes of interest are selected from any
12, 13, 14, 15, 16,17, 18, 19, 20, 21, 22,

es of interest are selected from

two or more of chromosomes 1,2,3,4,5,6,7,8,9, 10,1
X, or Y. In one embodiment, any one or more chromos
chromosomes 1-22, X, and Y comprise at least twengf chromosomes selected from chromosomes 1-
22, X, and Y, and wherein the presence or absencgfof at least twenty different complete fetal
chromosomal aneuploidies is determined. In gffier embodiments, any one or more chromosomes of
interest selected from chromosomes 1-22, 3 and Y is all of chromosomes 1-22, X, and Y, and
wherein the presence or absence of comgffete fetal chromosomal anevploidies of all of chromosomes
122, X, and Y is determined. Compjfte different fetal chromosomal aneuploidies that can be
determined include complete chrgfhosomal trisomies, complete chromosomal monosomies and
complete chromosomal polysogfies. Examples of complete fetal chromosomal aneuploidies include
without limitation trisomiesff any one or more of the autosomes e.g. trisomy 2, trisomy 8, trisomy 9,
trisomy 21, trisomy 13,
47.XXY, 47 XXX,

48X XXX, and 48

omy 16, trisomy 18, trisomy 22; trisomies of the sex chromosomes e.g.

47 XYY, tetrasomies of sex chromosomes e.g. 48, XXYY, 48, 23(Y,

YY; pentasomies of sex chromosomes e.g. 49, XXXYY 49, XXXXY,

49, XXXXX, 49fXYYYY; and monosomy X. Other complete fetal chromosomal aneuploidies that
can be detergfined according to the present method are described below.

Determiypfition of Partial Fetal Chromosomal Aneuploidies

In another embodiment, the invention provides a method for determining the presence or

ce of any one or more different partial fetal chromosomal aneuploidies in a maternal test sample
mprising fetal and maternal nucleic acid molecules. The steps of the method comprise (a) obtaining

sequence information for the fetal and maternal nucleic acids in said sample; and (b) using the
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sequence information to identify a number of sequence tags for each of any one or more segments of
any one or more chromosomes of interest selected from chromosomes 1-22, X, and Y and to identify
a number of sequence tags for a normalizing segment sequence for each of said any one or more
segments of any one or more chromosomes of interest. The normalizing segment sequence canjit a
5  single segment of a chromosome or it can be a group of segments form one or more differen
chromosomes. The method further uses in step (c) the number of sequence tags identifiedgfor each of
any one or more segments of any one or more chromosemes of interest and the numbeplOf sequence
tags identified for the normalizing segment sequence to calculate a single segment gfse for each of
any one or more segments of any one or more chromosome of interest; and (d) cgfnparing each of the
10 single chromosome doses for each of any one or more segments of any one ogfinore chromosomes of
interest to a threshold value for each of said any one or more chromosoma)fegments of any one or
more chromosome of interest, and thereby determining the presence orgbsence of one or more
different partial fetal chromosomal aneuploidies in said sample.
In some embodiments, step (c) comprises calculating a sipfgle segment dose for each of any
15  one or more segments of any one or more chromosomes of ingffest as the ratio of the number of
sequernce tags identified for each of any one or more segmeffis of any one or more chromosomes of
interest and the number of sequence tags identified for tyf€ normalizing segment sequence for each of
any one or more segments of any cne or more chromgfSomes of interest.
In other embodiments, step (c) comprisesgalculating a sequence tag ratio for a segment of
20 interest by relating the number of sequence tagf obtained for the segment of interest o the length of
the segment of interest, and relating the nugfber of tags for the corresponding normalizing segment
sequence for the segment of interest to € length of the normalizing segment sequence, and
calculating a segment dose for the segfhent of interest as a ratio of the sequence tags density of the
segment of interest and the sequenfe tag density for the normalizing segment sequence. The
25  calculation is repeated for eachyff all chromosomes of interest. Steps (a)-(d) can be repeated for test
samples from different matggfal subjects.
A means for corgfaring segment doses of different sample sets is provided by determining a
normalized segment ylflue (NSV), which relates the segment dose in a test sample to the mean of the

of the correspondigh segment dose in a set of qualified samples. The NSV is calculated as:

Xes— s
NSV = ”T#’
)

30  where gf and &y are the estimated mean and standard deviation, respectively, for the j-th segment
dosgfin a set of qualified samples, and x;; is the observed j-th segment dose for test sample i.
In some embodiments, the presence or absence of one partial fetal chromosomal aneuploidy is

determined. In other embodiments, the presence or absence of two, three, four, five, six, seven, eight,
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nine, ten, fifteen, twenty, twenty-five, or more partial fetal chromosomal aneuplodies are determined
in a sample. In one embodiment, one segment of interest selected from any one of chromosomes 1-

22, X, and Y is selected from chromosomes 1-22, X, and Y. In another embodiment, two or more
segments of interest selected from chromosomes 1-22, X, and Y are selected from any two or mgfe of

chromosomes 1,2, 3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16,17, 18, 19, 20, 21, 22, X, or Y#In one

multiplications, partial insertions and partial deletions. Examples of partigjfictal chromosomal

aneuploidies include partial monosomies and partial trisomies of autosggfies. Partial monosomies of
autosomes include partial monosomy of chromosome I, partial mong€omy of chromosome 4, partial
monosomy of chromosome 3, partial monosomy of chromosome Jf, partial monosomy of
chromosome 11, partial monosomy of chromosome 15, partialfnonosomy of chromosome 17, partial
monescmy of chromosome 18, and partial monosomy of cifomosome 22, Other partial fetal
chromosomal aneuploidies that can be determined accogfing to the present method are described
below.

In any one of the embodiments describedgfbove, the test sample is a maternal sample selected
from blood, plasma, serum, urine and saliva sgfiples. In some embodiments, the maternal test sample
is a plasma sample. The nucleic acid molegfles of the maternal sample are a mixture of fetal and
maternal cell-free DNA molecules. S ncing of the nucleic acids can be performed using next
generation sequencing (NGS) as desgffbed elsewhere herein. In some embodiments, sequencing is
massively parallel sequencing usigl sequencing-by-synthesis with reversible dye terminators. In
other embodiments, sequencingfls sequencing-by-ligation. In yet other embodiments, sequencing is
single molecule sequencing #Optionally, an amplification step is performed prior to sequencing.
Determination of CNV #f clinical disorders

In addition toffie early determination of birth defects, the methods described herein can be

DNA #nd tumors are characterized by aneuploidy, or inappropriate numbers of gene sequences or
evgfl entire chromosomes. The determination of a difference in the amount of a given sequence i.e. a
quence of interest, in a sample from an individual can thus be used in the diagnosis of a medical

condition. In some embodiments, the method can be used to determine the presence or absence of a
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chromosomal aneuploidy in a patient suspected or known to be suffering from cancer. The method
can also be applied to determining the presence or absence of the status of a disease; to determining
the presence or absence of nucleic acids of a pathogen e.g. virus; to determining chromosomal
abnormalities associated with graft versus host disease (GVHD), and to determining the contribyfion
of individuals in forensic analyses.

Embodiments of the invention provide for a method to assess copy number variatigh of a

more types of cells. In one embodiment, the mixture of nocleic acids is derivgll from normal and
cancerous cells derived from a subject suffering from a medical condition gfg. cancer.

The development of cancer is often accompanied by an alteratigh in number of whole
chromosomes i.e. complete chromosomal aneuploidy, and/or an alteyftion in the number of segments
of chromosomes i.e. partial aneuploidy, caused by a process knoyfi as chromosome instability (CIN)
(Thoma et al., Swiss Med Weekly 2011:141:w13170). It is bgifeved that many solid tumors, such as
breast cancer, progress from initiation to metastasis throughfthe accumulation of several genetic
aberrations. [Sato ef al., Cancer Res., 50: 7184-7189 [19#0]; Jongsma et al., J Clin Pathol: Mol Path
55:305-309 [20021)]). Such genetic aberrations, as thifyy accumulate, may confer proliferative
advantages, genetic instability and the attendant ajfllity to evolve drug resistance rapidly, and
enhanced angiogenesis, proteolysis and metasighis. The genetic aberrations may affect either recessive
“tumor suppressor genes” or dominantly acghg oncogenes. Deletions and recombination leading to
loss of heterozygosity (LOH) are believgh to play a major role in tumor progression by uncovering
mutated tumor suppressor alleles.

cfDNA has been found ingfie circulation of patients diagnosed with malignancies including
but not limited to lung cancer (Jfathak et al. Clin Chem 52:1833-1842 [2006]), prostate cancer
(Schwartzenbach ef al. Clinglancer Res 15:1032-8 [2009]), and breast cancer (Schwartzenbach et al,
available online at breagfcancer-research.com/content/11/5/R71 [2009]). Tdentification of genomic
instabilities associatedgfvith cancers that can be determined in the circulating ¢cfDNA in cancer
patients is a potengfll diagnostic and prognostic tool. In one embodiment, the method of the invention

assesses CNV gffa sequence of interest in a sample comprising a mixture of nucleie acids derived

cagferous cells. In another embodiment, the biclogical sample that is needed to determine whether a
is present is derived from a mixture of cancerous and non-cancerous cells from other biclogical

flnids including but not limited to serum, sweat, tears, sputum, urine, sputum, ear flow, lymph, saliva,
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cerebrospinal fluid, ravages, bone marrow suspension, vaginal flow, transcervical lavage, brain fluid,
ascites, milk, secretions of the respiratory, intestinal and genitourinary tracts, and leukophoresis

samples, or in tissue biopsies, swabs, or smears. In other embodiments, the biological sampleis a
stool (fecal) sample.

The sequence of interest is a nucleic acid sequence that is known or is suspected to pjfy a role

one or more segments of a chromosome. In yet other embodiments, thgfhromosomal amplification is

the gain of two or more segments of two or more chromosomes. T

I3

involve the gain of one or more oncogenes.

chromosomal amplification can
Dominantly acting genes associated with human solidumors typically exert their effect by
overexpression or altered expression. Gene amplification igfa common mechanism leading to
upregulation of gene expression. Evidence from cytoggffetic studies indicates that significant
amplification occurs in over 50% of human breast cgficers. Most notably, the amplification of the
proto-oncogene human epidermal growth factor ggfeptor 2 (HERZ2) located on chromosome 17
(17(17q21-922)), results in overexpression of JAER2 receptors on the cell surface leading to excessive
and dysregulated signaling in breast cancer,
8:392-401 [2008]). A variety of oncog

malignancies. Examples of the amplj

& other malignancies (Park et al., Clinical Breast Cancer
s have been found to be amplified in other human

cation of cellular oncogenes in human tumors inclode
amplifications of: c-myc in promyflocytic leukemia cell line HLEO, and in small-ceil lung carcinoma
cell lines, N-myc in primary ngffroblastomas (stages I and IV), neuroblastoma cell lines,
retinoblastoma cell line andgfrimary tumors, and small-cell lung carcinoma lines and tumors, L-myc
in small-cell lung carcingfna cell lines and tumors, ¢-myb in acute myeloid Jeukemia and in colon
carcinoma cell lines, gferbb in epidermoid carcinoma cell, and primary gliomas, ¢-K-ras-2 in primary

carcinomas of lungfcolon, bladder, and rectum, N-ras in mammary carcinoma cell line (Varmus H.,
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more segments of two or more chromosomes. The chromosomal deletion can involve the loss of one
Of MOIe tUMOr SUPPresser genes.
Chromosomal deletions involving tumor suppressor genes may play an important role in th

development and progression of solid tumors. The retinoblastoma tumor suppressor gene (Rb-1

retinoblastomas but also in other malignancies such as osteosarcomas, small
(Rygaard et al., Cancer Res 50: 5312-5317 [1990)]) and breast cancer. Re,
polymorphism (RFLP) studies have indicated that such tumor types hayfffrequently lost

lung cancer
iction fragment length
heterozygosity at 13q suggesting that one of the Rb-1 gene alleles hg#fbeen lost due to a gross
chromosomal deletion (Bowcock et al., Am J Hum Genet, 46: 121990]}. Chromosome 1
abnormalities including duplications, deletions and unbalancegflranslocations involving chromosome
6 and other partner chromosomes indicate that regions of chpfomosome 1, in particular 1g21-1¢32 and
1p11-13, might harbor oncogenes or tumor suppressor ggfes that are pathogenetically relevant to both
chronic and advanced phases of myeloproliferative
Hematol84:191-200 [2010]). Myeloproliferative

chromosome 5. Complete loss or interstitial d

plasms (Caramazza et al., Eur J

oplasms are also associated with deletions of
tions of chromosome 5 are the most common
ndromes (MDSs). Isolated del(59)/5q- MDS patients

have a more favorable prognosis than thgfe with additional karyotypic defects, who tend to develop

karyotypic abnormality in myelodysplastic

myeloproliferative neoplasms (MPNgffand acute myeloid leukemia. The frequency of unbalanced
chromosome 5 deletions has led tgffhe idea that 5q harbors one or more tumor-suppressor genes that
have fundamental roles in the gfhwth control of hematopoietic stem/progeniter cells (HSCs/HPCs).
Cytogenetic mapping of coggfnonly deleted regions (CDRs) centered on 5q31 and 5q32 identified

candidate tumor-suppresghr genes, including the ribosomal subunit RPS14, the transcription factor
Egrl/Krox20 and the
28:3429-3441 [20
shown that aile)j

3p21.3, 3pl

toskeletal remodeling protein, alpha-catenin (Eisenmann et al., Oncogene

). Cytogenetic and allelotyping studies of fresh tumors and tumor cell lines have
loss from several distinct regions on chromosome 3p, including 3p25, 3p21-22,

13 and 3p14, are the earliest and most frequent genomic abnormalities involved in a
wide spegffum of major epithelial cancers of lung, breast, kidney, head and neck, ovary, eervix, colon,
pancrgffs, esophagus, bladder and other organs. Several tumor suppressor genes have been mapped to
thegfhromosome 3p region, and are thought that interstitial deletions or promoter hypermethylation
ecede the loss of the 3p or the entire chromosome 3 in the development of carcinomas (Angeloni D.,

Briefings Functional Genomics 6:19-39 [2007]).
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Newberns and children with Down syndrome (DS) often present with congenital transient leukemia
and have an increased risk of acute myeloid leukemia and acute lymphoblastic Jeukemia.
Chromosome 21, harboring about 300 genes, may be involved in numerous structural aberrations,
e.g., translocations, deletions, and amplifications, in leukemias, lymphomas, and solid tumors.

Moreover, genes located on chromosome 21 have been identified that play an important role j§

play a role in tumorigenesis (Fonatsch C Gene Chromosomes Cancer 49:497-508 10).

In one embodiment, the method provides a means to assess the associatight between gene
amplification and the extent of tumor evolution. Correlation between amplifightion and/or deletion
and stage or grade of a cancer may be prognostically important because sugf information may
contribute to the definition of a genetically based tumor grade that wouyll better predict the future
course of disease with more advanced tumors having the worst progysis. In addition, information
about early amplification and/or deletion events may be useful infssociating those events as
predictors of subsequent discase progression. Gene amplificatyfn and deletions as identified by the
method can be associated with other known parameters soglf as tumor grade, histology, Brd/Urd
labeling index, hormonal status, nodal involvement, turgfr size, survival duration and other tumor
properties available from epidemiological and biostagfstical studies. For example, tumor DNA to be
tested by the method could include atypical hypegflasia, ductal carcinoma in situ, stage I-1II cancer
and metastatic lymph nodes in order to permitfie identification of associations between
amplifications and deletions and stage. Thgfssociations made may make possible effective
therapeutic intervention. For example, gfnsistently amplified regions may contain an overexpressed
gene, the product of which may be alfe to be attacked therapeutically (for example, the growth factor
receptor tyrosine kinase, p1857 = 2

The method can be usegf to identify amplification and/or deletion events that are associated
with drug resistance by detegfnining the copy number variation of nucleic acid sequences [rom
primary cancers to those# cells that have metastasized to other sites. If gene amplification and/or
deletion is a manifestgflon of karyotypic instability that allows rapid development of drug resistance,
more amplificatiogfind/or deletion in primary tumors from chemoresistant patients than in tumors in
chemosensitivefatients would be expected. For example, if amplification of specific genes is
responsible §#r the development of drug resistance, regions surrounding those genes would be

expected b be amplified consistently in tumor cells from pleural effusions of chemoresistant patients

nefit from adjuvant therapy.
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In a manner similar to that described for determining the presence or absence of complete
and/or partial fetal chromosomal aneuploidies in a maternal sample, the method of the invention can
be used to determine the presence or absence of complete and/or partial chromosomal aneuploidies j

any patient sample comprising nucleic acids e.g. DNA or ¢fDNA (including patient samples tha

sequenced using any of the NGS sequencing methods described previously.
Both complete and partial chromosomal aneuploidies associated wifh the formation, and
progression of cancer can be determined according to the present meth
Determination of Complete Chromosomal Aneuploidies in Patiegt Samples
In one embodiment, the present invention provides a metpbd for determining the presence or
absence of any one or more different complete chromosomal gfeuploidies in a patient test sample
comprising nucleic acid molecules. In some embodimentsghe method determines the presence or
absence of any one or more different complete chromosgnal aneuploidies. The steps of the method
comprise {a} obtaining sequence information for the gltient nucleic acids in the patient test sample;
and (b) using the scquence information to identifyh number of sequence tags for each of any one or
more chromosemes of interest selected from cjffomosomes 1-22, X and Y and to identify a number of
sequence tags for a normalizing chromosorgf sequence for each of the any one or more chromosomes
of interest. The normalizing chromosogf sequence can be a single chromosome, or it can be a group
of chromosomes selected from chromfsomes 1-22, X, and Y. The method further vses in step (¢} the
number of sequence tags identifiegfior each of the any one or more chromosomes of interest and the
number of sequence tags identiffed for each normalizing chromosome sequence to calculate a single
chromosome dose for each gf the any one or more chromosomes of interest; and (d} compares each of
the single chromosome dgfses for each of the any one or more chromosomes of interest to a threshold
value for each of the gfle or more chromosomes of interest, thereby determining the presence or

absence of any ongfor more different complete patient chromosomal aneuploidies in the patient test

[ogffach of the chromosomes of interest.
In other embodiments, step (¢) comprises calculating a single chromosome dose for each of

the chromosomes of interest as the ratio of the number of sequence tags identified for each of the
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chromosomes of interest and the number of sequence tags identified for the normalizing chromosome
for each of the chromosomes of interest. In other embodiments, step (c) comprises calculating a

sequence tag ratio for a chromosome of interest by relating the number of sequence tags obtained f
the chromosome of interest to the length of the chromosome of interest, and relating the number,
tags for the corresponding normalizing chromosome sequence for the chromosome of interesjfo the

length of the normalizing chromosome sequence, and calculating a chromosome dose for e

are determined in a cancer patient test sample comprising cell-free DNA mfflecules, comprises: (a)

sequencing at least a portion of cell-free DNA molecules to obtain sequgfice information for the
patient cell-free DNA molecules in the test sample; (b) using the seqyfence informatjon to identify a
number of sequence tags for each of any twenty or more chromog#fmes of interest selected from
chromosomes 1-22, 3, and Y and to identify a number of sequgfnce tags for a normalizing
chromosome for each of the twenty or more chromosomes g interest; (c) using the number of
sequence tags identified for each of the twenty or more gfiromosomes of interest and the number of
sequence tags identified for each the normalizing ¢ osome to calculate a single chromosome dose
for each of the twenty or more chromosomes of ing€rest; and (d) comparing each of the single
chromosome doses for each of the twenty or myfre chromosomes of interest to a threshold value for
each of the twenty or more chromosomes offfnterest, and thereby determining the presence or absence
of any twenty or more different completgfthromosomal aneuploidies in the patient test sample.
In another embodiment, the ggthod for determining the presence or absence of any one or
more different complete chromosgfhal aneuploidies in a patient test sample as described above uses a
normalizing segment sequencedr determining the dose of the chromosome of interest. In this
instance, the method comprjfs (2) oblaining sequence information for the nucleic acids in the sample;
(b) using the sequence ingfrmation to identify a number of sequence tags for each of any one or more
chromosomes of interght selected from chromosomes 1-22, X and Y and to identify a number of
sequence tags for giormalizing segment sequence for each of any one or more chromosomes of

interest. The ngfmalizing segment sequence can be a single segment of a chromosome or it can be a

numbgfof sequence tags identified for said normalizing segment sequence to calculate a single
chfimosome dose for each of said any one or more chromosomes of interest; and (d) comparing each
said single chromosome doses for each of said any one or more chromosomes of interest to a

threshold value for each of said one or more chromosomes of interest, and thereby determining the
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presence or absence of one or more different complete chromosomal aneuploidies in the patient
sample.

In some embodiments, step (c) comprises calculating a single chromosome dose for each o
said chromosomes of interest as the ratio of the number of sequence tags identified for each of sgfd
chromosomes of interest and the number of sequence tags identified for said normalizing segflent
sequence for each of said chromosomes of interest.

In other embodiments, step (c) comprises calculating a sequence tag ratio for g€fhromosome

segment sequence, and calculating a chromosome dose for the chromosomyfof interest as a ratio of the

sequence tags density of the chromosome of interest and the sequence g density for the normalizing
segment sequence. The calculation is repeated for each of afl chromgfsomes of interest. Steps (a)-(d)
can be repeated for test samples from different patients.

A means for comparing chromosome doses of differegl sample sets is provided by
determining a normalized chromosome value (NCV), whigifrelates the chromosome dose in a test
sample lo the mean of Ihe of the corresponding chromogfme dose in a set of qualified samples. The

NCYV is calculated as:

where fi; and §; are the estimated mean angfStandard deviation, respectively, for the j-th chromosome

dose in a set of qualified samples, and xf is the observed j-th chromosome dose for test sample i.

In some embodiments, (he pgfsence or absence of one complete chromosomal aneuploidy is
determined. In other embodimenyf, the presence or absence of two, three, four, five, six, seven, eight,
nine, ten, eleven, twelve, thirtegh, fourteen, fifteen, sixteen, seventeen, eighteen, nineteen, twenty,
twenty-one, twenty-two, twghity-three, or twenty four complete chromosomal aneuploidies are

determined in a sample, gfherein twenty-two of the complete chromosomal aneuploidies correspond to

, at least 100 or more chromosomal aneuploidies. Systematic karyotyping of tamors has revealed

that the chromosome number in cancer cells is highly variable, ranging from hypodiploidy
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(considerably fewer than 46 chromosomes) to tetraploidy and hypertetraploidy (up to 200
chromosomes) (Storchova and Kuffer I Cell Sci 121:3859-3866 [2008]). In some embediments, the
method comprises determining the presence or absence of up to 200 or more chromosomal
aneuploidies in a sample form a patient suspected or known to be suffering from cancer e.g. col
cancer. The chromosomal aneuploidies include losses of one or more complete chromosom
(hypodiploidies), gains of complete chromosomes including trisomies, tetrasomies, pentagfmies, and
other polysomies. Gains and/or losses of segments of chromosomes can also be deterggffned as
described elsewhere herein. The method is applicable to determining the presence gff absence of
different aneuploidies in samples from patients suspected or known t0 be sufferigf from any cancer as
described elsewhere herein.

In some embodiments, any one of chromosomes 1-22, X and Y, cgi be the chromosome of
interest in determining the presence or absence of any one or more diffgfent complete chromosomal
aneuploidies in a patient test sample as described above. In other erglfodiments, two or more
chromosomes of interest are selected from any two or more of chyfimosomes 1,2,3,4,5,6,7,8, 9,
10,11, 12, 13, 14, 15, 16,17, 18, 19, 20, 21, 22, X, or Y. In gyt embodiment, any one or more
chromoscmes of interest are selected from chromosomes 122, X, and Y comprise at least twenty
chromosomes selected from chromosomes 1-22, X, andd, and wherein the presence or absence of at
least twenty different complete chromosomal aneup)fidies is determined. In other embodiments, any
one or more chromosomes of Interest selected frogfl chromosomes 1-22, X, and Y is all of
chromosomes 1-22, X, and Y, and wherein thgffiresence or absence of complete chromosomal
aneuploidies of all of chromosomes 1-22, 3ffand Y is determined. Complete different chromosomal
ancuploidies that can be determined incjffde complete chromosomal monosomies of any one or more
of chromosomes 1-22, X and Y; comyfflete chromosomal trisomies of any one or more of
chromosomes 1-22, X and Y; corgflete chromosomal tetrasomies of any one or more of chromosomes
1-22, X and Y; complete chrogfsomal pentasomies of any one or more of chromosomes 1-22, X and
Y; and other complete chrogffosomal polysomies of any one or more of chromosomes 1-22, X and Y.
Determination of Partigf Chromosomal Aneuploidies in Patient Samples

In another engfodiment, the invention provides a method for determining the presence or
absence of any ongfor more different partial chromosomal aneuploidies in a patient test sample

comprising nugfic acid molecules. The steps of the method comprise (a) obtaining sequence

segflence tags for a normalizing segment sequence for each of any one or more segments of any one
I more chromosomes of interest. The normalizing segment sequence can be a single segment of a

chromosome or it can be a group of segments form one or more different chromosomes. The method
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further uses in step (c) the number of sequence tags identified for each of any one or more segmenis
of any one or more chromosomes of interest and the number of sequence tags identified for the
normalizing segment sequence to calculate a single segment dose for each of any one or more
segments of any one or more chromosome of interest; and (d) comparing each of the single
5  chromosome doses for each of any one or more segments of any one or more chromosomes g interest
to a threshold value for each of said any one or more chromosomal segments of any one ore
chromosome of interest, and thereby determining the presence or absence of one or mgf€ different
partial chromosomal aneuploidies in said sample.
In some embodiments, step (¢} comprises calculating a single segment dgfe for each of any
10 one or more segments of any one or more chromosomes of interest as the ratigfof the number of
sequence tags identified for each of any one or more segments of any onegf more chromosomes of
interest and the number of sequence tags identified for the normalizinggegment sequence for each of
any one or more segments of any one or more chromosomes of integfst.
In other embodiments, step (¢) comprises calculating a sgfiuence tag ratio for a segment of
15 interest by relating the number of sequence tags obtained for Yfe segment of interest to the length of
the segment of interest, and relating the number of tags fogfie corresponding normalizing segment
sequence for the segment of interest to the length of thegflormalizing segment sequence, and
calculating a segment dose for the segment of interegfas a ratio of the sequence tags density of the
segment of interest and the sequence tag density §fr the normalizing segment sequence. The
20  calculation is repeated for each of all chromogffnes of interest. Steps (a)-(d) can be repeated for test
samples from different patients.
A means for comparing segmenyf doses of different sample sets is provided by determining a
normalized segment value (NSV), wjfich relates the segment dose in a test sample to the mean of the

of the corresponding segment dogfin a set of qualified samples. The NSV is calculated as:

Xij — B
6
25  where fi; and G; are thffestimated mean and standard deviation, respectively, for the j-th segment

NSV,'J' =

dose in a set of qugftied samples, and x;; is the observed j-th segment dose for test sample i.
In somgfmbodiments, the presence or absence of one partial chromosomal aneuploidy is
determined. g other embodiments, the presence or absence of two, three, four, five, six, seven, eight,
nine, ten Mfteen, twenty, twenty-five, or more partial chromosomal aneuploidies are determined in a
30 samplgf In one embodiment, one segment of interest selected from any one of chromosomes 1-22, X,
an ig selected from chromosomes 1-22, X, and Y. In another embodiment, two or more segments
interest selected from chromosomes 1-22, X, and Y are selected from any two or more of

chromosomes 1,2,3,4,5,6,7,8,9,10, 11, 12,13, 14, 15, 16,17, 18, 19,20, 21,22, X, or Y. Inone
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embodiment, any one or more segments of interest are selected from chromosomes 1-22, X, and Y
comprise at least one, five, ten, 15, 20, 25, 50, 75, 100 or more segments selected from chromosomes
1-22, X, and Y, and wherein the presence or absence of at least one, five, ten, 15, 20, 23, 50,75, 1

or more different partial chromosomal aneuploidies is determined. Different partial chromoso
aneuploidies that can be determined include chromosomal aneuploidies include partial dupligftions,
partial multiplications, partial insertions and partial deletions.

Samples that can be nsed for determining the presence or absence of a chromggbmal
aneuploidy (partial or complete) in a patient can be any of the biclogical samples dgfcribed elsewhere
herein. The type of sample or samples that can be used for the determination of gheuploidy in a
patient will depend on the type of disease from which the patient is known ogfuspected to be
suffering. For example, a stool sample can be chosen as a source of DN determine the presence
or absence of aneuploidies associated with colorectal cancer. The methyd is also applicable to tissue
samples as described herein. Preferably, the sample is a biological g#fmple that is obtained by non-
invasive means e.g. a plasma sample. As described elsewhere hefin, sequencing of the nucleic acids
in the patient sample can be performed using next generation g€quencing (NGS) as described
elsewhere herein. In some embodiments, sequencing is mgfsively parallel sequencing using
sequencing-by-synthesis with reversible dye terminatogg In other embodiments, sequencing is
sequencing-by-ligation. In yet other embodiments, gfquencing is single molecule sequencing,
Optionally, an amplification step is performed priffr to sequencing.

In some embodiments, the presence opfabsence of an aneuploidy is determined in a patient
suspecied to be suffering from a cancer as g€scribed elsewhere herein e.g. lung, breast, kidney, head
and neck, ovary, cervix, colon, pancreaggesophagus, bladder and other organs, and blood cancers.
Blood cancers include cancers of thegfone marrow, blood, and Iymphatic system, which includes
lymph nodes, lymphatic vessels, yhsils, thymus, spleen, and digestive tract lymphoid tissue.
Leukemia and myeloma, whiclfstart in the bone marrow, and lymphoma, which starts in the
lymphatic system, are the 1g#fst common types of blood cancer.

The determinatighl of the presence or absence of one or more chromosomal aneuploidies in a
patient sample can beghade without limitation to determine the predisposition of the patient to a

particular cancer, if determine the presence or absence of a cancer as part of routine screen in patients

Appaffatus and systems for determining CNV
Analysis of the sequencing data and the diagnosis derived therefrom are typically performed
sing various computer algorithms and programs. In one embodiment, the invention provides a

computer program product for generating an output indicating the presence or absence of a fetal
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aneuploidy in a test sample. The computer product comprises a computer readable medium having a
computer executable logic recorded thereon for enabling a processor to diagnose a fetal aneuploidy
comprising: areceiving procedure for receiving sequencing data from at least a portion of nucleic
acid molecules from a maternal biological sample, wherein said sequencing data comprises a

calculated chromosome; computer assisted logic for analyzing a fetal aneuploidy from said rgfeived

fetal aneuploidy.

The method of the invention can be performed using a computer-readable rg€dium having
stored thereon computer-readable instructions for carrying out a method for ide
chromosomal or partial aneuploidies. Thus, in one embodiment, the inventioyfprovides a computer-
readable medium having stored thereon computer-readable instructions fogfarrying out a method for
identifying complete and partial chromosomal aneuploidies e.g. fetal agfuploidies.

The method of the invention can also be performed using a gbmputer processing system
which is adapted or configured to perform a method for identifyigf any CNV e.g. chromosomal or
partial aneuploidies. Thus, in one embediment, the inventiongfrovides a computer processing system
which is adapted or configured to perform a method as deggfibed herein. In one embodiment, the
apparatus comprises a sequencing device adapted or cogffigured for sequencing at least a portion of
the nucleic acid molecules in a sample to obtain the yfpe of sequence information described elsewhere
herein.

The present invention is described in fffrther detail in the follewing Examples which are not in

any way intended to limit the scope of the jfvention as claimed. The attached Figures are meant to be
considered as integral parts of the specifjfation and description of the invention. The following

examples are offered to illustrate, bujfiot to limit the claimed invention.

EXPERIMENTAL
Example 1

Sample processing and DNA extraction

Peripheral blood drawn from each subject was collected in ACD tubes. One tube of blood
sapgble (approximately 6-9 mL/tube) was transferred into one 15-mL low speed centrifuge tube.
ood was centrifuged at 2640 rpm, 4°C for 10 min vusing Beckman Allegra 6 R centrifuge and rotor

model GA 3.8.
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For cell-free plasma extraction, the upper plasma layer was transferred to a 15-ml high speed
centrifuge tube and centrifuged at 16000 x g, 4°C for 10 min using Beckman Coulter Avanti I-E
centrifuge, and JA-14 rotor. The two centrifugation steps were performed within 72 h after blood

collection. Cell-free plasma was stored at -80°C and thawed only once before DNA extraction,

Maultiple columns were used to separate the precipitated cfDNA from the solutiopfoy centrifugation at
1 and AW?2 buffers,

3.5-7 ng of ciDNA was

8,000 RPM in a Beckman microcentrifuge. The columns were washed with
and the cfDNA was eluted with 55 ul of nuclease-free water. Approximat
extracted from the plasma samples.
rified cfDNA that was extracted
cagents of the NEBNext™ DNA
nd Biolabs, Ipswich, MA), for

Nlumina® as follows. Because cell-free plasma DNA is frgfmented in nature, no further

All sequencing libraries were prepared from approximately 2 ng of
from maternal plasma. Library preparation was performed usin
Sample Prep DNA Reagent Set 1 (Part No. EG000L; New En

fragmentation by nebulization or sonication was done opfthe plasma DNA samples. The overhangs of
approximately 2 ng purified cfDNA fragments contgjfied in 40ul were converted into phosphorylated
blunt ends according to the NEBNext® End Repgf Module by incubating in a 1.5m! microfuge tube
the cfDNA with 5pl 10X phosphorylation buf]

dNTP), ipl of a 1:5 dilution of DNA Poly

, 2ul deoxynucleotide solution mix (10 mM each
rase 1, 1ul T4 DNA Polymerase and 11 T4

BNext™ DNA Sample Prep DNA Reagent Set 1 for 15
minutes at 20°C, The enzymes were Yfen heat inactivated by incubating the reaction mixture at 75°C
led to 4°C, and dA tailing of the blunt-ended DNA was
accomplished using 10ul of thgfiA-tailing master mix containing the Klenow fragment (3’ to 5’ exo

minus) (NEBNext™ DNA fmple Prep DNA Reagent Set 1), and incubating for 15 minutes at 37°C.

Polynucleotide Kinase provided in the

for 5 minutes. The mixture was ¢

Subsequently, the Klenoyf fragment was heat inactivated by incubating the reaction mixture at 75°C
for 5 minutes. Followfhg he inactivalion of the Klenow fragment, 1ul of a 1:5 dilution of 1llumina

Genomic Adaptor #ligo Mix (Part No. 1000521; Illumina Inc., Hayward, CA) was used to ligate the

anvers, MA). Eighteen cycles of PCR were performed to selectively enrich adaptor-ligated cfDNA
using Phusion ® High-Fidelily Master Mix (Finnzymes, Woburn, MA) and Illumina’s PCR primers
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complementary to the adaptors (Part No. 1000537 and 1000537). The adaptor-ligated DNA was
subjected to PCR (98°C for 30 seconds; 18 cycles of $8°C for 10 seconds, 65°C for 30 seconds, and
T72°C for 30 seconds: final extension at 72°C for 5 minutes, and hold at 4°C) using Illumina Genomy
PCR Primers (Part Nos, 100537 and 1000538) and the Phusion HF PCR Master Mix provided ig#he
NEBNext™ DNA. Sample Prep DNA Reagent Set 1, according to the manufacturer’s instrucgOns.
The amplified product was purified using the Agencourt AMPure XP PCR purification sygfem
(Agencourt Bioscience Corporation, Beverly, MA) according to the manufacturer’s ingfuctions
available at www,beckmangenomics.com/products/AMPureXPProtocol_000387v0Q#.pdf. The
purified amplified product was eluted in 40ul of Qiagen EB Buifer, and the conggfitration and size
distribution of the amplified libraries was analyzed using the Agilent DNA 1Q#0 Kit for the 2100
Bioanalyzer (Agilent technologies Inc., Santa Clara, CA).

The amplified DNA. was sequenced using [llumina’s Genome galyzer II to obtain single-end
reads of 36bp. Only about 30 bp of random sequence information agf needed to identify a sequence
as belonging to a specific human chromosome. Longer sequencegfcan uniquely identify more
particular targets. In the present case, a large number of 36 bgffeads were obtained, covering
approximately 10% of the genome. Upon completion of sgfuencing of the sample, the Illumina
“Sequencer Control Software” transferred image and bage call files to a Unix server running the
Iflumina “Genome Analyzer Pipeline” software versgfn 1.51. The Illumina “Gerald” program was
run to align sequences to the reference human gegfme that is derived from the hgl8 genome provided
by National Center for Biotechnology Informgyfon (NCBI36/hgl8, available on the world wide web at
http://genome.ucsc.edv/cgi-bin/hgGatewaygbrg=Human&db=hg 18&hgsid=166260105). The
sequence data generated from the abovegfrocedure that uniquely aligned to the genome was read from
Gerald output (export.txt files) by a pfbgram (c2c.pl) running on a computer running the Linnux
operating system. Sequence aligigfients with base mis-matches were allowed and included in
alignment counts only if they gfaned uniquely to the genome. Sequence alignments with identical
start and end coordinates (dyblicates) were excluded.

Between about 3nd 15 miilion 36 bp tags with 2 or less mismatches were mapped uniquely
1o the human genomegAll mapped tags were counted and included in the calculation of chromosome
doses in both test ghd qualifying samples. Regions extending from base 0 to base 2 x 105, base 10 x

10°to bage 13 06, and base 23 x 10° to the end of chromosome Y, were specifically excluded from

chpgfmosomes across samples sequenced in the same run (inter-chromosomal variation), but
bstantially greater variation was noted to occur among different sequencing runs (inter-sequencing

run variation).
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Example 2
Dose and variance for chromosomes 13, 18, 21, X, and Y
To examine the extent of inter-chromosomal and inter-sequencing variation in the number

mapped sequence tags for all chromosomes, plasma cfDNA obtained from peripheral blood of 4

follows.

The total number of sequence tags that were mapped to each chromosome (sequence tgf density) was
determined. Alternatively, the number of mapped sequence tags may be normalizegfo the length of
the chromosome to generate a sequence tag density ratio. The normalization to gffromosome length is
not a required step, and can be performed solely to reduce the number of digigfin 4 number to
simplify it for human interpretation. Chromosome lengths that can be usegfto normalize the sequence
tags counts can be the lengths provided on the world wide web at

genome.nesc.edu/goldenPath/stats. hitml#hg18.

The resulting sequence tag density for each chromosomeghvas related to the sequence tag
density of each of the remaining chromosomes to derive a qugiffied chromosome dose, which was
calculated as the ratio of the sequence lag densily for the chfomosome of interest e.g. chromosome 21,
and the sequence tag density of each of the remaining cjffomosomes i.e. chromosomes 1-20, 22 and
X. Table 1 provides an example of the calculated quyffified chromosome dose for chromosomes of
interest 13, 18, 21, X, and Y, determined in one gjfihe qualified samples. Chromosomes doses were
determined for all chromosomes in all samplegfand the average doses for chromosomes of interest 13,
18, 21, X and Y in the qualified samples argfprovided in Tables 2 and 3, and depicted in Figures 2-6.
Figures 2-6 also depict the chromosomegfoses for the test samples. The chromesome doses for each
of the chromosomes of interest in thegfualified samples provides a measure of the variation in the total
number of mapped sequence tags §fr each chromosome of interest relative to that of each of the
remaining chromosomes. Thugfqualified chromosome doses can identify the chromosome or a group

of chromosomes ie. normalfing chromosome that has a variation among samples that is closest to the
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Tables 2 and 3 provide the coefficient of variation as the measure of variability, and student t-

test values as a measure of differentiability for chromosomes 18, 21, X and Y, wherein the smaller th
T-test value, the greatest the differentiability. The differentiability for chromosome 13 was
determined as the ratio of difference between the mean chromosome dose in the qualified samp
the dose for chromosome 13 in the only T13 test sample, and the standard deviation of mean
qualified dose.

The qualified chromosome doses also serve as the basis for determining thres

when identifying aneuploidies in test samples as described in the following.

Qualified Chromosome Dose for Chromosomes 13, 18,21, X and Y (n

TABLE 1

; sample #11342, 46

XY)

Chromosome chr 21 chr 18 chr 13 chr X chrY
chrl 0.149901 | 0.306798 | 0.341832 0.490969 0.003958
chr2 0.15413 0.315452 | 0.3514 0.504819 0.004069
chr3 0.193331 | 0.395685 0.633214 0.005104
chr4 0.233056 0.476988 0.763324 0.006153
chrs 0.219209 | 0.448649 / 0.499882 0.717973 0.005787
chré 0.228548 0.46776 0.521179 0.748561 0.006034
chr? 0245124 | 050188 | 0.558978 0.802851 0.006472
chr8 0.256279 | 04519 | 0584416 | 0.839388 0.006766
chr9 0.309871 634203 | 0.706625 1.014915 0.008181
chrl0 0.25122 0.514164 | 0.572879 0.822817 0.006633
chrll 0.2571 0.526338 | 0.586443 0.8423 0.00679
chrl2 0274192 | 0563227 | 0.627544 0.901332 0.007265
chrl3 %éﬂz 0.897509 1 1.436285 0.011578
chrl4 0405957 | 0.830858 | 0.925738 1.329624 0.010718
chrl5 0406855 | 0.832697 | 0.927786 1.332566 0.010742
chrl6 / 0.376148 | 0.769849 | 0.857762 1.231991 0.009931
chrly 0.383027 | 0783928 | 0.873448 1.254521 0.010112
chfl8 0.488599 1 1.114194 1.600301 0.0129

/hrl 9 0.535867 1.096742 1.221984 1.755118 0.014148
/ chr20 0.467308 | 0.956424 1.065642 1.530566 0.012338
chr2l 1 2046668 | 2.280386 3.275285 0.026401
chr22 0.756263 1.547819 1.724572 2.476977 0.019966
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chrX 0.305317 | 0.624882 (.696241 1 (.008061
chrY 37.87675 | 71.52114 86.37362 124.0572 I

TABLE 2
Qualified Chromoesome Dose, Variance and Differentiability for chromosomes 21, 18 4nd 13
21 18
{n=35) (n=4{)
Avg Stdev Ccv T Test Avg Stdev T Test

chrl | 0.15335 | 0.001997 | 1.30 | 3.18E-10 | 0.31941 | 0.008384# 2.62 | 0.001675
chr2 | 0.15267 | 0.001966 | 1.29 | 9.87E-07 | 0.31807 0.00%6 0.55 | 4.39E-05
chr3 | 0.18936 | 0.004233 | 2.24 | 1.04E-05 | 0.39475 (MMOG 0.61 | 3.39E-05
chrd | 0.21998 | 0.010668 | 4.85 | 0.000501 | 0.45873 ﬂ.014292 3.12 | 0.001349
chrd | 0.21383 | 0.005058 | 2.37 | 1.43E-05 0.003288 | 0.74 | 3.09E-05
chré | 0.22435 | 0.005258 | 2.34 | 1.48E-05 0.003481 | 0.74 | 2.32E-05
chr7 | 0.24348 | 0.002298 | 0.94 | 2.05BE-07 0.004669 | 0.92 | 9.07E-05
chr | 0.25269 | 0.003497 | 1.38 | 1.52E-0¢f| 0.52677 | 0.002046 | 0.39 | 4.89E-05
chr9 | 031276 | 0.003095 | 0.99 | 3.83pf09 | 0.65165 | 0.013851 | 2.13 | 0.000559
chr10 | 0.25618 | 0.0031 1-2 1.21 ySE-IO 0.53354 | 0.013431 ] 2.52 | 0.002137
chrll | 0.26075 | 0.00247 | 0.95 4 1.08E-09 | 0.54324 | 0.012859 | 2.37 | 0.000998
chrl2 | 0.27563 | 0.002316 (w 2.04E-07 | 0.57445 | 0.006495 | 1.13 | 0.000125
chrl3 | 0.41828 | 0.016782 [f4.01 | 0.000123 | 0.87245 | 0.020042 [ 2.40 | 0.000164
chrid | 0.40671 | 0.0029 0.74 | 7.33E-08 | 0.84731 | 0.010864 | 1.28 | 0.000149
chrl5 | 0.41861 0.%86 1.84 | 1.85E-1¢ | 0.87164 | 0.027373 | 3.14 | 0.003862
chr16 | 0.39977 | 018882 | 4.72 | 7.33E-06 | 0.83313 | 0.050781 | 6.10 | 0.075458
chrl7 | 0.4139 0.02313 | 5.59 {0.000248 | 0.86165 | 0.060048 | 6.97 | 0.08857%
chri8 | 047286 | 0.016627 | 3.52 | 1.3B-07
chrl19 %9435 0.05064 1 8.52 | 0.01494 7 1.23932 | (.12315 | 9.94 | 0.231139
chr20 4 0.49464 | 0.021839 | 4.42 | 2.16E-06 | 1.03023 | 0.058995 | 5.73 | 0.061101
cy 203419 | 0.08841 | 435 | 2.81E-05

122 | 0.84824 | 0.070613 | 8.32 | 0.02209 | 1.76258 | 0.169864 | 9.64 | 0.181808
chrX | 027846 | 0.015546 | 5.58 | 0.000213 | 0.58691 | 0.026637 | 4.54 | 0.064883
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TABLE 3
Qualified Chromosome Dose, Variance and Differentiability for chromosomes 13, X, and Y
13 (n=47) X (n=19) /
Avg Stdev Ccv Diff Avg Stdev Cv T Test
chrl | 0.36536 | 0.01775 | 4.86 1504 | 0.56717 0.025988 4.5%.001013
chr2 | 0.36400 | 0.009817 | 2.70 | 2.704 | 0.56753 0.014871 2
chr3  10.45168 | 0.007809 | 1.73 3.592 | 0.70524 0.011932 1.69
chrd 10.52541 | 0.005264 | 1.00 | 3.083 | 0.82491 0.010537 1.28
chr5 | 0.51010 | 0.007922 | 1.55 | 3.944 | 0.79690 0.012 1.53 | 1.29E-11
chré | 0.53516 | 0.008575 | 1.60 | 3.758 | 0.83594 1.64 | 2.79E-11
chr7 | 0.58081 | 0.017692 | 3.05 | 2.445 | 0.90507 026437 2.92 | T41E-07
chr8 | 0.60261 | 0.015434 | 2.56 | 2.917 | 0.939%0 0.022506 239 | 2.11E-08
chr9 | 0.74559 | 0.032065 | 4.30 2.102 1.1582 0.047092 4.07 0.000228
chri0 | 0.61018 | 0.029139 | 4.78 | 2.060 | 0.94/13 0.042866 4.53 | 0.000964
chrll | 0.62133 | 0.028323 | 4.56 | 2.081 196544 0.041782 433 | 0.000419
chrl2 | 0.65712 | 0.021853 | 3.33 2.380 4 1.02296 0.032276 3.16 | 3.95E-06
chri3 1.56771 0.014258 0.91 247E-15
chrld | 0.96966 | 0.034017 | 3.51 233 1.50951 0.05009 332 | 8.24E-06
chrl5 | 099673 | 0.053512 | 5.37 1.888 | 1.54618 0.077547 5.02 | 0.002925
chrlé |0.95169 | 0.080007 | 8 1.613 1.46673 0.117073 7.98 | 0.114232
chri7 | 0.98547 | 0.091918 [#9.33 1484 | 1.51571 0.132775 8.76 | 0.188271
chr18 | 1.13124 | 0.0400 3.54 | 2312 | 1.74146 0.072447 416 | 0.001674
chrl9 | 1.41624 | 0.17876 | 1232 | 1306 | 2.16586 0.252888 11.68 | 0.460752
chr20 | 1.17705 94807 | 8.05 1.695 | 1.81576 0.137494 7.57 0.08801
chr2l | 2.336604 0.131317 | 5.62 1.927 | 3.63243 0.235392 6.48 0.00675
chr22 | 2.01478 | 0.243883 | 12.09 | 1364 | 3.08943 0.34981 11.32 | 0409449
chrX 6679 | 0.028788 | 432 | 1.114
chr2-6 #70.46751 | 0.006762 | 1.45 | 4.066
Ch% 0.50332 | 0.005161 | 1.03 5.260
ﬁ _tot 1.13209 0.038485 3.40 2.7E-05
Y (n=26)
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Avg Stdev CV | T Test

Chr 1-
22, X

0.00734 | 0.002611 | 30.81 | 1.8E-12

Examples of diagnoses of T21, T13, T18 and a case of Turner syndrome obtained ugfig the
normalizing chromosomes, chromosome doses and differentiability for each of the chromyfsomes of
interest are described in Example 3.

5 EXAMPLE 3
Diagnosis of Fetal Aneuploidy Using Normalizing Chromogfmes

To apply the use of chromosome doses for assessing aneuploidy in affiological test sample,
maternal blood test samples were obtained from pregnant volunteers and gfDNA was prepared,
sequenced and analyzed as described in Examples I and 2.

10 Trisomy 21

Table 4 provides the calculated dose for chromosome 2 fn an exemplary test sample
(#11403). The calculated threshold for the positive diagnosiglf T21 aneuploidy was set at > 2
standard deviations from the mean of the qualified (normglff samples. A diagnosis for T21 was given
based on the chromosome dose in the test sample beingfreater than the set threshold. Chromosomes

15 14 and 15 were used as normalizing chromosomes iyfseparate calculations to show ;hat either a
chromosome having the lowest variability e.g. chyormosome 14, or a chromosome having the greatest
differentiability e.g. chromosome 15, can be y#ed to identify the aneuploidy. Thirteen T21 samples
were identified using the calculated chromgSome doses, and the aneuploidy samples were confirmed

to be T21 by karyotype.

20
TABLE 4
Chromosome Dfbse for a T21 aneuploidy (sample #11403, 47 XY +21)
Sequence Tag | Chromosome
Chromogfme Threshold
Density Daose for Chr 21
hr21 333,660
0.419672 0.412696
Chrl4 795,050
Chr21 333,660
0.441038
Chrl5 756,533 0.433978
25 Table 5 provides the calculated dose for chromosome 18 in a test sample (#11390). The

alculated threshold for the positive diagnosis of T18 aneuploidy was set at 2 standard deviations

from the mean of the qualified (normal) samples. A diagnosis for T18 was given based on the
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chromosome dose in the test sample being greater than the set threshold. Chromoseme 8 was used as
the normalizing chromosome. In this instance chromosome 8 had the lowest variability and the

greatest differentiability. Eight T18 samples were identified using chromosome doses, and were

confirmed to be T18 by karyotype.

PCT/US2011/045412

These data show that a normalizing chromoesome can have both the lowest variabilit

greatest differentiability.

Trisomy 13

Table 6 provides the calculated dose for chromos

from the mean of the qualified samples. A diagnosi
dose in the test sample being greater than the set

13 was calculated using either chromosome 5

TABLE 5
Chromosome Dose for a T18 aneuploidy (sample #11390, 47
Sequence Tag | Chromosome
Chromosome Thshold

Density Dose for Chr 18

Chr18 602,506

0.585069 0.530867
Chr8 1,029,803

reshold. The chromosome dose for chromosome

normalizing chromosome. One T13 samplfwas identified.

The sequence tag density for chromosomes 3-6 is the average tag counts for chromosomes 3-

TABLE 6

e 13 in a test sample (#51236). The
calculated threshold for the positive diagnosis of T13 agfuploidy was set at 2 standard deviations

or T13 was given based on the chromosome

the group of chromosomes 3, 4, 5, and 6 as the

Chromosome Doggffor a T13 aneuploidy (sample #51236, 47 XY +13)
Sequence Tag | Chromosome
Chromoso Threshold
Density Dose for Chr 13
Chl3 692,242
0.541343 0.525%94
hr5 1,278,749
/ Chrl3 692,242
Chr3-6 0.530472 0.513647
1,304,954
[average]
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The data show that the combination of chromosomes 3, 4, 5 and 6 provide a variability that is
Jower than that of chromosome 5, and the greatest differentiability than any of the other
chromosemes.

Thus, a group of chromosomes can be used as the normalizing chromosome to determi
chromosome doses and identify aneuploidies.

Turner Syndrome (monosomy X)

X chromosome at < -2 standard deviations from the mean, and for the absence offfhe Y chromosome

at < -2 standard deviations from the mean for qualified {(normal) samples.

TABLE 7

Chromosome Dose for a Turners (XO) aneuploidy (fmple #51238, 45 X)

Chromoso
Sequence Tag
Chromosome Threshold
Density
ChrX 873,631
0.786642 0.803832
Chrd 1,110,582
ChrY 1,321
Chr_Total
0.001542101 0.00211208
(1-22, %) 856,4£3.6
(Average)

A sample having an X chromosogge dose less than that of the set threshold was identified as having

less than one X chromosome. Fhe same sample was determined to have a'Y chromosome dose that
was less than the set threshgfd, indicating that the sample did not have a Y chromosome. Thus, the
combination of chromoggfine doses for X and Y were used to identify the Turner Syndrome
(monosomy X) sampjfs.

Thus, the method gfovided enables for the determination of CNV of chromosomes. In particular, the

method enablegfior the determination of over- and under-representation chromosomal aneuploidies by

massively

allel sequencing of maternal plasma cfDNA and identification of normalizing

71-



10

15

20

25

WO 2013/015793 PCT/US2011/045412

EXAMPLE 4

Determination of partial aneuploidy

The use of sequence doses was applied for assessing partial aneuploidy in a biological test sample
cfDNA that was prepared from blood plasma, and sequenced as described in Example 1. The sgfiple
was confirmed by karyotyping to have been derived from a subject with a partial deletion of

chromosome 11.

segments in the entire genome in the qualified samples Le. qualifffd sequence tag densities, were

used to determine qualified sequence doses as ratios of tag degfities in all qualified samples. The
average sequence dose, standard deviation, and coefficientf variation were calculated for all 20
megabase segments in the entire genome, and the 20-mgfabase sequence having the least variability
e 5 (13000014-33000033bp) (See Table 8),

ce of interest in the test sample (see Table 9).

was the identified normalizing sequence on chromo
which was used to calculate the dose for the seq
Table 8 provides the sequence dose for the segffence of interest on chromosome 11 (810000082-
103000103bp) in the test sample that was ggficulated as the ratio of sequence tags mapped to the
sequence of interest and the sequence taff mapped to the identified normalizing sequence. Figure 10
shows the sequence doses for the segffence of interest in the 7 qualified samples (O) and the sequence
dose for the corresponding sequegfe in the test sample (9). The mean is shown by the solid line, and
the calculated ihreshold for thegfbositive diagnosis of partial aneuploidy that was set 3 standard
deviations from the mean igfhown by the dashed line. A diagnosis for partial aneuploidy was based
on the sequence dose in jfle test sample being less than the set threshold. The test sample was verified
deletion q21-q23 on chromeseme 11,

Thereforefn addition to identifying chromosomal aneuploidies, the method of the invention

can be vsed to gfentify partial aneuploidies.
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TABLE 8
Qualified Normalizing Sequence, Dose and Variance for Sequence Chr11: 81000082-103000103
{qualified samples n=7)
Chrl11: 81000082-103000103
Avg Stdev CV

Chr5: 13000014-

1.164702 0.004914
33000033
5
TABLE 9
Sequence Dose for Sequence of Interest (81000082-103000103) on Chyfbmosome 11 (test sample
11206)
Chromosome
Chromosome Sequence Tag
: Segment Dgfe for Threshold
Segment Density
Chr 11 (gf1-q23)
Chr11: 81000082-
27,052
103000103
10434313 1.1401347
Chr5: 13000014-
25,926
33000033
10 Example 5

Demonstrglion of Detection of Aneuploidy
Sequencing data obtained for the sarghles described in Examples 2 and 3, and shown in figures 2-6
were further analyzed to iltustrategfhe sensitivity of the method in successfully identifying
aneuploidies in maternal samp)fs. Normalized chromosome doses for chromosomes 21, 18, 13 X and

15 Y were analyzed as a distrifflition relative to the standard deviation of the mean (Y-axis) and shown in

20 distribution of chromosome doses relative to the standard deviation from the mean for

3 dose in the unaffected samples (0) and the trisomy 13 samples (T13; A), using the average

sequence tag density of the group of chromosomes 3, 4, 5, and 6 as the normalizing chromosome to

_T3.
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determine the chromosome dose for chromosome 13. Figure 11 (D) shows the distribution of
chromosome doses relative to the standard deviation from the mean for chromosome X dose in the
unaffected female samples (0), the unaffected male samples (A}, and the monosomy X samples
+} when using chromosome 4 as the normalizing chromosome for chromosome X. Figure 11 (
shows the distribution of chromosome doses relative to the standard deviation from the meagyfor

chromosome Y dose in the unaffected male samples (o the unaffected female sample s (A)fand the

chromosome X dose that were clearly lower than those of unaffected femgl€ samples (Figure 11 (D)),
and as having chromosome Y doses that were clearly lower than that offhe unaffected male samples
(Figure 11 (E}).
Therefore the method provided is sensitive and specific for detergfining the presence or absence of
chromosomal aneuploidies in a maternal blood sample.
Example 6
Determination of Fetal Chromosomal AbnormalitiegUsing Massively Parallel DNA Sequencing
of Cell Free Fetal DNA from Maternal Bloodsf T'est Set 1 Independent of Training Set 1

The study was conducted by qualified sitgflinical research personnel at 13 US clinic
locations between April 2009 and July 2010 ugfler a human subject protocol approved by institutional
review boards (IRBs) at each institution. Ig#rmed written consent was oblained from each subject
prior to study participation. The protogfl was designed to provide blood samples and clinical data to
support development of noninvasive gfenatal genetic diagnostic methods. Pregnant women, age 18
years or older were eligible for ingfision. For patients undergoing clinically indicated CVS or
amniocentesis blood was collegfed prior to performance of the procedure, and results of fetal
karyotype was also collectegf Peripheral blood samples (two tubes or ~20 mL total) were drawn from
all subjects in acid citratgfdextrose (ACD} tubes (Becton Dickinson). All samples were de-identified
and assigned an anonyfnous patient ID number. Blood samples were shipped overnight to the
laboratory in tempgfature controlled shipping containers provided for the study. Time elapsed

between blood gfaw and sample receipt was recorded as part of the sample accessioning.

labgfatories and the results were also recorded in study CRFs. All data obtained on CRFs were
tered into a clinical database the laboratory. Cell free plasma was obtained from individual blood

tubes utilizing at two-step centrifugation process within 24-48 hours of sample of venipuncture.
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Plasma from a single bloed tube was sufficient for sequencing analysis. Cell-free DNA was extracted
from cell-free plasma by using QlAamp DNA Blood Mini kit (Qiagen) according to the

manufacturer’s instructions. Since the cell free DNA fragments are known to be approximately 17
base pairs (bp) in length (Fan et al., Clin Chem 56:1279-1286 [2010]) no fragmentation of the DJFA
was required prior to sequencing.

For the training set samples, cfDNA was sent to Prognosys Biosciences, Inc. (La

completion of the sequencing, all base call files were collected and analyzed. #for the test set samples,

sequencing libraries were prepared and sequencing carried out on lllumingghenome Analyzer 1Ix
instrument. Sequencing library preparation was performed as follows. Jhe foll-length protocol
described is essentially the standard protocol provided by Illumina, gffd only differs from the Iumina
protocol in the purification of the amplified library: the lumina gfotocol instructs that the amplified
library be purified using gel electrophoresis, while the protocgffdescribed herein uses magnetic beads
for the same purification step. Approximately 2 ng of puriffed cfDNA that had been extracted from
maternal plasma was used to prepare a primary sequenciffg library using NEBNext™ DNA Sample
Prep DINA Reagent Set 1 (Part No. E6000L; New Engdfland Biolabs, Ipswich, MA} for Illumina®
essentially according to the manufacturer’s instrugfions. All steps except for the final purification of
the adaptor-ligated products, which was perfogfied using Agencourt magnetic beads and reagents
instead of the purification column, were pegfbrmed according to the protocol accompanying the
NEBNext™ Reagents for Sample Prepagfftion for a genomic DNA library that is sequenced vsing the
Tumina® GAIIL The NEBNext™ pgftocol essentially follows that provided by Illumina, which is
0ls/11257047_ChIP_Sample_Prep.pdf.

imately 2 ng purified cfDNA fragments contained in 40pul were

blunt ends according to the NEBNext® End Repair Module by

available at gref.jhml.edu/his/prot

The overhangs of appr
converted into phosphoryla
incubating the 40pl cfD
(10 mM each dNTP},
Polynucleotide Ki

with 5ul 10X phosphorylation buffer, 2p] deoxynucleotide solution mix
1 of a 1:5 dilution of DNA Polymerase I, 1ul T4 DNA Polymerase and 1pl T4
se provided in the NEBNext™ DNA Sample Prep DNA Reagent Set 1 in a 200

lagen Buffer PE, and re-centrifuged. Residual ethano] was removed by an additional centrifugation
for 5 minutes at 13,000 RPM. The DNA was eluted in 39 Qiagen Buffer EB by centrifugation. dA
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tailing of 34ul of the blunt-ended DNA was accomplished using 16l of the dA-tailing master mix

containing the Klenow fragment (3’ to 5’ exo minus) (NEBNext™ DNA Sample Prep DNA Reagent
Set 1), and incubating for 30 minutes at 37°C according to the manufacturer’s NEBNext® dA-Tailj
Module. The sample was cooled to 4°C, and purified using a column provided in the MinElute

Purification Kit (QIAGEN Inc., Valencia, CA) as follows. The 50pl reaction was transferredgfo 1.5

EB by centrifugation. Ten microliters of the DNA eluate were incubated wit
the Ilumina Genomic Adapter Oligo Mix (Part No. 1000521), 15 pl of 2X#0uick Ligation Reaction
Buffer, and 4 ul Quick T4 DNA Ligase, for 15 minutes at 25°C accordjffg to the NEBNext® Quick

ul of a 1:5 dilution of

Ligation Module. The sample was cooled to 4°C, and purified usingfa MinElute column as follows.
One hundred and fifty microliters of Qiagen Buffer ‘PE were addgff to the 30 pl reaction, and the
entire volume was transferred to a MinElute column were traggflerred to a MinElute column, which
was centrifuged at 13,000RPM for 1 minute in a microfuggf The column was washed with 750ul
Qiagen Buffer PE, and re-centrifuged. Residual ethanolfvas removed by an additional centrifugation
for 5 minutes at 13,000 RPM. The DNA was eluied jf 28] Qiagen Buffer EB by centrifugation.
Twenty three microliters of the adaptor-lizated DJFA eluate were subjected to 18 cyeles of PCR (98°C
, 65°C for 30 seconds, and 72°C for 30; final
extension at 72°C for 5 minutes, and hold gf4°C) using Hlumina Genomic PCR Primers (Part Nos.
100537 and 1000538) and the Phusion B PCR Master Mix provided in the NEBNext™ DNA

Sample Prep DNA Reagent Set 1, acgbrding to the manufacturer’s instructions. The amplified

for 30 seconds; 18 cycles of 98°C for 10 seco

product was purified using the Agglicourt AMPure XP PCR purification system (Agencourt

Bioscience Corporation, Beverdff, MA) according to the manufacturer’s instructions available at

www.beckmangenomics.cogf/products/ AMPureXPProtocol_000387v001.pdf. The Agencourt

alysis and Sample Classification
Sequence reads 36 bases in length were aligned to the human genome assembly hgl8
tained from the UCSC database (http://hgdownload.cse.ncse.edu/goldenPath/hg18/bigZips/).

Alignments were carried out utilizing the Bowtie short read aligner (version 0.12.5) allowing for up to
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two base mismatches during alignment (Langmead et al., Genome Biol 10:R25 [2009]. Only reads
that unambiguously mapped to a single genomic location were included. Genomic sites where reads
mapped were counted and included in the calculation of chromosome doses (see below). Regions
the Y chromosome where sequence tags from male and female fetuses map without any
discrimination were excluded from the analysis (specifically, from base 0 to base 2 x 106; bagf 10 x
10%to base 13 x 10°; and base 23 x 10° to the end of chromosome Y).

Intra-run and inter-run sequencing variation in the chromosomal distribution offSequence
reads can obscure the effects of fetal aneuploidy on the distribution of mapped sequgfice sites. To
correct for such variation, a chromosome dose was calculated as the count of magfed sites for a given
chromosome of interest is normalized to counts observed on a predetermined gormalizing
chromosome sequence. As described previously, a normalized chromosogg€ sequence can be
composed of a single chromosome or a group of chromosomes. The ngffnalizing chromosome
sequence was first identified in a subset of samples in the training sgffof samples that were unaffected
i.e. qualificd samples having diploid karyotypes for chromosomegfof interest 21, 18, 13 and X,
considering each autosome as a potential denominator in a ratjf of counts with our chromosomes of
interest. Denominator chromosomes i.e. normalizing chrogfbsome sequences were selected that
minimized the variation of the chromosome doses withyff and between sequencing runs. Each
chromosome of interest was determined to have a digfinct normalizing chromosome sequence
(denominator) (Table 10). No single chromosomgfcould be identified as a normalizing chromosome
sequence for chromosome 13 as no one chromgSome was determined to reduce the variability in the
dose of chromosome 13 across samples i.e. glhe spread of the NCV values for chromosome 13 was not
reduced sufficiently to allow for a corregffidentification of a T13 aneuploidy. Chromosomes 2-6 were
chosen randomly and tested for their Zbility as a group to mimic the behavior of chromosome 13. The
group of chromosomes 2-6 was foyfid to diminish substantially the variability in the dose for
chromosome 13 in the training gimples, and was thus chosen as the normalizing chromosome
sequence for chromosome 1. As described above, the variability in chromosome dose for
chromosome Y is greategfhan 30 independently of which single chromosome is used as the
normalizing chromosgfe sequence in determining the chromosome Y dose. The group of
chromosomes 2-6 #fas found to diminish substantially the variability in the dose for chromosome Y in

the training sargfles, and was thus chosen as the normalizing chromosome sequence for chromosome

& chromosome doses for each of the chromosomes of interest in the qualified samples
provig#s a measure of the varjation in the total number of mapped sequence tags for each
chfmosome of interest relative to that of each of the remaining chromosomes. Thus, qualified

romosome doses can identify the chromosome or a group of chromosomes i.e. normalizing

chromosome sequence that has a variation among samples that is closest to the varjation of the
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chromosome of interest, and that would serve as ideal sequences for normalizing values for further
statistical evaluation.

Chromosome doses for all sampies in the training set i.e. qualified and affected, also serve
the basis for determining threshold values when identifying aneuploidies in test samples as desc

in the following.

TABLE 10
Normalizing Chromosome Sequences for Determining Chromosome Dgfes
Chromosome of Interest -
Chromosome of Interest Numeratoer (Chr mapped
counts)
21 Chr 21
18 Chr 18
13 Chr 13 / Sum(Chr 2-6)
X ChrX / Chr 6
Y ChrY / Sum(Chr 2-6)

For each chromosome of interest in each sample in the jfst set, a normalizing value was determined
and used to determine the presence or absence of angfeuploidy. The normalizing vatue was
calculated as a chromosome dose that can be fur
value (NCV).

Chromosome doses

r computed to provide a normalized chromosome

For the test set, a chromosome gifise was calculated for each chromosome of interest, 21, 18,

13, X and Y for every sample. As pgfvided in Table 10 above, the chromosome dose for chromosome

21 was calculated as a ratio of thegfflumber of tags in the test sample that mapped to chromosome 21 in

the test sample, and the numbegfof tags in the test sample that mapped to chromosome 9, the

the test sample that mapped to chromosomes 2-6; the chromosome dose for

was calculated as a ratio of the number of tags in the test sample that mapped to

e test sample that mapped to ehromosomes 2-6.
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Normalized chromosome values
Using the chromosome dose for each of the chromosomes of interest in each of the test
samples, and the mean of the corresponding chromosome dose determined in the qualified samples

the training set, a normalized chromosome value (NCV) was calculated using the equation:

Xy~ B

~

NCVij =

significant departure from linearity is observed in a quantile-quantile plot of & NCVs from
unaffected samples. In addition, standard tests of normality for the NCVs il to reject the null
10 hypothesis of normality.

For the test set, an NCV was calculated for each chromosorf of interest, 21, 18,13, X and Y
for every sample. To insure a safe and effective classification scjfme, conservative boﬁndaries were
chosen for aneuploidy classification. For classification of the #itosomes’ aneuploidy state, a NCV >
4.0 was required to classify the chromosome as affected (i gf aneuploid for that chromosome) and a

15 NCV < 2.5 to classify a chromosome as unaffected. Sagfples with autosomes that have an NCV
between 2.5 and 4.0 were classified as “no call”.

Sex chromosome classification in the tesggfas performed by sequential application of NCVs
for both X and Y as follows:

I. IINCV Y > -2.0 standard deviatiog# from the mean of male samples, then the sample was
20 classified as male (XY).
2. IfNCV Y <-2.0 standard deyfations from the mean of male samples, and NCV X > -2.0
standard deviations from gfe mean of female samples, then the sample was classified as

female (XX).

3. IfNCV Y < -2.0 stgfdard deviations from the mean of male samples, and NCV X < -3.0
25 standard deviatigfls from the mean of female samples, then the sample was classified as
MONOSOMmy .¢. Turner syndrome.

4. If the NCY¥f did not fit into any of the above criteria, then the sample was classified as a “no

Results
30 Study Pgfulation Demographics
A total of 1,014 patients were enrolled between April 2009 and July 2010. The patient
degfberaphics, invasive procedure type and karyotype results are summarized in Table 11. The
crage age of study participants was 35.6 yrs (range 17 to 47 yrs) and gestational age ranged

between 6 weeks, 1 day to 38 weeks, 1 day (mean 15 weeks, 4 days). The overall incidence of
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abnormal fetal chromosome karyotypes was 6.8% with T21 incidence of 2.5%. Of 946 subjects with

singleton pregnancies and karyotype, 966 (96%) showed at least one clinically recognized risk factor
for fetal aneuploidy prior to prenatal procedure. Even eliminating those with advanced maternal a

as their sole indication, the data demonstrates a very high false positive rate for current screenin

TABLE 11
Patient Demographics
Total Enrolled Training Set T
{ N=1014) (N=71)

Dates of Enrollment Apr 2009 —Jul 2010 | Apr 2009-Dec 20094 Jan 2010-Jun 2010
Number enrolled 1014 435 575
Maternal Age, yrs
Mean (SD) 35.6 (5.66) 34.2 (8.22)
Min/Max 17/47 20/46 18/46
Not Specified, N 11 3 0
Ethnicity, N (%)
Caucasian 636 (62.7) 50 (70.4) 24 (50.0)
Hispanic 167 (16.5) 6{8.5) 13 (27.0)
Asian 63 (6.2) 6 (8.5) 5(10.4)
Multi, more than one 53(5.2) 6 (8.3) 1(2.1)
African American 41 (4.0) 1(1.3) 3(6.3)
Other 2(2.8) 1(2.1)
Native American 0 (0.0) 1(2.1)
Not Specified 0(0.0) 0 (0.0)
Gestational Age, wks,
days 15w4dd 14w 5d 15w 3d
Mean 6w 1d/38w 1d 10w 0d/23 w 1d 10w 4d/28 w 3d
Min/Max
Number of Fejfls, N
1 982 67 47
2 30
3 2 0
Prghatal Procedure, N

A 430 (42.4) 38 (53.5) 28 (58.3)
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CVS 571 (56.3) 32 (45.1) 20 (41.7)
Amniocentesis 3(0.3) 1{l4 000
Not specified 10 (1.0 00.0) 0(0.0)
Not performed

Fetal Karyotype, N (%)

46 XX 453" (43.9) 227 (29.7) 7 (14.6)
46 XY 4747 (45.9) 26’ (35.1) 14 (29.2y
47, +21, both sexes 25" (2.4) 107 (13.5)

47, +18, both sexes 14 (1.4) 5(6.8)

47, +13, both sexes 4(04) 227

45, X 8(0.8) 34.9)

Complex, other 18 (1.7) 6(8.1) / 2(4.2)
Karyotype not available 36 (3.5) 0(0.0) / 0.0
Prenatal Screening Risks | Non-sequenced Analyzed Analyzed Test
for Karyotyped N=834 Trainj N=47
Singletons, N (%) 445 (53.4) N= 21 (44.7)
AMA only (=35 years) 149 (17.9) (41.5) 9(19.1)
Screen positive (trisomy)" 35(4.2) 18 (27.7) 5(10.6)
Increased NT 12(1.4) 3 (4.6) 4 (8.5)
Cystic Hygroma 14 (1.7) 507D 4(8.5)
Cardiac Defect 78 (9.4) 0 {0.0) 3(6.4)
Other Congenital 64 (7.7) 4 (6.2) 12D
Abnormality 37 (4. 5(1.71 0 0.0
Other Maternal Risk 3 (4.6)

None specified

“Includes results of fetuses fom multiple gestations, ~ Assessed and reported by clinicians
Abbreviations: AMA =gKkdvanced Maternal Age, NT = nuchal translucency

The distributj#n of diverse ethnic backgrounds represented in this study population is also
shown in Table 1} Overall, 63% of the patients in this study were Caucasian, 17% Hispanic, 6%
Asian, 5% mulyfethnic, and 4% African American. It was noted that the ethnic diversity varied
significantlyffrom site to site. For example, one site enrolled 60% Hispanic and 26% Caucasian
subjects gfnile three clinics all located in the same state, enrolled no Hispanic subjects. As expected,
there fere no discernible differences observed in our results for different ethnicities.
Trfining Data Set 1

The training set study selected 71 samples from the initial sequential accumulation of 435

samples that were collected between April 2009 and December 2009. All subjects with affected
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fetus’ (abnormal karyotypes) in this first series of subjects were included for sequencing and a random
selection and number of non-affected subjects with adequate sample and data. Clinical characteristics
of the training set patients were consistent with the overall study demographics as shown in Table

The gestational age range of the samples in the training set ranged from 10 weeks, 0 days to 23 yfeks

1 day. Thirty-eight underwent CVS, 32 underwent amniocentesis and 1 patient did not have

discussed below), 1 sample with T18 that was contaminated during preparation, gfid 1 sample with a
fetal karyotype 69, X3{X, leaving 65 samples for the training set.

The number of unique sequence sites (i.e. tags identified with unigye sites in the genome)
varied from 2.2M in the early phases of the training set study to 13.7VLi#f the latter phases due to
improvements in sequencing technology over time. In order to monjylr for any potential shifts in the
chromosome doses over this 6-fold range in unique sites, differengfunaffected samples were run at the
beginning and end of the study. For the first 15 unaffected sagfbles run, the average number of
unique sites was 3.8M and the average chromosome doses jr chromosome 21 and chromosome 18
were 0.314 and 0.528, respectively. For the last 15 unafffcted samples run, the average number of
unique sites was 10.7M and the average chromosomggfoses for chromosome 21 and chromosome 18
were (.316 and 0.529, respectively. There was nggftatistical difference between the chromosome
doses for chromosome 21 and chromosome 18fver the time of the training set study.

The training set NCVs for chromosgfnes 21, 18 and 13 are shown on Figure 12. The results
shown in Figure 12 are consistent with gff assumption of normality in that roughly 99% of the diploid
NCVs would fall within + 2.5 standagf deviations of the mean. Of this set of 65 samples, 8 samples
with clinical karyotypes indicatin 1 had NCVs ranging from 6 to 20. Four samples having clinical
karyotypes indicative of fetal T8 had NCVs ranging from 3.3 to 12, and the two samples having
karyotypes indicative of fetglftrisomy 13 (T13) had NCVs of 2.6 and 4. The spread of the NCVs in
affected samples is due tgfheir dependence on the percentage of fetal ¢fDNA in the individual
samples.

Similar to #e autosomes, the means and standard deviations for the sex chromosomes were
established in thff training set. The sex chromosome thresholds allowed 100% idemtification of male

and female fgfuses in the training sef.

aving established chromosome doses means and standard deviations from the training set, a
testflet of 48 samples was selected from samples collected between January 2010 and June 2010 from
5 total samples. One of the samples from a twin gestation was removed from the final analysis

leaving 47 samples in the test set. Personnel preparing samples for sequencing and operating the
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equipment were blinded to the clinical karyotype information. The gestational age range was similar
to that seen in the training set (Table 11). 58% of the invasive procedures were CVS, higher than that

of the overall procedural demographics, but also similar to the training set. 50% of subjects were

Caucasian, 27% Hispanic, 10.4% Asian and 6.3% African American.

are shown in Figure 13 and the classifications are given in Table 12,

Test Set Classification Data Test Set Classification D

TABLE 12

PCT/US2011/045412

T21 classification /
Karyotype Unaffected T21 XCall
for T21
Unaffected for T21 34
47 XX or XY+21 13
T18 classification
Karyotype Unaffected /18 .No Call
for T18
Unaffected for T18
47, XX or XY+18
Karyetype No Call
Unaffected for T13
47 XX or XY+13 1
Sex Chromosome Classification
Karyotype / XY XX MX* No Call
46, XY 24
46, XX 18 1
45, X / 2 1
Cp]y 1

.83.

*MX ishonosomy in the X chromosome with no evidence of Y chromosome

In the test set, 13/13 subjects having clinical karyotypes that indicated fetal T21 were
ectly identified having NCVs ranging from 5 to 14, Eight/eight subjects having karyotypes that

ndicated fetal T18 were correctly identified having NCVs ranging from 8.5 to 22. The single sample
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having a karyotype classified as T13 in this test set was classified as a no call with an NCV of
approximately 3.

For the test data set, all male samples were correctly identified including a sample with
complex karyotype, 46,XY + marker chromosome (unidentifiable by cytogenetics) (Table 3).
Nineteen of twenty female samples were correctly identified, and one female sample was catgforized
as ano call. For three samples in the test set with karyotype of 45,X, two of the three wergforrectly
identified as monosomy X and 1 was classified as a no call (Table 12).

Twins

Four of the samples initially selected for the training set and one of the sgfples in the test set
were from twin gestations. The thresholds being employed here could be conjfunded by the differing
amount of cfDNA expected in the setting of a twin gestation. In the trainig set, the karyotype from
one of the twin samples was monochorionic 47,XY+21. A second twi ple was fraternal and
amniocentesis was carried out on each of the fetuses individually. Igfhis twin gestation, one of the
fetuses had a karyotype of 47, XY+21 while the other had a normgfkaryotype, 46,XX. In both of
these cases the cell free classification based on the methods digfussed above classified the sample as
T21. The other two twin gestations in the training set weregflassified correctly as non-affected for
T21 (all twins showed diploid karyotype for chromosomyf21). For the (win gestation sample in the
test set, karyotype was only established for Twin B (46,XX) and the algorithm correctly classified as
non-affected for T21.

Conclusion

The data show that massively parallfl sequencing can be used to determine a plurality
abnormal fetal karyotypes from the bloogfof pregnant women. These data demonstrate that 100%
correct classification of samples withfisomy 21 and trisomy 18 can be identified using independent
test set data. Even in the case of fgfises with abnormal sex chromosome karyotypes, none of the
samples were incorrectly classiffed with the algorithm of the method. Importantly, the algorithm also
performed well in determinigh the presence of T21 in two sets of twin pregnancies having at least one
affected fetus, which hasgfever been shown previously. Furthermore, this study examined a variety of
sequential samples froyfi multiple centers representing not only the range of abnormal Karyotypes that
one is likely to witgfss in a commercial clinical setting, but showing the significance of accurately

classifying pregffancies non-alfected by common trisornies to address the unacceptably high false

showegfincreases in the variance consistent Poisson counting statistics.
The data build on the findings of Fan and Quake who demonstrated that the sensitivity of
ninvasive prenatal determination of fetal aneuploidy from maternal plasma using massively parallel

sequencing is only limited by the counting statistics (Fan and Quake, PLos One 5, 10439 [2010]).
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Because sequencing information was collected across the entire genome, this method is capable of
determining any aneuploidy or other copy number variation including insertions and deletions. The
karyotype from one of the samples had a small deletion in chromosome 11 between q21 and q23 th

wasg observed as a ~10% decrease in the relative number of tags in a 25 Mb region starting at g2

procedure) and iii (from amniocentesis), which both showed a mixture of XXX X cells by

cylogenetic analysis (consistent with mosaic Turner syndrome), were classifigfl as a no call and
monosomy X, respectively.

In testing the algorithm, another interesting data point was obsggfed having an NCV between
-5 and -6 for chromosome 21 for one sample from the test set (Figug#'13). Although this sample was
diploid in chromosome 21 by cytogenetics, the karyotype showe
chromosome 9; 47, 33( + 9 [9)/46, XX [6]. Since chromoso

determine the chromosome dose for chromosome 21 (Tabl

osaicism with partial triploidy for
9 is used in the denominator to
0), this lowers the overall NCV valie.
The ability of the use of normalizing chromosomes to dflermine fetal trisomy 9 in this sample is
evidenced by the results provided in Example 7 bel
The conclusion of Fan, et al regarding thegfensitivity of these methods is only correct if the
algorithms being utilized are able to account fgffany random or systematic biases introduced by the
sequencing method. If the sequencing datajf not properly normalized the resulting analysis will be
inferior to the counting statistice. Chiu, gf al noted in their recent paper that their measurement of
chromosomes 18 and 13 using the mgg&ively paraliel sequencing method was imprecise, and
concluded that more research was
{Chiu et al., BMI 342:¢7401 [2

number of sequence tags on ffie chromosome of interest, in their case chromosome 21, normalized by

cessary to apply the method to the determination of T18 and T13
17). The method utilized in the Chiu, ef af paper simply uses the

the total number of tags igfthe sequencing run. The challenge for this approach is that the distribution
of tags on each chromgfome can vary from sequencing run to sequencing run, and thus increases the

overall variation offhe aneuploidy determination metric. In order to compare the results of the Chiu

frogf our Lest set utilizing an NCV threshold of 4.0 for aneuploidy classification.
Ehrich, et al also focused only on T21 and used the same algorithm as Chiu, et al., (Ehrich et

al., Am J Obstet Gynecol 204:205 el-e11 [2011]). In addition, after observing a shift in their test set
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z-score metric from the external reference data i.e. training set, they retrained on the test set to
establish the classification boundaries. Although in principle this approach is feasible, in practice it
would be challenging to decide how many samples are required to train and how often one would

need to retrain to ensure that the classification boundaries are correct. One method of mitigating

quantitative behavior.
The data obtained nsing the present method show that massively parallel sequ
capable of determining multiple fetal chromosomal abnormalities from the plasma gffpregnant women
when the algorithm for normalizing the chromosome counting data is optimized #The present method
for quantification not only minimizes random and systematic variations betwe#h sequencing runs, but
also allows for effective classification of aneuploidies across the entire gengme, most notably T21 and
T18. Larger sample collections are required to test the algorithm for T}# determination. To this end,
a prospective, blinded, multi-site clinical study to further demonstragfthe diagnostic accuracy of the
present method is being performed.
Example 7
Determination of the Presence or Absence of at least 5
All Chromosomes of Indi

To demonstrate the capability of thegfiethod to determine the presence or absence of

ifferent Chromosomal Aneuploidies in
al Test Samples
any chromosomal aneuploidy in each of a set of pfiternal test samples (test set 1; Example 6),
systematically determined normalizing chromgfome sequences were identified in unaffected samples
of the training set (training set 1; Example g, and used to calculate chromosome doses for all
chromosomes in each of the test samplegf Determination of the presence or absgnce of any one or
more different complete fetal chromgghmal aneuploidies in each of the test and training set samples
was accomplished from sequencinginformation obtained from a single sequencing run on each
individual sample.

Using the chromosggfie densities i.e. the number of sequence tags identified for each
chromosome in each of ty€ samples of the training set described in Example 6, a systematically
determined normalizigl chromosome sequence consisting of a single chromesome or a group of

chromosomes wasfetermined by calculating a single chromosome dose for each of chromosomes 1-

} the number of sequence tags obtained for each of the remaining chromosomes, and the sum of the

number of tags obtained for all possible combinations of the remaining chromosomes (excluding
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chromosome 21) i.e. 1,2,3,4, 5, etc. up1020,21,22, X, and Y; 1+ 2, 143, 144, 145, efc. up to
1420, 1422,1+X, and 1+Y;, 14243, 14244, 142 45 etc. up to 142420, 142422, 142+X, and 1+2+Y;
14344, 14345, 143+6 etc. up to 143420, 143422, 143+X, and 1+3+Y; 1+2+3+4, [+2+3+5,
1424346 efc. up to 14243420, 1+2+3+22, 1+2+3+X, and 1+2+3+Y; and so on such that all possj

combinations of all of chromosomes 1-20, 22, X and Y were used as a normalizing chromosogfe

chromosomes resulting in a dose for chromosome 21 having the smallest varighility across all training

samples. The same analysis was repeated to determine the single chromosgfhe or combination of
chromosomes that would serve as the systematically determined normaljfing chromosome sequence
for each of the remaining chromosomes inclunding chromosomes 13, J8, X and Y f.e. all possible
combinations of chromosomes were used to determine the normalffiing sequence (single chromosome
or a group of chromosomes) for all other chromosomes of integfst 1-12, 14-17, 19-20, 22, X and Y,

in all training samples. Thus, all chromosomes were treategfas chromosomes of interest, and a

systematically determined normalizing sequence was deyfrmined for each of all chromosomes in each
of the unaffected samples in the training set. Table 1Jfprovides the single or the group of
chromosomes that were identified as the systematjfally determined normalizing sequence for each of
chromosomes of interest 1-22, X, and Y. As hj#nlighted by Table 13, for some chromosomes of
interest, the systematically determined normglizing chromosome sequence was determined to be a
single chromosome (e.g. when chromosgfhie 4 is the chromosome of interest), and for other
chromosomes of interest, the systemayally determined normalizing chromosome sequence was
determined to be a group of chromyfSomes (e.g. when chromosome 21 is the chromosome of interest).
TABLE 13

Systematically Determgfned Normalizing Chromosome Sequences for All Chromosomes

Chromosome Syftematically Chromosome Systematically
of Detgfmined Normalizing of determined
Interest Sequence Interest Normalizing

Sequence

1 / 6+10+14+15+17+20 13 445

2 / 3+6+8+9+10 14 143+5+6+10+19

2+4+5+6+12 15 1+14+20

4 5 i6 14+17+19+20+22
5 44648414 i7 15+19+22
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6 3+445+12+14 18 2434547
7 A+5+8+14+19+20 19 22

8 24+5+7 20 10+16+17+22
9 3+4+8+10+174+19420422 21 4+14+16+20
10 2+14+15+17+20 22

11 5+10+14+20+22 X

12 142+43+5+6+19 Y

The mean, standard deviation (SD) and coefficient of variance (CV) for the systgfnatically determined
normalizing chromosome sequence determined for each of all chromosomes
TABLE 14

Mean, Standard Deviation and Coefficient of Variance for all

e given in Table 14.

stematically determined

normalizing chromosome sequengfs

Chromosome of Mean S Cv
interest /
1 0.36637 /0.00266 0.72%
2 0.31580 / 0.00068 0.22%
3 0.21983 0.00055 0.18%
4 0.98191 0.02509 2.56%
5 0.30109 0.00076 0.25%
6 02162 0.00039 0.27%
7 02104 0.00044 0.21%
8 05562 0.00068 0.27%
9 %’2726 0.00034 027%
10 / 0.24471 0.00098 0.40%
11 0.26907 0.00098 0.36%
12 / 0.12358 0.00029 0.23%
13* / 0.26023 0.00122 0.47%
14 / 0.09286 0.00028 0.30%
15 0.21568 0.00147 0.68%
0.25181 0.00134 0.53%
17 0.46000 0.00248 0.54%
/ 18 0.10100 0.00038 0.38%
19 1.43709 0.02899 2.02%
20 0.19967 0.00123 0.62%
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21° 0.07851 0.00053 0.67%
22 0.69613 0.01291 2.00%
X 0.46865 0.00279 0.68%
Y® 0.00028 0.00004 14.97% /

*Excluding trisornies

PFemale fetus

The variance in chromosome doses across all training samples as reflected g the value of the

CV, substantiates the use of systematically determined normalizing chromosomegequences to provide
a large signal-to-noise ratio and dynamic range, allowing for the determinatigyfof the aneuploidies to
be made with high sensitivity and high specificity, as shown in the followj
To demonstrate the sensitivity and specificity of the method, chfomosome doses for all
chromosomes of interest 1-22, X and Y were determined in each of jJfe samples in the training set,
and in each of all samples in the test set deseribed in Example 5 yfing the corresponding
systematically determined normalizing chromosome sequencgdfprovided in Table 13 above.
Using the systematically determined normalizing gfromosome sequence for each of the
chromosomes of interest, the presence or absence of anyfthromosomal aneuploidy was determined in
each of the samples in the training set , and in each gffthe test samples i.e. it was determined whether
each sample contained a complete fetal chromos
9,10, 11, 12, 13, 14, 15, 16,17, 18, 19, 20, 21

sequence tags, was obtained for all chromogfmes in each of the samples in the training set, and in

al aneuploidy of chromosome 1, 2, 3,4, 5,6,7, 8§,

. X, and Y. Sequence information i.e. the number of

each of the test samples, and a single chyfmosome dose for each of the chromosomes in each of the
training and test samples was calculzyfd as described above using the number of sequence tags
obtained for the systematically deyfrmined normalizing chromosome sequences corresponding to
those determined in the trainedgfet (Table 13). The number of sequence tags obtained in each of the
training samples for the sysyfmatically determined normalizing chromosome sequences was used to
determine the chromosopffe doses for each chromosome in each of the training samples, and the

number of sequence yfrs obtained in each of the test samples for the systematically determined

A plot of the chromosome doses for chromosomes 21, 18 and 13 in the training set of samples
usjffe the systematically determined normalizing chromosome sequence is given in Figure 15, When
sing the systematically determined normalizing chromosome sequence i.e. the group of

chromosomes 4414416420422, 8 samples with clinical karyotypes indicating T21 had NCVs between
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5.4 and 21.5. When using the systematically determined normalizing chromosome sequence i.e. the
group of chromosomes 2+3+5+7, 4 samples with clinical karyotypes indicating T18 had NCVs
between 3.3 and 15.3. When using the systematically determined normalizing chromosome seque
i.e. the group of chromosomes 4+3, 2 samples with clinical karyotypes indicating T13 had NCVglof
8.0 and 12.4. The T21 samples of the training set are shown as the last 8 samples of the chropfflosome

21 data (O); theT18 samples of the training set are shown as the last 4 samples of the chrogficsome 18

i3 data ().

These data show that normalizing chromosome sequences can be used tgffietermine and
correctly classify different complete fetal chromosomal aneuploidies with gregf confidence. Since all
samples with affected karyotypes had NCVs greater than 3, there is less thgfl approximately 0.1%
probability that these samples are part of the unaffected distribution.

Similarly to the autosomes, when the systematically determjgfed normalizing chromosome
sequence (i.e. the group of chromosomes 4+8) was used for chrgffiosome X, and when the
systematically determined normalizing chromosome sequencegfi.e. the group of chromosomes 4+4-6)
was used for chromosome Y, all of the male and female fejfses in the training set were correctly
identified. In addition, all 5 of the monosomy X samplgff were identified. Figure 18A shows a plot
of NCVs determined for the X chromosome {X-axisyfind NCVs determined for the Y chromosome (Y
axis) for each of the samples in the training set. of the samples which are monosomy ¢ X by
karyotype have NCV values of less than -4.83 #Those monosomy X samples that have karyotypes
consistent with a 45,X karyotype (full or mgfaic) have a Y NCV value close to zero as expected,
Female samples cluster around NCV = Qffor both X and Y.

Test Set Results

A plot of the chromosomeffloses for chromosomes 21, 18 and 13 in the test samples using the
relevant systematically determjfed normalizing chromosome sequences is given in Figure 16. When
using the systematically detgfmined normalizing chromosome sequence (i.e. the group of
chromosomes 4+14+16+J0+22), then 13 of 13 samples with clinical karyotypes indicating T21 were
correctly identified wigh NCVs between 7.2 and 16.3. When using the systematically determined
normalizing chromgfsome sequence (i.e. the group of chromosomes 2+3+5+7), then all 8 samples with
clinical karyotygfs indicating T18 were identified with NCVs between 12.7 and 30.7. When using
the systematjfally determined normalizing chromosome sequence (i.e. the group of chromosomes
4+35), theyfthe only one sample with clinical karyotypes indicating T13 was correctly identified with
an NG of 8.6. The T21 samples of the test set are shown as the last 13 samples of the chromosome
21 gata (O); theT18 samples of the test set are shown as the last 8 samples of the chromosome 18 data

); and the T13 sample of the test set is shown as the last sample of the chromosome 13 data (O).
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These data show that systematically determined normalizing chromosome sequences can be
used to determine and correctly classify different complete fetal chromosomal aneuploidies with great
confidence. Similar to the training set, all samples with affected karyotypes had NCVs greater tha
which indicated an infinitesimally small probability that these samples are part of the unaffecied
distribution. (Figure 16).

Similarly to the autosomes, when the systematically determined normalizing chrogfosome
sequence (i.e. the group of chromosomes 44-8) was used for chromosome X, and when jfic
systematically determined normalizing chromosome sequence (i.e. the group of chrgfnosomes 4-+6)
was used for chromosome Y, all of the male and female fetuses in the test set wegf correctly
identified. In addition, all 3 of the monosomy X samples were determined. Ejfure 18B shows a plot
of NCVs determined for the X chromosome (X-axis) and NCVs determinggffor the Y chromosome (Y
axis) for each of the samples in the test set

As previously described, the present method allows for detegMining the presence or absence
of a complete, or partial, chromosomal aneuploidy of each of chrgfnosomes 1-22, X, and Y in each
sample. In addition to determining complete chromosomal angliploidies T13, T18, T21, and
monosomy X, the method determined the presence of a triggfny of chromosome 9 in one of the test
samples. When using the systematically determined noghalizing chromosome sequence (i.e. the
group of chromosomes 3+4+8+10+17+19+20+22), fgf chromosome of interest 9, a sample having an
NCV of 14.4 was identified (Figure 17). This sgfiple corresponded to the test sample in Example 6
that was suspected of being ancuploid for chropflosome 9 following the calculation of an aberrantly
low dose for chromosome 21 (for which chgfmosome 9 was used as the normalizing chromosome
sequence in Example 6),

The data show that 100% of ghe samples having clinical karyotypes indicating T21, T13 T18,
T9 and monosomy X were correcyff identified. Figure 19 shows a plot of the NCVs for each of
chromosomes 1-22 in each of (€ 47 test samples. Medians of NCVs were normalized to zero. The
data show that the method gffthe invention (including the use of systematically determined
normalizing chromosomgfSequences) determined the presence of all 5 types of chromosomal
aneuploidies that wergfpresent in this test set with 100% sensitivity and 100% specificity, and clearly
indicate that the od can identify any complete chromosomal aneuploidy for any one of

chromosomes [f£2, X, and Y, in any sample.

EXAMPLE 8
ctermination of the presence or absence of a partial fetal chromosomal aneuploidy:
determination of Cat eye syndrome
DiGeorge syndrome (22q11.2 deletion syndrome), a disorder caused by a defect in

chromosome 22, results in the poor development of several body systems. Medical problems
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commonly associated with DiGeorge syndrome include heart defects, poor immune system function, a
cleft palate, poor function of the parathyroid glands and behavioral disorders. The number and
severity of problems associated with DiGeorge syndrome vary greatly. Almost everyone with
DiGeorge syndrome needs treatment from specialists in a variety of fields.

5 To determine the presence or absence of a partial deletion of fetal chromosome 22, a jfiood
sample is obtained by venipuncture for the mother, and ¢fDINA is prepared as described inghe
Examples above. The purified cfDNA is ligated to adaptors and subjected to cluster argflification
using the Illumina cBot cluster station. Massively parallel sequencing is performed JfSing reversible
dye terminators to generate millions of 36bp reads. The sequence reads are aligngl to the human

10 hgl9 reference genome, and the reads that are uniquely mapped to the referenge genome are counted
as tags.

A set of qualified samples all known to be diploid for chromosghne 22 i.e. chromosome 22 or
any portion thereof is known to be present only in a diploid state, argfirst sequenced and analyzed to
obtain a number of sequence tags for each of 1000 segments of 3 fiegabases (MDb) (excluding the

15 region 22q11.2). Given that the human genome comprises apgfoximately 3 billion bases (3Gb), the
1000 segments of 3 Mb each approximately composes the gfmainder of the genome. Each of the
1000 segments can serve individually or as in a group offSegment sequences that are used to
determine the normalizing segment sequence for the gEgment of interest i.e. the 3Mb region of
22q11.2, The number of sequence lags mapped tgfvery single 1000bp segment is used individually

20 to compute segment doses for the 3Mb region g 22q11.2. In addition, all possible combinations of
two or more segments are used to determingfSegment doses for the segment of interest in all qualified
samples. The single 3Mb segment or thgfeombination of two or more 3Mb segments that result in the
segment dose having the lowest varia)flity across samples is chosen as the normalizing segment
sequence.

25 The number of sequengf tags mapped to the segment of interest in each of the qualified
samples is used to determingfa segment dose in each of the qualified samples. The mean and standard
deviation of the segment #foses in all qualified samples is calculated, and used to set threshold s to
which segment doses getermined in test samples can be compared. Preferably, normalized segment
values (NSV) are gfflculated for all segments of interest in all qualified samples, and used to set the

30  threshold value;

Subgfquently, the number of tags mapped to the normalizing segment sequence in the

termined using the qualified samples to determine the presence or absence of a deletion of 22q11.2

in the test sample.
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A test NCV < -3, indicates that a loss in the segment of interest i.e. partial deletion of

chromosome 22 (22q11.2) is present in the test sample.

EXAMPLE 9
Stool DNA Testing for Prediction of QOutcome for Stagell Colorectal Cancer Patie

Around 309% of all stage IT colon cancer patients will relapse and die of their disegg€. Stage II
colon cancers of patients who had relapse of disease showed significantly more losses '
chromosomes 4, 5, 15q, 17q and 18q. In particular, stage IT colen cancer patients loges on 4q22.1—-
4q35.2 have been shown to be associated with worse outcome. Determination ofgffie presence or
absence of these genomic alterations may aid in selecting patients for adjuv erapy (Brosens er al.,
Analytical Cellular Pathology / Cellular Oncology 33: 95-104 [2010]).

To determine the presence or absence of one or more chromosggfial deletions in the 4g22.1 to
4g35.2 region in patients with stage IT colorectal cancer, stool and/ogfilasma samples are obtained
from the patient(s). Stool DNA is prepared according to the methffd described by Chen et al., J Natl
Cancer Inst 97:1124-1132 [2005]); and plasma DNA is preparghi according to the method described in
the Examples above. DNA is sequenced according to an method described herein, and the
sequence information for the patient(s) sample(s) is usegflo calculate segment doses for one or more
segments spanning the 4q22.1 to 4q35.2 region. Segyffent doses are determined using normalizing
segment sequences thal are determined a prioxi by a set of qualified stool and/or plasma samples,
respeclively. Segment doses in the test samplegf(patient samples) are calculated, and the presence or
absence of one or more partial chromosoma)fdeletions within the 4g22.1 to 4g35.2 region is
determined by comparing the NSV for eg€h of the segments of interest to the threshold set from the
NSV in the set of qualified samples.

While preferred embodimghits of the present invention have been shown and described herein,
it will be obvious to those skillgfl in the art that such embodiments are provided by way of example
only. Numerous variations,ghanges, and substitutions will now occur to those skilled in the art
without departing from th€ invention. It should be understood that various alternatives to the
embodiments of the igffention described herein may be employed in practicing the invention. Itis
intended that the fgffowing claims define the scope of the invention and that methods and structures

within the scopgfof these claims and their equivalents be covered thereby.
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CLAIMS
WHAT IS CLAIMED [S:

1. A method for determining the presence ar absence of any four or more different complete,
fetal chromosomal aneuploidies for each of four or more chromosomes of interest in a maternal/test

sample comprising fetal and maternal nucleic acids, said method comprising:

(a) obtaining sequence information for said fetal and maternal nucleic acigé in said

sample;

(b) using said sequence information to identify a number of sequenée tags for each of
said any four or more chromosomes of interest, wherein the four or more chydmosomes of interest are
selected from chromosomes 1-22, X, and Y and to identify a number of spuence tags for a

normalizing chromosome for each of said any four or more chromosoryes of interest;

)] using said number of sequence tags identified for£ach of said any four or more
chromosomes of interest and said number of sequence tags idegtified for each said normalizing
chromosome to calculate a single chromosome dose for eacl of said any four or more chromosomes

of interest; and

{d) comparing each of said single chrogfosome doses for each of said any four or more
chromosomes of interest to a threshold value for gach of said four or more chromosomes of interest,
and thereby determining the presence or absenée of any four or more complete different fetal

chromosomal aneuploidies in said sample;

wherein each said normalizing/Zhromosome for each of said four or more chromosomes of
interest is determined by systematicdlly caleulating all possible chromosome doses for each of the
four or more chromosoimes of injérest in a training set of samples comprising qualified samples
comprising chromosomes tha/are present in known copy number and which are not aneupleid for
each of the four or more chfomosomes of interest, by using the number of sequence tags identified for
each of the remaining cjfromosomes and the sum of the number of sequence tags identified for all

possible combinatiop$ of the remaining chromosomes to determine which single chromosome or
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said chromosomes of interest and the number of sequence tags identified for said normalizing

chromosome sequence for each of said chromosomes of interest.
3, The method of Claim 1 or 2, wherein step (¢) comprises:

() calculating a sequence tag density ratio for each of said chromosomes of intergét, by
relating the number of sequence tags identified for each of said chromosomes of interest in gtep (b) to

the length of each of said chromosomes of interest;

()] calculating a sequence tag density ratio for each said normalizing chfomosome by
relating the number of sequence tags identified for said normalizing chromosome/equence in step (b)

1o the length of each said normalizing chromosome; and

(iii)  using the sequence lag density ratios calculated in steps (¥ and (ii) to calculate a
single chromosome dose for each of said chromosomes of interest, whefrein said chromosome dose is
calculated as the ratio of the sequence tag density ratio for each of §did chromosomes of interest and
the sequence tag density ratio for said normalizing chromosome gequence for each of said

chromosomes of interest.

4, The method of any one of Claims 1-3, wherein sgid any four or more chromosomes of interest
selected from chromosomes 1-22, X, and Y comprise At least twenty chromosomes selected from
chromosomes 1-22, X, and Y, and wherein the pregénce or absence of at least twenty different

complete fetal chromosomal ancuploidies is detgrmined.

3 The method of any one of Claims }£3, wherein said any four or more chromosomes of interest
selected from chromosomes 1-22, X, and Y is all of chromosomes 1-22, X, and Y, and wherein the
presence or absence of complete fetal/chromosomal aneuploidies of all of chromosomes 1-22, X, and

Y is determined.

6. The method of any opt of Claims 1-3, wherein sald normalizing chromosome sequence is a

single chromosome selected from chromosomes 1-22, X, and Y.

7. The method of any one of Claims 1-5, wherein said normalizing chromosome sequence is a

group of chromosopfies selected from chromosomes 1-22, X, and Y.

8. A met}od for determining the presence or absence of any one or more different complete fetal
aneuploidies for said one or more chromosomes of interest in a maternal test sample

comprisipfg fetal and maternal nucleic acids, said method comprising:
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(a) obiaining sequence information for said fetal and maternal nucleic acids in said

sample;

{b) using said sequence information to identify a number of sequence tags for each of a
one or more chromosomes of interest, wherein the one or more chromosomes of interest are selected
from chromosomes 1-22, X and Y and to identify a number of sequence tags for a normalizin

segment sequence for each of said any one or more chromosomes of interest;

() using said number of sequence tags identified for each of said any ong/or more
chromosomes of interest and said number of sequence tags identified for said norm4lizing segment
sequence to calculate a single chromosome dose for each of said any one or mopé chromosomes of

interest; and

(d) comparing each of said single chromosome doses for egéh of said any one or more
chromosomes of interest to a threshold value for each of said one or plore chromosomes of interest,
and thereby determining the presence or absence of one or more gifferent complete fetal chromosomal

aneuploidies in said sample,

wherein each said normalizing chromosome segnpént for each of said one or more
chromosomes of interest is determined by systematically calculating all possible chromosome doses
for each of the one or more chromosomes of interest'in a training set of samples comprising qualified
samples comprising chromosomes that are preseyt in known copy number and which are not
aneuploid for each of the one or more chromgéomes of interest, by using the number of sequence tags
identified for segments of each of the remgIning chromosonies and the sum of the number of sequence
tags identified for all possible combinajfons of segments of the remaining chromosomes to determine
which single segment or group of segments results in the least variability of the chromosome dose for

each of the one or more chromosgmMmes of interest across said qualified samples.

9. The method of Claipd 8, wherein step (¢) comprises calculating a single chromosome dose for
cach of said chromosomed of interest as the ratio of the number of sequence tags identified for each of
said chromosomes of jiterest and the number of sequence tags identified for said normalizing

segment sequence §or each of said chromosomes of interest.

10. The méthod of Claim 8 or 9, wherein said any one or more chromosomes of interest selected
from chromrosomes 1-22, X, and Y comprise at least twenty chromosomes selected from
chromagbmes 1-22, X, and Y, and wherein the presence or absence of at least twenty different

complete fetal chromosomal aneuploidies is determined.
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11, The method of any one of Claims 8 or 9, wherein said any one or more chromosomes of
interest selected from chromosomes 1-22, X, and Y is all of chromosomes 1-22, X, and Y, and
wherein the presence or absence of complete fetal chromosomal aneuploidies of all of chromosomes

1-22, X, and Y is determined.

12

=

The method of any one of Claims 1-11, wherein said different complete chromosomal
aneuploidies are selected from complete chromosomal trisomies, complete chromosomal mgnosomies

and complete chromosomal polysomies.

13. The method of any one of Claims 1-12, wherein said different complete fetgl chromosamal
aneuploidies are selected from trisomy 2, trisomy 8, trisomy 9, trisomy 21, trisopdy 13, trisomy 16,

trisomy 18, trisomy 22, 47,XXY, 47,XXX, 47,XYY, and monosomy X.

14, The method of any one of Claims 1-13, wherein steps (a)(d} arg/repeated for test samples
from different maternal subjects, and wherein the method comprises getermining the presence or

absence of any four or more different complete fetal chromosomaléneuploidies in each of said

samples.

15. The method of any one of Claims 1-14, further cgfiiprising calculating a normalized

chromosome value (NCV), wherein said NCV relates sdid chromosome dose to the mean of the

corresponding chromosome dose in a set of qualified samples as:




normalizing segment sequence for each of said any one or more segments of any one or more

chromosomes of interest;

(c) using said number of sequence tags identified for each of said any one or more
segments of any one or more chramosomes of interest and said number of sequence tags identifieg/Tor
said normalizing segment sequence to calculate a single chromosome dose for each of said any/6ne or

more segments of any one or more chromosomes of interest; and

(d) comparing each of said single segment dases for each of said any one gf more
segments of any one or more chromosomes of interest to a threshold value for each ¢f said any one or
more chromosomal segments of any one or more chromosome of interest, and thgfeby determining the

presence or absence of one or more different partial fetal chromosomal aneupjéidies in said sample,

wherein each said normalizing chromosome segment for each of4aid one or more segments
of any one or more chromosomes of interest is determined by systemgfically calculating all possible
chromosome doses for each of the one or more segments of any oné or more chromosomes of interest
in a raining set of samples comprising qualified samples comppfsing chromosomes that are present in
known copy number and which are not aneuploid for each of/the one or more chromosomes of
interest, by using the number of sequence tags identified §or segments of each of the remaining
chromosomes and the sum of the number of sequence #ags identified for all possible combinations of
the segments of the remaining chromosomes to detgfmine which single segment or group of segments
results in the least variability of the chromosome/dose for each of the one or more segments of any

one or more chromosomes of interest across sdid qualified samples.

17. The method of Claim 16, wherein step {c) comprises calculating a single segment dose for
each of said any one or more segipénts of any one or more chromosomes of interest as the ratio of the
number of sequence tags identjfied for each of said any one or more segments of any one or more
chromosomes of interest angthe number of sequence tags identified for said normalizing segment

sequence for each of sai¢/any one or more segments of any one or more chromosomes of interest.

18. The metiod of Claim 16 or 17, further comprising calculating a normalized segment value

(NSV), whergin said NSV relates said segment dose to the mean of the corresponding segment dose in

98-




where fi; and d; are the estimated mean and standard deviation, respectively, for the j-th segment

dose in a set of qualified samples, and x;; is the observed j-th segment dose for test sample .

19. The method of any one of Claims 8-18, wherein said normalizing segment sequence is a

single segment of any one or more of chromosomes 1-22, X, and Y.

20. The method of any one of Claims 8-18, wherein said normalizing segment sequence j5 a

group of segments of any one or more of chromosomes 1-22, X, and Y.

21. The method of any one of Claims 16-20, wherein said different partial fetal cfromosomal
aneuploidies are selected from partial duplications, partial multiplications, partial ifsertions and

partial deletions.

22, The method of any one of Claims 16-21, wherein said partial fetal dneuploidies are selected
from partial monosomy of chromosome 1, partial monosomy of chromgdome 4, partial monosomy of
chromosome 5, partial monosomy of chromosome 7, partial menosgmy of chromosome 11, partial
monosomy of chromosome 135, pattial monosomy of chromosome/ 17, partial monosomy of

chromosome 18, and partial monosomy of chromosome 22,

23, The method of any one of Claims 16-22, wherein gteps (a)-(d) are repeated for test samples
from different maternal subjects, and wherein the methgd comprises determining the presence or

absence of different partial fetal chromosomal aneupfoidies in each of said samples.

24. The method of any one of the preceding’Claims, wherein step (a) comprises sequencing at
Jeast a portion of said nucleic acid molecules/of said test sample to obtain said sequence information

for said fetal and maternal nucleic acid mglecules of said test sample.

25. The method of any one of th preceding Claims, wherein said test sample is a maternal

sample selected from blood, plasifa, serum, urine and saliva samples.

26. The method of any gde of the preceding Claims, wherein said nucleic acid molecules are a

mixture of fetal and materdal cell-free DNA molecules,

27, The method #f any ane of the preceding Claims, wherein said sequencing is next generation
sequencing (NGSY.
28. The siethod of any one of the preceding Claims, wherein said sequencing is massively

parallel sequencing using sequencing-by-synthesis with reversible dye terminators.

99_




29, The method of any one of the preceding Claims, wherein said sequencing is sequencing-by-

ligation.

30. The method of any one of the preceding Claims, wherein said sequencing comprises an

amplification.

31. The method of any one of the preceding Claims, wherein said sequencing is single moleghle

sequencing.
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METHOD FOR DETERMINING THE PRESENCE OR ABSENCE OF DIFFERENT
ANEUPLOIDIES IN A SAMPLE

FIELD OF THE INVENTION

The invention relates generally to the field of diagnostics, and provides a method for
determining variations in the amount of nucleic acid sequences in a mixture of nucleic acids derived
from different genomes. In particular, the method is applicable to the practice of noninvasive prenatal

diagnostics, and to the diagnosis and monitoring of metastatic progression in cancer patients.

BACKGROUND OF THE INVENTION

One of the critical endeavors in human medical research is the discovery of genetic
abnormalities that are central to adverse health consequences. In many cases, specific genes and/or
critical diagnostic markers have been identified in portions of the genome that are present at abnormal
copy numbers. For example, in prenatal diagnosis, extra or missing copies of whole chromosomes are
the frequently occurring genetic lesions. In cancer, deletion or multiplication of copies of whole
chromosomes or chromosomal segments, and higher level amplifications of specific regions of the
genome, are COMmMoON occurrences.

Most information about copy number variation has been provided by cytogenetic resolution
that has permitted recognition of structural abnormalities. Conventional procedures for genetic
screening and biological dosimetry have utilized invasive procedures e.g. amniocentesis, to obtain
cells for the analysis of karyotypes. Recognizing the need for more rapid testing methods that do not
require cell culture, fluorescence in situ hybridization (FISH), quantitative fluorescence PCR (QF-
PCR) and array- Comparative Genomic Hybridization (array-CGH) have been developed as
molecular-cytogenetic methods for the analysis of copy number variations.

The advent of technologies that allow for sequencing entire genomes in relatively short time,
and the discovery of circulating cell-free DNA (cfDNA) have provided the opportunity to compare
genetic material originating from one chromosome to be compared to that of another without the risks
associated with invasive sampling methods. However, the limitations of the existing methods, which
include insufficient sensitivity stemming from the limited levels of cfDNA, and the sequencing bias of
the technology stemming from the inherent nature of genomic information, underlie the continuing
need for noninvasive methods that would provide any or all of the specificity, sensitivity, and
applicability, to reliably diagnose copy number changes in a variety of clinical settings.

The present invention fulfills some of the above needs and in particular offers an advantage in
providing a reliable method that is applicable at least to the practice of noninvasive prenatal

diagnostics, and to the diagnosis and monitoring of metastatic progression in cancer patients.
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SUMMARY OF THE INVENTION

The invention provides a method for determining copy number variations (CNV) of a
sequence of interest in a test sample that comprises a mixture of nucleic acids that are known or are
suspected to differ in the amount of one or more sequence of interest. The method comprises a
statistical approach that accounts for accrued variability stemming from process-related,
interchromosomal and inter-sequencing variability. The method is applicable to determining CNV of
any fetal aneuploidy, and CNVs known or suspected to be associated with a variety of medical
conditions. CNV that can be determined according to the present method include trisomies and
monosomies of any one or more of chromosomes 1-22, X and Y, other chromosomal polysomies, and
deletions and/or duplications of segments of any one or more of the chromosomes, which can be
detected by sequencing only once the nucleic acids of a test sample. Any aneuploidy can be
determined from sequencing information that is obtained by sequencing only once the nucleic acids of
a test sample.

In one embodiment, a method is provided for determining the presence or absence of any four
or more different complete fetal chromosomal aneuploidies in a maternal test sample comprising fetal
and maternal nucleic acid molecules. The steps of the method comprise (a) obtaining sequence
information for the fetal and maternal nucleic acids in the maternal test sample; (b) using the sequence
information to identify a number of sequence tags for each of any four or more chromosomes of
interest selected from chromosomes 1-22, X and Y and to identify a number of sequence tags for a
normalizing chromosome sequence for each of the any four or more chromosomes of interest; (c)
using the number of sequence tags identified for each of the any four or more chromosomes of interest
and the number of sequence tags identified for each normalizing chromosome to calculate a single
chromosome dose for each of the any four or more chromosomes of interest; and (d) comparing each
of the single chromosome doses for each of the any four or more chromosomes of interest to a
threshold value for each of the four or more chromosomes of interest, and thereby determining the
presence or absence of any four or more complete different fetal chromosomal aneuploidies in the
maternal test sample. Step (a) can comprise sequencing at least a portion of the nucleic acid
molecules of a test sample to obtain said sequence information for the fetal and maternal nucleic acid
molecules of the test sample. In some embodiments, step (c) comprises calculating a single
chromosome dose for each of the chromosomes of interest as the ratio of the number of sequence tags
identified for each of the chromosomes of interest and the number of sequence tags identified for the
normalizing chromosome sequence for each of the chromosomes of interest. In some other
embodiments, step (c) comprises (i) calculating a sequence tag density ratio for each of the
chromosomes of interest, by relating the number of sequence tags identified for each of the
chromosomes of interest in step (b) to the length of each of the chromosomes of interest; (ii)

calculating a sequence tag density ratio for each normalizing chromosome sequence by relating the
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number of sequence tags identified for the sequence in step (b) to the length of each normalizing
chromosome; and (iii) using the sequence tag density ratios calculated in steps (i) and (ii) to calculate
a single chromosome dose for each of the chromosomes of interest, wherein the chromosome dose is
calculated as the ratio of the sequence tag density ratio for each of the chromosomes of interest and
the sequence tag density ratio for the normalizing chromosome sequence for each of the chromosomes
of interest.

In another embodiment, a method is provided for determining the presence or absence of any
four or more different complete fetal chromosomal aneuploidies in a maternal test sample comprising
fetal and maternal nucleic acid molecules. The steps of the method comprise (a) obtaining sequence
information for the fetal and maternal nucleic acids in the maternal test sample; (b) using the sequence
information to identify a number of sequence tags for each of any four or more chromosomes of
interest selected from chromosomes 1-22, X and Y and to identify a number of sequence tags for a
normalizing chromosome sequence for each of the any four or more chromosomes of interest; (c)
using the number of sequence tags identified for each of the any four or more chromosomes of interest
and the number of sequence tags identified for each normalizing chromosome to calculate a single
chromosome dose for each of the any four or more chromosomes of interest; and (d) comparing each
of the single chromosome doses for each of the any four or more chromosomes of interest to a
threshold value for each of the four or more chromosomes of interest, and thereby determining the
presence or absence of any four or more complete different fetal chromosomal aneuploidies in the
maternal test sample, wherein the any four or more chromosomes of interest selected from
chromosomes 1-22, X, and Y comprise at least twenty chromosomes selected from chromosomes 1-
22, X, and Y, and wherein the presence or absence of at least twenty different complete fetal
chromosomal aneuploidies is determined. Step (a) can comprise sequencing at least a portion of the
nucleic acid molecules of a test sample to obtain said sequence information for the fetal and maternal
nucleic acid molecules of the test sample. In some embodiments, step (c) comprises calculating a
single chromosome dose for each of the chromosomes of interest as the ratio of the number of
sequence tags identified for each of the chromosomes of interest and the number of sequence tags
identified for the normalizing chromosome sequence for each of the chromosomes of interest. In
some other embodiments, step (¢) comprises (i) calculating a sequence tag density ratio for each of the
chromosomes of interest, by relating the number of sequence tags identified for each of the
chromosomes of interest in step (b) to the length of each of the chromosomes of interest; (ii)
calculating a sequence tag density ratio for each normalizing chromosome sequence by relating the
number of sequence tags identified for the normalizing chromosome sequence in step (b) to the length
of each normalizing chromosome; and (iii) using the sequence tag density ratios calculated in steps (i)
and (ii) to calculate a single chromosome dose for each of the chromosomes of interest, wherein the

chromosome dose is calculated as the ratio of the sequence tag density ratio for each of the

3-



10

15

20

25

30

35

chromosomes of interest and the sequence tag density ratio for the normalizing chromosome sequence
for each of the chromosomes of interest.

In another embodiment, a method is provided for determining the presence or absence of any
four or more different complete fetal chromosomal aneuploidies in a maternal test sample comprising
fetal and maternal nucleic acid molecules. The steps of the method comprise (a) obtaining sequence
information for the fetal and maternal nucleic acids in the maternal test sample; (b) using the sequence
information to identify a number of sequence tags for each of any four or more chromosomes of
interest selected from chromosomes 1-22, X and Y and to identify a number of sequence tags for a
normalizing chromosome sequence for each of the any four or more chromosomes of interest; (c)
using the number of sequence tags identified for each of the any four or more chromosomes of interest
and the number of sequence tags identified for each normalizing chromosome sequence to calculate a
single chromosome dose for each of the any four or more chromosomes of interest; and (d) comparing
each of the single chromosome doses for each of the any four or more chromosomes of interest to a
threshold value for each of the four or more chromosomes of interest, and thereby determining the
presence or absence of any four or more complete different fetal chromosomal aneuploidies in the
maternal test sample, wherein the any four or more chromosomes of interest selected from
chromosomes 1-22, X, and Y is all of chromosomes 1-22, X, and Y, and wherein the presence or
absence of complete fetal chromosomal aneuploidies of all of chromosomes 1-22, X, and Y is
determined. Step (a) can comprise sequencing at least a portion of the nucleic acid molecules of a test
sample to obtain said sequence information for the fetal and maternal nucleic acid molecules of the
test sample. In some embodiments, step (c) comprises calculating a single chromosome dose for each
of the chromosomes of interest as the ratio of the number of sequence tags identified for each of the
chromosomes of interest and the number of sequence tags identified for the normalizing chromosome
sequence for each of the chromosomes of interest. In some other embodiments, step (c) comprises (i)
calculating a sequence tag density ratio for each of the chromosomes of interest, by relating the
number of sequence tags identified for each of the chromosomes of interest in step (b) to the length of
each of the chromosomes of interest; (ii) calculating a sequence tag density ratio for each normalizing
chromosome sequence by relating the number of sequence tags identified for the normalizing
chromosome sequence in step (b) to the length of each normalizing chromosome; and (iii) using the
sequence tag density ratios calculated in steps (i) and (ii) to calculate a single chromosome dose for
each of the chromosomes of interest, wherein the chromosome dose is calculated as the ratio of the
sequence tag density ratio for each of the chromosomes of interest and the sequence tag density ratio
for the normalizing chromosome sequence for each of the chromosomes of interest.

In any of the embodiments above, the normalizing chromosome sequence may be a single
chromosome selected from chromosomes 1-22, X, and Y. Alternatively, the normalizing

chromosome sequence may be a group of chromosomes selected from chromosomes 1-22, X, and Y.
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In another embodiment, a method is provided for determining the presence or absence of any
one or more different complete fetal chromosomal aneuploidies in a maternal test sample comprising
fetal and maternal nucleic acids. The steps of the method comprise: (a) obtaining sequence
information for the fetal and maternal nucleic acids in the sample; (b) using the sequence information
to identify a number of sequence tags for each of any one or more chromosomes of interest selected
from chromosomes 1-22, X and Y and to identify a number of sequence tags for a normalizing
segment sequence for each of any one or more chromosomes of interest; (c) using the number of
sequence tags identified for each of any one or more chromosomes of interest and the number of
sequence tags identified for the normalizing segment sequence to calculate a single chromosome dose
for each of any one or more chromosomes of interest; and (d) comparing each of the single
chromosome doses for each of any one or more chromosomes of interest to a threshold value for each
of the one or more chromosomes of interest, and thereby determining the presence or absence of one
or more different complete fetal chromosomal aneuploidies in the sample. Step (a) can comprise
sequencing at least a portion of the nucleic acid molecules of a test sample to obtain said sequence
information for the fetal and maternal nucleic acid molecules of the test sample.

In some embodiments, step (¢) comprises calculating a single chromosome dose for each of the
chromosomes of interest as the ratio of the number of sequence tags identified for each of the
chromosomes of interest and the number of sequence tags identified for the normalizing segment
sequence for each of the chromosomes of interest. In some other embodiments, step (c¢) comprises (i)
calculating a sequence tag density ratio for each of chromosomes of interest, by relating the number of
sequence tags identified for each chromosomes of interest in step (b) to the length of each of the
chromosomes of interest; (ii) calculating a sequence tag density ratio for each normalizing segment
sequence by relating the number of sequence tags identified for the normalizing segment sequence in
step (b) to the length of each the normalizing chromosomes; and (iii) using the sequence tag density
ratios calculated in steps (i) and (ii) to calculate a single chromosome dose for each of said
chromosomes of interest, wherein said chromosome dose is calculated as the ratio of the sequence tag
density ratio for each of the chromosomes of interest and the sequence tag density ratio for the
normalizing segment sequence for each of the chromosomes of interest.

In another embodiment, a method is provided for determining the presence or absence of any
one or more different complete fetal chromosomal aneuploidies in a maternal test sample comprising
fetal and maternal nucleic acids. The steps of the method comprise: (a) obtaining sequence
information for the fetal and maternal nucleic acids in the sample; (b) using the sequence information
to identify a number of sequence tags for each of any one or more chromosomes of interest selected
from chromosomes 1-22, X and Y and to identify a number of sequence tags for a normalizing
segment sequence for each of any one or more chromosomes of interest; (c¢) using the number of

sequence tags identified for each of any one or more chromosomes of interest and the number of
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sequence tags identified for the normalizing segment sequence to calculate a single chromosome dose
for each of any one or more chromosomes of interest; and (d) comparing each of the single
chromosome doses for each of any one or more chromosomes of interest to a threshold value for each
of the one or more chromosomes of interest, and thereby determining the presence or absence of one
or more different complete fetal chromosomal aneuploidies in the sample, wherein the any one or
more chromosomes of interest selected from chromosomes 1-22, X, and Y comprise at least twenty
chromosomes selected from chromosomes 1-22, X, and Y, and wherein the presence or absence of at
least twenty different complete fetal chromosomal aneuploidies is determined. Step (a) can comprise
sequencing at least a portion of the nucleic acid molecules of a test sample to obtain said sequence
information for the fetal and maternal nucleic acid molecules of the test sample. In some
embodiments, step (c) comprises calculating a single chromosome dose for each of the chromosomes
of interest as the ratio of the number of sequence tags identified for each of the chromosomes of
interest and the number of sequence tags identified for the normalizing segment sequence for each of
the chromosomes of interest. In some other embodiments, step (c) comprises (i) calculating a
sequence tag density ratio for each of chromosomes of interest, by relating the number of sequence
tags identified for each chromosomes of interest in step (b) to the length of each of the chromosomes
of interest; (ii) calculating a sequence tag density ratio for each normalizing segment sequence by
relating the number of sequence tags identified for the normalizing segment sequence in step (b) to
the length of each the normalizing chromosomes; and (iii) using the sequence tag density ratios
calculated in steps (i) and (ii) to calculate a single chromosome dose for each of said chromosomes of
interest, wherein said chromosome dose is calculated as the ratio of the sequence tag density ratio for
each of the chromosomes of interest and the sequence tag density ratio for the normalizing segment
sequence for each of the chromosomes of interest.

In another embodiment, a method is provided for determining the presence or absence of any
one or more different complete fetal chromosomal aneuploidies in a maternal test sample comprising
fetal and maternal nucleic acids. The steps of the method comprise: (a) obtaining sequence
information for the fetal and maternal nucleic acids in the sample; (b) using the sequence information
to identify a number of sequence tags for each of any one or more chromosomes of interest selected
from chromosomes 1-22, X and Y and to identify a number of sequence tags for a normalizing
segment sequence for each of any one or more chromosomes of interest; (c) using the number of
sequence tags identified for each of any one or more chromosomes of interest and the number of
sequence tags identified for the normalizing segment sequence to calculate a single chromosome dose
for each of any one or more chromosomes of interest; and (d) comparing each of the single
chromosome doses for each of any one or more chromosomes of interest to a threshold value for each
of the one or more chromosomes of interest, and thereby determining the presence or absence of one

or more different complete fetal chromosomal aneuploidies in the sample, wherein the any one or
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more chromosomes of interest selected from chromosomes 1-22, X, and Y is all of chromosomes 1-
22, X, and Y, and wherein the presence or absence of complete fetal chromosomal aneuploidies of all
of chromosomes 1-22, X, and Y is determined. Step (a) can comprise sequencing at least a portion of
the nucleic acid molecules of a test sample to obtain said sequence information for the fetal and
maternal nucleic acid molecules of the test sample. In some embodiments, step (c) comprises
calculating a single chromosome dose for each of the chromosomes of interest as the ratio of the
number of sequence tags identified for each of the chromosomes of interest and the number of
sequence tags identified for the normalizing segment sequence for each of the chromosomes of
interest. In some other embodiments, step (c) comprises (i) calculating a sequence tag density ratio
for each of chromosomes of interest, by relating the number of sequence tags identified for each
chromosomes of interest in step (b) to the length of each of the chromosomes of interest; (ii)
calculating a sequence tag density ratio for each normalizing segment sequence by relating the
number of sequence tags identified for the normalizing segment sequence in step (b) to the length of
each the normalizing chromosomes; and (iii) using the sequence tag density ratios calculated in steps
(1) and (i1) to calculate a single chromosome dose for each of said chromosomes of interest, wherein
said chromosome dose is calculated as the ratio of the sequence tag density ratio for each of the
chromosomes of interest and the sequence tag density ratio for the normalizing segment sequence for
each of the chromosomes of interest.
In any one of the embodiments above, the different complete chromosomal aneuploidies are selected
from complete chromosomal trisomies, complete chromosomal monosomies and complete
chromosomal polysomies. The different complete chromosomal aneuploidies are selected from
complete aneuploidies of any one of chromosome 1-22, X, and Y. For example, the said different
complete fetal chromosomal aneuploidies are selected from trisomy 2, trisomy 8, trisomy 9, trisomy
21, trisomy 13, trisomy 16, trisomy 18, trisomy 22, 47,XXY, 47,XXX, 47,XYY, and monosomy X.

In any one of the embodiments above, steps (a)-(d) are repeated for test samples from
different
maternal subjects, and the method comprises determining the presence or absence of any four or more
different complete fetal chromosomal aneuploidies in each of the test samples.
In any one of the embodiments above, the method can further comprise calculating a normalized
chromosome value (NCV), wherein the NCV relates the chromosome dose to the mean of the
corresponding chromosome dose in a set of qualified samples as:

ev, = 2 b

where fi; and §; are the estimated mean and standard deviation, respectively, for the j-th chromosome

dose in a set of qualified samples, and x;; is the observed j-th chromosome dose for test sample i.
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In another embodiment, a method is provided for determining the presence or absence of
different partial fetal chromosomal aneuploidies in a maternal test sample comprising fetal and
maternal nucleic acids. The steps of the method comprise: (a) obtaining sequence information for the
fetal and maternal nucleic acids in the sample; (b) using the sequence information to identify a
number of sequence tags for each of any one or more segments of any one or more chromosomes of
interest selected from chromosomes 1-22, X, and Y and to identify a number of sequence tags for a
normalizing segment sequence for each of any one or more segments of any one or more
chromosomes of interest; (c¢) using the number of sequence tags identified for each of any one or more
segments of any one or more chromosomes of interest and said number of sequence tags identified for
the normalizing segment sequence to calculate a single segment dose for each of said any one or more
segments of any one or more chromosomes of interest; and (d) comparing each of the single segment
doses for each of any one or more segments of any one or more chromosomes of interest to a
threshold value for each of any one or more chromosomal segments of any one or more chromosome
of interest, and thereby determining the presence or absence of one or more different partial fetal
chromosomal aneuploidies in the sample. Step (a) can comprise sequencing at least a portion of the
nucleic acid molecules of a test sample to obtain said sequence information for the fetal and maternal
nucleic acid molecules of the test sample.

In some embodiments, step (c) comprises calculating a single segment dose for each of any
one or more segments of any one or more chromosomes of interest as the ratio of the number of
sequence tags identified for each of any one or more segments of any one or more chromosomes of
interest and the number of sequence tags identified for the normalizing segment sequence for each of
the any one or more segments of any one or more chromosomes of interest. In some other
embodiments, step (c) comprises (i) calculating a sequence tag density ratio for each of segment of
interest, by relating the number of sequence tags identified for each segment of interest in step (b) to
the length of each of the segment of interest; (ii) calculating a sequence tag density ratio for each
normalizing segment sequence by relating the number of sequence tags identified for the normalizing
segment sequence in step (b) to the length of each the normalizing segment sequence; and (iii) using
the sequence tag density ratios calculated in steps (i) and (ii) to calculate a single segment dose for
each segment of interest, wherein the segment dose is calculated as the ratio of the sequence tag
density ratio for each of the segments of interest and the sequence tag density ratio for the normalizing
segment sequence for each of the segments of interest. The method can further comprise calculating a
normalized segment value (NSV), wherein the NSV relates said segment dose to the mean of the
corresponding segment dose in a set of qualified samples as:

Xij — Hy

NSVU = 5.
J
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where fi; and §; are the estimated mean and standard deviation, respectively, for the j-th segment
dose in a set of qualified samples, and x;; is the observed j-th segment dose for test sample i.

In embodiments of the method described whereby a chromosome dose or a segment dose is
determined using a normalizing segment sequence, the normalizing segment sequence may be a single
segment of any one or more of chromosomes 1-22, X, and Y. Alternatively, the normalizing segment
sequence may be a group of segments of any one or more of chromosomes 1-22, X, and Y.

Steps (a)-(d) of the method for determining the presence or absence of a partial fetal
chromosomal aneuploidy are repeated for test samples from different maternal subjects, and the
method comprises determining the presence or absence of different partial fetal chromosomal
aneuploidies in each of said samples. Partial fetal chromosomal ancuploidies that can be determined
according to the method include partial ancuploidies of any segment of any chromosome. The partial
aneuploidies can be selected from partial duplications, partial multiplications, partial insertions and
partial deletions. Examples of partial aneuploidies that can be determined according to the method
include partial monosomy of chromosome 1, partial monosomy of chromosome 4, partial monosomy
of chromosome 5, partial monosomy of chromosome 7, partial monosomy of chromosome 11, partial
monosomy of chromosome 15, partial monosomy of chromosome 17, partial monosomy of
chromosome 18, and partial monosomy of chromosome 22.

In any one of the embodiments described above, the test sample may be a maternal sample
selected from blood, plasma, serum, urine and saliva samples. In any one of the embodiments, the
test sample is may be plasma sample. The nucleic acid molecules of the maternal sample are a
mixture of fetal and maternal cell-free DNA molecules. Sequencing of the nucleic acids can be
performed using next generation sequencing (NGS). In some embodiments, sequencing is massively
parallel sequencing using sequencing-by-synthesis with reversible dye terminators. In other
embodiments, sequencing is sequencing-by-ligation. In yet other embodiments, sequencing is single
molecule sequencing. Optionally, an amplification step is performed prior to sequencing.

In another embodiment, a method is provided for determining the presence or absence of any
twenty or more different complete fetal chromosomal aneuploidies in a maternal plasma test sample
comprising a mixture of fetal and maternal cell-free DNA molecules. The steps of the method
comprise: (a) sequencing at least a portion of the cell-free DNA molecules to obtain sequence
information for the fetal and maternal cell-free DNA molecules in the sample; (b) using the sequence
information to identify a number of sequence tags for each of any twenty or more chromosomes of
interest selected from chromosomes 1-22, X, and Y and to identify a number of sequence tags for a
normalizing chromosome for each of said twenty or more chromosomes of interest; (c) using the
number of sequence tags identified for each of the twenty or more chromosomes of interest and the
number of sequence tags identified for each normalizing chromosome to calculate a single

chromosome dose for each of the twenty or more chromosomes of interest; and (d) comparing each of
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the single chromosome doses for each of the twenty or more chromosomes of interest to a threshold
value for each of the twenty or more chromosomes of interest, and thereby determining the presence
or absence of any twenty or more different complete fetal chromosomal aneuploidies in the sample.

In another embodiment, the invention provides a method for identifying copy number
variation (CNV) of a sequence of interest e.g. a clinically relevant sequence, in a test sample
comprising the steps of: (a) obtaining a test sample and a plurality of qualified samples, said test
sample comprising test nucleic acid molecules and said plurality of qualified samples comprising
qualified nucleic acid molecules; (b) obtaining sequence information for said fetal and maternal
nucleic acids in said sample; (c) based on said sequencing of said qualified nucleic acid molecules,
calculating a qualified sequence dose for said qualified sequence of interest in each of said plurality of
qualified samples, wherein said calculating a qualified sequence dose comprises determining a
parameter for said qualified sequence of interest and at least one qualified normalizing sequence; (d)
based on said qualified sequence dose, identifying at least one qualified normalizing sequence,
wherein said at least one qualified normalizing sequence has the smallest variability and/or the
greatest differentiability in sequence dose in said plurality of qualified samples; (e) based on said
sequencing of said nucleic acid molecules in said test sample, calculating a test sequence dose for said
test sequence of interest, wherein said calculating a test sequence dose comprises determining a
parameter for said test sequence of interest and at least one normalizing test sequence, and wherein
said at least one normalizing test sequence corresponds to said at least one qualified normalizing
sequence; (f) comparing said test sequence dose to at least one threshold value; and (g) assessing said
copy number variation of said sequence of interest in said test sample based on the outcome of step
(f). In one embodiment, the parameter for said qualified sequence of interest and at least one qualified
normalizing sequence relates the number of sequence tags mapped to said qualified sequence of
interest to the number of tags mapped to said qualified normalizing sequence, and wherein said
parameter for said test sequence of interest and at least one normalizing test sequence relates the
number of sequence tags mapped to said test sequence of interest to the number of tags mapped to
said normalizing test sequence. In some embodiments, step (b) comprises sequencing at least a
portion of the qualified and test nucleic acid molecules, wherein sequencing comprises providing a
plurality of mapped sequence tags for a test and a qualified sequence of interest, and for at least one
test and at least one qualified normalizing sequence; sequencing at least a portion of said nucleic acid
molecules of the test sample to obtain the sequence information for the fetal and maternal nucleic acid
molecules of the test sample. In some embodiments, the sequencing step is performed using next
generation sequencing method. In some embodiments, the sequencing method may be a massively
parallel sequencing method that uses sequencing-by-synthesis with reversible dye terminators. In
other embodiments, the sequencing method is sequencing-by-ligation. In some embodiments,

sequencing comprises an amplification. In other embodiments, sequencing is single molecule
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sequencing. The CNV of a sequence of interest is an aneuploidy, which can be a chromosomal or a
partial aneuploidy. In some embodiments, the chromosomal aneuploidy is selected from trisomy 2,
trisomy 8, trisomy 9, trisomy 16, trisomy 21, trisomy 13, trisomy 18, trisomy 22, 47,XXY, 47, XXX,
47,XYY, and monosomy X. In other embodiments, the partial ancuploidy is a partial chromosomal
deletion or a partial chromosomal insertion. In some embodiments, the CNV identified by the
method is a chromosomal or partial aneuploidy associated with cancer. In some embodiments, the
test and qualified sample are biological fluid samples e.g. plasma samples, obtained from a pregnant
subject such as a pregnant human subject. In other embodiments, a test and qualified biological fluid
samples e.g. plasma samples, are obtained from a subject that is known or is suspected of having
cancer.

Although the examples herein concern humans and the language is primarily directed to

human concerns, the concept of this invention is applicable to genomes from any plant or animal.

INCORPORATION BY REFERENCE

All patents, patent applications, and other publications, including all sequences disclosed within these
references, referred to herein are expressly incorporated by reference, to the same extent as if each
individual publication, patent or patent application was specifically and individually indicated to be
incorporated by reference. All documents cited are, in relevant part, incorporated herein by reference.
However, the citation of any document is not to be construed as an admission that it is prior art with

respect to the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features of the invention are set forth with particularity in the appended claims. A
better understanding of the features and advantages of the present invention will be obtained by
reference to the following detailed description that sets forth illustrative embodiments, in which the
principles of the invention are utilized, and the accompanying drawings of which:

Figure 1 is a flowchart of a method 100 for determining the presence or absence of a copy
number variation in a test sample comprising a mixture of nucleic acids.

Figure 2 illustrates the distribution of the chromosome dose for chromosome 21 determined
from sequencing cfDNA extracted from a set of 48 blood samples obtained from human subjects each
pregnant with a male or a female fetus. Chromosome 21 doses for qualified i.e. normal for
chromosome 21 (O), and trisomy 21 test samples are shown (A) for chromosomes 1-12 and X (Figure
2A), and for chromosomes 1-22 and X (Figure 2B).

Figure 3 illustrates the distribution of the chromosome dose for chromosome 18 determined
from sequencing cfDNA extracted from a set of 48 blood samples obtained from human subjects each

pregnant with a male or a female fetus. Chromosome 18 doses for qualified i.e. normal for
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chromosome 18 (O), and trisomy 18 (A) test samples are shown for chromosomes 1-12 and X (Figure
3A), and for chromosomes 1-22 and X (Figure 3B).

Figure 4 illustrates the distribution of the chromosome dose for chromosome 13 determined
from sequencing cfDNA extracted from a set of 48 blood samples obtained from human subjects each
pregnant with a male or a female fetus. Chromosome 13 doses for qualified i.e. normal for
chromosome 13 (O), and trisomy 13 (A) test samples are shown for chromosomes 1-12 and X (Figure
4A), and for chromosomes 1-22 and X (Figure 4B).

Figure 5 illustrates the distribution of the chromosome doses for chromosome X determined
from sequencing cfDNA extracted from a set of 48 test blood samples obtained from human subjects
each pregnant with a male or a female fetus. Chromosome X doses for males (46,XY; (O)), females
(46,XX; (A)); monosomy X (45,X; (+)), and complex karyotypes (Cplx (X)) samples are shown for
chromosomes 1-12 and X (Figure 5A), and for chromosomes 1-22 and X (Figure 5B).

Figure 6 illustrates the distribution of the chromosome doses for chromosome Y determined
from sequencing cfDNA extracted from a set of 48 test blood samples obtained from human subjects
each pregnant with a male or a female fetus. Chromosome Y doses for males (46,XY; (A)), females
(46,XX; (0O)); monosomy X (45,X; (+)), and complex karyotypes (Cplx (X)) samples are shown for
chromosomes 1-12 (Figure 6A), and for chromosomes 1-22 (Figure 6B).

Figure 7 shows the coefficient of variation (CV) for chromosomes 21 (m), 18 (®) and 13 (A)
that was determined from the doses shown in Figures 2, 3, and 4, respectively.

Figure 8 shows the coefficient of variation (CV) for chromosomes X (m) and Y (@) that was
determined from the doses shown in Figures 5 and 6, respectively.

Figure 9 shows the cumulative distribution of GC fraction by human chromosome. The
vertical axis represents the frequency of the chromosome with GC content below the value shown on
the horizontal axis.

Figure 10 illustrates the sequence doses (Y-axis) for a segment of chromosome 11
(81000082-103000103bp) determined from sequencing cfDNA extracted from a set of 7 qualified
samples (O) obtained and 1 test sample (#) from pregnant human subjects. A sample from a subject
carrying a fetus with a partial aneuploidy of chromosome 11 (#) was identified.

Figure 11 illustrates the distribution of normalized chromosome doses for chromosome 21
(A), chromosome 18 (B), chromosome 13 (C), chromosome X (D) and chromosome Y (E) relative to
the standard deviation of the mean (Y-axis) for the corresponding chromosomes in the unaffected
samples.

Figure 12 shows normalized chromosome values for chromosomes 21 (O), 18 (A), and 13 (o)
determined in samples from training set 1 using normalizing chromosomes as described in Example 6.

Figure 13 shows normalized chromosome values for chromosomes 21 (O), 18 (A), and 13

(0) determined in samples from test set 1 using normalizing chromosomes as described in Example 6.
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Figure 14 shows normalized chromosome values for chromosomes 21 (O) and 18 (A)
determined in samples from test set 1 using the normalizing method of Chiu ef al. (normalizes the
number of sequence tags identified for the chromosome of interest with the number of sequence tags
obtained for the remaining chromosomes in the sample; see elsewhere herein Example 7).

Figure 15 shows normalized chromosome values for chromosomes 21 (O), 18 (A), and 13 (D)
determined in samples from training set 1 using systematically determined normalizing chromosomes
(as described in Example 7).

Figure 16 shows normalized chromosome values for chromosomes 21 (O), 18 (A), and 13 (o)
determined in samples from test set 1 using systematically determined normalizing chromosomes (as
described in Example 7).

Figure 17 shows normalized chromosome values for chromosome 9 (O) determined in
samples from test set 1 using systematically determined normalizing chromosomes (as described in
Example 7).

Figure 18 shows normalized chromosome values for chromosomes X (X-axis) and Y (Y-
axis). The arrows point to the 5 (Figure 18A) and 3 (Figure 18B) monosomy X samples that were
identified in the training and test sets, respectively, as described in Example 7.

Figure 19 shows normalized chromosome values for chromosomes 1-22 determined in
samples from test set 1 using systematically determined normalizing chromosomes (as described in

Example 7).

DETAILED DESCRIPTION OF THE INVENTION

The invention provides a method for determining copy number variations (CNV) of a
sequence of interest in a test sample that comprises a mixture of nucleic acids that are known or are
suspected to differ in the amount of one or more sequence of interest. Sequences of interest include
genomic sequences ranging from kilobases (kb) to megabases (Mb) to entire chromosomes that are
known or are suspected to be associated with a genetic or a disease condition. Examples of sequences
of interest include chromosomes associated with well known aneuploidies e.g. trisomy 21, and
segments of chromosomes that are multiplied in diseases such as cancer e.g. partial trisomy 8 in acute
myeloid leukemia. CNYV that can be determined according to the present method include
monosomies and trisomies of any one or more of autosomes 1-22, and of sex chromosomes X and Y
e.g 45X, 47, XXX, 47,XXY and 47,XYY, other chromosomal polysomies i.e. tetrasomy and
pentasomies including but not limited to XXXX, XXXXX, XXXXY and XYYYY, and deletions
and/or duplications of segments of any one or more of the chromosomes.

The method comprises a statistical approach that accounts for accrued variability stemming

from process-related, interchromosomal (intra-run), and inter-sequencing (inter-run) variability. The
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method is applicable to determining CNV of any fetal aneuploidy, and CNVs known or suspected to
be associated with a variety of medical conditions.

Unless otherwise indicated, the practice of the present invention involves conventional
techniques commonly used in molecular biology, microbiology, protein purification, protein
engineering, protein and DNA sequencing, and recombinant DNA fields, which are within the skill of
the art. Such techniques are known to those of skill in the art and are described in numerous texts and
reference works (See e.g., Sambrook et al., "Molecular Cloning: A Laboratory Manual", Third Edition
(Cold Spring Harbor), [2001]); and Ausubel et al., "Current Protocols in Molecular Biology" [1987]).

Numeric ranges are inclusive of the numbers defining the range. It is intended that every
maximum numerical limitation given throughout this specification includes every lower numerical
limitation, as if such lower numerical limitations were expressly written herein. Every minimum
numerical limitation given throughout this specification will include every higher numerical
limitation, as if such higher numerical limitations were expressly written herein. Every numerical
range given throughout this specification will include every narrower numerical range that falls within
such broader numerical range, as if such narrower numerical ranges were all expressly written herein.

The headings provided herein are not limitations of the various aspects or embodiments of the
invention which can be had by reference to the Specification as a whole. Accordingly, as indicated
above, the terms defined immediately below are more fully defined by reference to the specification
as a whole.

Unless defined otherwise herein, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention belongs.
Various scientific dictionaries that include the terms included herein are well known and available to
those in the art. Although any methods and materials similar or equivalent to those described herein
find use in the practice or testing of the present invention, some preferred methods and materials are
described. Accordingly, the terms defined immediately below are more fully described by reference
to the Specification as a whole. It is to be understood that this invention is not limited to the particular
methodology, protocols, and reagents described, as these may vary, depending upon the context they

are used by those of skill in the art.

DEFINITIONS

As used herein, the singular terms "a", "an," and "the" include the plural reference unless the
context clearly indicates otherwise. Unless otherwise indicated, nucleic acids are written left to right
in 5'to 3' orientation and amino acid sequences are written left to right in amino to carboxy
orientation, respectively.

The term “assessing” herein refers to characterizing the status of a chromosomal aneuploidy

by one of three types of calls: “normal”, “affected”, and “no-call”’. For example, in the presence of
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trisomy the “normal” call is determined by the value of a parameter e.g. a test chromosome dose that
is below a user-defined threshold of reliability, the “affected” call is determined by a parameter e.g. a
test chromosome dose, that is above a user-defined threshold of reliability, and the “no-call” result is
determined by a parameter e.g. a test chromosome dose, that lies between the user-defined thresholds
of reliability for making a “normal” or an “affected” call.

The term “copy number variation” herein refers to variation in the number of copies of a
nucleic acid sequence that is 1 kb or larger present in a test sample in comparison with the copy
number of the nucleic acid sequence present in a qualified sample. A “copy number variant” refers to
the 1 kb or larger sequence of nucleic acid in which copy-number differences are found by
comparison of a sequence of interest in test sample with that present in a qualified sample. Copy
number variants/variations include deletions, including microdeletions, insertions, including
microinsertions, duplications, multiplications, inversions, translocations and complex multi-site
variants. CNV encompass chromosomal aneuploidies and partial aneuploidies.

The term “aneuploidy” herein refers to an imbalance of genetic material caused by a loss or
gain of a whole chromosome, or part of a chromosome.

The terms “chromosomal aneuploidy” and “complete chromosomal aneuploidy” herein refer
to an imbalance of genetic material caused by a loss or gain of a whole chromosome, and includes
germline aneuploidy and mosaic aneuploidy.

The terms “partial aneuploidy” and “partial chromosomal aneuploidy” herein refer to an
imbalance of genetic material caused by a loss or gain of part of a chromosome e.g. partial monosomy
and partial trisomy, and encompasses imbalances resulting from translocations, deletions and
insertions.

The term “aneuploid sample” herein refers to a sample indicative of a subject whose
chromosomal content is not euploid, i.e. the sample is indicative of a subject with an abnormal copy
number of chromosomes.

The term “aneuploid chromosome™ herein refers to a chromosome that is known or
determined to be present in a sample in an abnormal copy number.

The term “plurality” is used herein in reference to a number of nucleic acid molecules or
sequence tags that is sufficient to identify significant differences in copy number variations (e.g.
chromosome doses) in test samples and qualified samples using in the methods of the invention. In
some embodiments, at least about 3 x 10° sequence tags, at least about 5 x 10° sequence tags, at least
about 8 x 10°sequence tags, at least about 10 x 10°sequence tags, at least about 15 x 10° sequence
tags, at least about 20 x 10°sequence tags, at least about 30 x 10° sequence tags, at least about 40 x 10°
sequence tags, or at least about 50 x 10° sequence tags comprising between 20 and 40bp reads are

obtained for each test sample.
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The terms "polynucleotide", "nucleic acid" and “nucleic acid molecules” are used
interchangeably and refer to a covalently linked sequence of nucleotides (i.e., ribonucleotides for
RNA and deoxyribonucleotides for DNA) in which the 3' position of the pentose of one nucleotide is
joined by a phosphodiester group to the 5' position of the pentose of the next, include sequences of
any form of nucleic acid, including, but not limited to RNA, DNA and ¢fDNA molecules. The term
"polynucleotide" includes, without limitation, single- and double-stranded polynucleotide.

The term “portion” is used herein in reference to the amount of sequence information of fetal
and maternal nucleic acid molecules in a biological sample that in sum amount to less than the
sequence information of <1 human genome.

The term “test sample” herein refers to a sample comprising a mixture of nucleic acids
comprising at least one nucleic acid sequence whose copy number is suspected of having undergone
variation. Nucleic acids present in a test sample are referred to as “test nucleic acids”.

The term “qualified sample” herein refers to a sample comprising a mixture of nucleic acids
that are present in a known copy number to which the nucleic acids in a test sample are compared, and
it is a sample that is normal i.e. not aneuploid, for the sequence of interest e.g. a qualified sample used
for identifying a normalizing chromosome for chromosome 21 is a sample that is not a trisomy 21
sample.

The term “training set” herein refers to a set of samples that can comprise affected and
unaffected samples. The unaffected samples in a training set are used as the qualified samples to
identify normalizing sequences, e.g. normalizing chromosomes, and the chromosome doses of
unaffected samples are used to set the thresholds for each of the sequences , e.g. chromosomes, of
interest. The affected samples in a training set can be used to verify that affected test samples can be
easily differentiated from unaffected samples.

The term “qualified nucleic acid” is used interchangeably with “qualified sequence” is a
sequence against which the amount of a test sequence or test nucleic acid is compared. A qualified
sequence is one present in a biological sample preferably at a known representation i.e. the amount of
a qualified sequence is known. A “qualified sequence of interest” is a qualified sequence for which
the amount is known in a qualified sample, and is a sequence that is associated with a difference in
sequence representation in an individual with a medical condition.

The term “sequence of interest” herein refers to a nucleic acid sequence that is associated with
a difference in sequence representation in healthy versus diseased individuals. A sequence of interest
can be a sequence on a chromosome that is misrepresented i.e. over- or under-represented, in a disease
or genetic condition. A sequence of interest may also be a portion of a chromosome i.e. chromosome
segment, or a chromosome. For example, a sequence of interest can be a chromosome that is over-
represented in an aneuploidy condition, or a gene encoding a tumor-suppressor that is under-

represented in a cancer. Sequences of interest include sequences that are over- or under- represented
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in the total population, or a subpopulation of cells of a subject. A “qualified sequence of interest” is a
sequence of interest in a qualified sample. A “test sequence of interest” is a sequence of interest in a
test sample.

The term “normalizing sequence” herein refers to a sequence that displays a variability in the
number of sequence tags that are mapped to it among samples and sequencing runs that best
approximates that of the sequence of interest for which it is used as a normalizing parameter, and that
can best differentiate an affected sample from one or more unaffected samples. A “normalizing
chromosome” or “normalizing chromosome sequence” is an example of a “normalizing sequence”.

A “normalizing chromosome sequence” can be composed of a single chromosome or of a group of
chromosomes. A “normalizing segment” is another example of a “normalizing sequence”. A
“normalizing segment sequence” can be composed of a single segment of a chromosome or it can be
composed of two or more segments of the same or of different chromosomes.

The term “differentiability” herein refers to the characteristic of a normalizing chromosome
that enables to distinguish one or more unaffected i.e. normal, samples from one or more affected i.e.
aneuploid, samples.

The term “sequence dose” herein refers to a parameter that relates the sequence tag density of
a sequence of interest to the tag density of a normalizing sequence. A “test sequence dose” is a
parameter that relates the sequence tag density of a sequence of interest e.g. chromosome 21, to that
of a normalizing sequence e.g. chromosome 9, determined in a test sample. Similarly, a “qualified
sequence dose” is a parameter that relates the sequence tag density of a sequence of interest to that of
a normalizing sequence determined in a qualified sample.

The term “sequence tag density” herein refers to the number of sequence reads that are
mapped to a reference genome sequence e.g. the sequence tag density for chromosome 21 is the
number of sequence reads generated by the sequencing method that are mapped to chromosome 21 of
the reference genome. The term “sequence tag density ratio” herein refers to the ratio of the number
of sequence tags that are mapped to a chromosome of the reference genome e.g. chromosome 21, to
the length of the reference genome chromosome 21.

The term “Next Generation Sequencing (NGS)” herein refers to sequencing methods that
allow for massively parallel sequencing of clonally amplified and of single nucleic acid molecules.
Non-limiting examples of NGS include sequencing-by-synthesis using reversible dye terminators, and
sequencing-by-ligation.

The term “parameter” herein refers to a numerical value that characterizes a quantitative data
set and/or a numerical relationship between quantitative data sets. For example, a ratio (or function of
a ratio) between the number of sequence tags mapped to a chromosome and the length of the

chromosome to which the tags are mapped, is a parameter.
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The terms “threshold value” and “qualified threshold value” herein refer to any number that is
calculated using a qualifying data set and serves as a limit of diagnosis of a copy number variation
e.g. an aneuploidy, in an organism. If a threshold is exceeded by results obtained from practicing the
invention, a subject can be diagnosed with a copy number variation e.g. trisomy 21. Appropriate
threshold values for the methods described herein can be identified by analyzing normalizing values
(e.g. chromosome doses, NCVs or NSVs) calculated for a training set of samples. Threshold values
can be identified using qualified (i.e. unaffected) samples in a training set which comprises both
qualified (i.e. unaffected) samples and affected samples. The samples in the training set known to
have chromosomal aneuploidies (i.e. the affected samples) can be used to confirm that the chosen
thresholds are useful in differentiating affected from unaffected samples in a test set (see the
Examples herein). The choice of a threshold is dependent on the level of confidence that the user
wishes to have to make the classification. In some embodiments, the training set used to identify
appropriate threshold values comprises at least 10, at least 20, at least 30, at least 40, at least 50, at
least 60, at least 70, at least 80, at least 90, at least 100, at least 200, at least 300, at least 400, at least
500, at least 600, at least 700, at least 800, at least 900, at least 1000, at least 2000 , at least 3000 ,
at least 4000, or more qualified samples. It may advantageous to use larger sets of qualified samples
to improve the diagnostic utility of the threshold values.

The term “normalizing value™ herein refers to a numerical value that relates the number of
sequence tags identified for the sequence (e.g. chromosome or chromosome segment) of interest to
the number of sequence tags identified for the normalizing sequence (e.g. normalizing chromosome or
normalizing chromosome segment). For example, a “normalizing value” can be a chromosome dose
as described elsewhere herein, or it can be an NCV (Normalized Chromosome Value) as described
elsewhere herein, or it can be an NSV (Normalized Segment Value) as described elsewhere herein.

The term “read” refers to a DNA sequence of sufficient length (e.g., at least about 30 bp) that
can be used to identify a larger sequence or region, e.g. that can be aligned and specifically assigned
to a chromosome or genomic region or gene.

The term “sequence tag” is herein used interchangeably with the term “mapped sequence tag”
to refer to a sequence read that has been specifically assigned i.e. mapped, to a larger sequence e.g. a
reference genome, by alignment. Mapped sequence tags are uniquely mapped to a reference genome
i.e. they are assigned to a single location to the reference genome. Tags that can be mapped to more
than one location on a reference genome i.e. tags that do not map uniquely, are not included in the
analysis.

As used herein, the terms “aligned”, “alignment”, or “aligning” refer to one or more
sequences that are identified as a match in terms of the order of their nucleic acid molecules to a
known sequence from a reference genome. Such alignment can be done manually or by a computer

algorithm, examples including the Efficient Local Alignment of Nucleotide Data (ELAND) computer
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program distributed as part of the I[llumina Genomics Analysis pipeline. The matching of a sequence
read in aligning can be a 100% sequence match or less than 100% (non-perfect match).

As used herein, the term “reference genome” refers to any particular known genome
sequence, whether partial or complete, of any organism or virus which may be used to reference
identified sequences from a subject. For example, a reference genome used for human subjects as
well as many other organisms is found at the National Center for Biotechnology Information at
www.ncbi.nlm.nih.gov. A “genome” refers to the complete genetic information of an organism or
virus, expressed in nucleic acid sequences.

The term “clinically-relevant sequence” herein refers to a nucleic acid sequence that is known
or is suspected to be associated or implicated with a genetic or disease condition. Determining the
absence or presence of a clinically-relevant sequence can be useful in determining a diagnosis or
confirming a diagnosis of a medical condition, or providing a prognosis for the development of a
disease.

The term “derived” when used in the context of a nucleic acid or a mixture of nucleic acids,
herein refers to the means whereby the nucleic acid(s) are obtained from the source from which they
originate. For example, in one embodiment, a mixture of nucleic acids that is derived from two
different genomes means that the nucleic acids e.g. cfDNA, were naturally released by cells through
naturally occurring processes such as necrosis or apoptosis. In another embodiment, a mixture of
nucleic acids that is derived from two different genomes means that the nucleic acids were extracted
from two different types of cells from a subject.

The term “mixed sample” herein refers to a sample containing a mixture of nucleic acids,
which are derived from different genomes.

The term “maternal sample” herein refers to a biological sample obtained from a pregnant
subject e.g. a woman.

The term "biological fluid" herein refers to a liquid taken from a biological source and
includes, for example, blood, serum, plasma, sputum, lavage fluid, cerebrospinal fluid, urine, semen,
sweat, tears, saliva, and the like. As used herein, the terms "blood," "plasma" and "serum" expressly
encompass fractions or processed portions thereof. Similarly, where a sample is taken from a biopsy,
swab, smear, etc., the "sample" expressly encompasses a processed fraction or portion derived from
the biopsy, swab, smear, efc.

The terms “maternal nucleic acids” and “fetal nucleic acids” herein refer to the nucleic acids
of a pregnant female subject and the nucleic acids of the fetus being carried by the pregnant female,
respectively.

As used herein, the term “corresponding to” refers to a nucleic acid sequence e.g. a gene or a

chromosome, that is present in the genome of different subjects, and which does not necessarily have
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the same sequence in all genomes, but serves to provide the identity rather than the genetic
information of a sequence of interest e.g. a gene or chromosome.

As used herein, the term "substantially cell free" encompasses preparations of the desired
sample from which components that are normally associated with it are removed. For example, a
plasma sample is rendered essentially cell free by removing blood cells e.g. red cells, which are
normally associated with it. In some embodiments, substantially free samples are processed to remove
cells that would otherwise contribute to the desired genetic material that is to be tested for a CNV.

As used herein, the term “fetal fraction” refers to the fraction of fetal nucleic acids present in
a sample comprising fetal and maternal nucleic acid.

As used herein the term "chromosome" refers to the heredity-bearing gene carrier of a living
cell which is derived from chromatin and which comprises DNA and protein components (especially
histones). The conventional internationally recognized individual human genome chromosome
numbering system is employed herein.

As used herein, the term “polynucleotide length” refers to the absolute number of nucleic acid
molecules (nucleotides) in a sequence or in a region of a reference genome. The term “chromosome
length” refers to the known length of the chromosome given in base pairs e.g. provided in the
NCBI36/hg18 assembly of the human chromosome found on the world wide web at
genome.ucsc.edu/cgi-bin/hgTracks?hgsid=167155613&chromInfoPage=

The term “subject” herein refers to a human subject as well as a non-human subject such as a
mammal, an invertebrate, a vertebrate, a fungus, a yeast, a bacteria, and a virus. Although the
examples herein concern humans and the language is primarily directed to human concerns, the
concept of this invention is applicable to genomes from any plant or animal, and is useful in the fields
of veterinary medicine, animal sciences, research laboratories and such.

The term “condition” herein refers to “medical condition” as a broad term that includes all
diseases and disorders, but can include [injuries] and normal health situations, such as pregnancy, that
might affect a person's health, benefit from medical assistance, or have implications for medical
treatments.

The term “complete” is used herein in reference to a chromosomal aneuploidy to refer to a
gain or loss of an entire chromosome.

The term “partial” when used in reference to a chromosomal aneuploidy herein refers to a
gain or loss of a portion of a chromosome.

The term “mosaic” herein refers to denote the presence of two populations of cells with
different karyotypes in one individual who has developed from a single fertilized egg. Mosaicism may
result from a mutation during development which is propagated to only a subset of the adult cells.

The term “non-mosaic” herein refers to an organism e.g. a human fetus, composed of cell of

one karyotypes.
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The term “using a chromosome” when used in reference to determining a chromosome dose,
herein refers to using the sequence information obtained for a chromosome i.e. the number of
sequence tags obtained for a chromosome.

The term “sensitivity” is used herein is equal to the number of true positives divided by the
sum of true positives and false negatives.

The term “specificity” is used herein is equal to the number of true negatives divided by the
sum of true negatives and false positives.

The term “patient sample” herein refers to a biological sample obtained from a patient i.e. a
recipient of medical attention, care or treatment. The patient sample can be any of the samples
described herein. Preferably, the patient sample is obtained by non-invasive procedures e.g.
peripheral blood sample or a stool sample.

The term “hypodiploid” herein refers to a chromosome number that is one or more lower than

the normal haploid number of chromosomes characteristic for the species.

DESCRIPTION

The invention provides a method for determining copy number variations (CNV) of different
sequences of interest in a test sample that comprises a mixture of nucleic acids derived from two
different genomes, and which are known or are suspected to differ in the amount of one or more
sequence of interest. Copy number variations determined by the method of the invention include
gains or losses of entire chromosomes, alterations involving very large chromosomal segments that
are microscopically visible, and an abundance of sub-microscopic copy number variation of DNA
segments ranging from kilobases (kb) to megabases (Mb) in size. The method comprises a statistical
approach that accounts for accrued variability stemming from process-related, interchromosomal and
inter-sequencing variability. The method is applicable to determining CNV of any fetal aneuploidy,
and CNVs known or suspected to be associated with a variety of medical conditions. CNV that can
be determined according to the present method include trisomies and monosomies of any one or more
of chromosomes 1-22, X and Y, other chromosomal polysomies, and deletions and/or duplications of
segments of any one or more of the chromosomes, which can be detected by sequencing only once the
nucleic acids of a test sample. Any aneuploidy can be determined from sequencing information that is
obtained by sequencing only once the nucleic acids of a test sample.

CNV in the human genome significantly influence human diversity and predisposition to
disease (Redon et al., Nature 23:444-454 [2006], Shaikh et al. Genome Res 19:1682-1690 [2009]) .
CNVs have been known to contribute to genetic disease through different mechanisms, resulting in
either imbalance of gene dosage or gene disruption in most cases. In addition to their direct
correlation with genetic disorders, CNVs are known to mediate phenotypic changes that can be

deleterious. Recently, several studies have reported an increased burden of rare or de novo CNVs in
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complex disorders such as Autism, ADHD, and schizophrenia as compared to normal controls,
highlighting the potential pathogenicity of rare or unique CNVs (Sebat ef al., 316:445 - 449 [2007];
Walsh et al., Science 320:539 — 543 [2008]). CNV arise from genomic rearrangements, primarily
owing to deletion, duplication, insertion, and unbalanced translocation events.

The method described herein employs next generation sequencing technology (NGS) in
which clonally amplified DNA templates or single DNA molecules are sequenced in a massively
parallel fashion within a flow cell (e.g. as described in Volkerding ef al. Clin Chem 55:641-658
[2009]; Metzker M Nature Rev 11:31-46 [2010]). In addition to high-throughput sequence
information, NGS provides quantitative information, in that each sequence read is a countable
"sequence tag" representing an individual clonal DNA template or a single DNA molecule. The
sequencing technologies of NGS include pyrosequencing, sequencing-by-synthesis with reversible
dye terminators, sequencing by oligonucleotide probe ligation and ion semiconductor sequencing.
DNA from individual samples can be sequenced individually (i.e. singleplex sequencing) or DNA
from multiple samples can be pooled and sequenced as indexed genomic molecules (i.e. multiplex
sequencing) on a single sequencing run, to generate up to several hundred million reads of DNA
sequences. Examples of sequencing technologies that can be used to obtain the sequence information
according to the present method are described below.

Sequencing Methods

Some of the sequencing technologies are available commercially, such as the sequencing-by-
hybridization platform from Affymetrix Inc. (Sunnyvale, CA) and the sequencing-by-synthesis
platforms from 454 Life Sciences (Bradford, CT), [llumina/Solexa (Hayward, CA) and Helicos
Biosciences (Cambridge, MA), and the sequencing-by-ligation platform from Applied Biosystems
(Foster City, CA), as described below. In addition to the single molecule sequencing performed using
sequencing-by-synthesis of Helicos Biosciences, other single molecule sequencing technologies
include the SMRT™ technology of Pacific Biosciences, the Ion Torrent™ technology, and nanopore
sequencing being developed for example, by Oxford Nanopore Technologies. While the automated
Sanger method is considered as a ‘first generation’ technology, Sanger sequencing including the
automated Sanger sequencing, can also be employed by the method of the invention. Additional
sequencing methods nucleic acid imaging technologies e.g. atomic force microscopy (AFM) or
transmission electron microscopy (TEM). Exemplary sequencing technologies are described below.

In one embodiment, the present method comprises obtaining sequence information for the
nucleic acids in a test sample e.g. cfDNA in a maternal sample, using single molecule sequencing
technology of the Helicos True Single Molecule Sequencing (tSMS) technology (e.g. as described in
Harris T.D. et al., Science 320:106-109 [2008]). In the tSMS technique, a DNA sample is cleaved
into strands of approximately 100 to 200 nucleotides, and a polyA sequence is added to the 3’ end of
each DNA strand. Each strand is labeled by the addition of a fluorescently labeled adenosine
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nucleotide. The DNA strands are then hybridized to a flow cell, which contains millions of oligo-T
capture sites that are immobilized to the flow cell surface. The templates can be at a density of about
100 million templates/cm”. The flow cell is then loaded into an instrument, e.g., HeliScope™
sequencer, and a laser illuminates the surface of the flow cell, revealing the position of each template.
A CCD camera can map the position of the templates on the flow cell surface. The template
fluorescent label is then cleaved and washed away. The sequencing reaction begins by introducing a
DNA polymerase and a fluorescently labeled nucleotide. The oligo-T nucleic acid serves as a primer.
The polymerase incorporates the labeled nucleotides to the primer in a template directed manner. The
polymerase and unincorporated nucleotides are removed. The templates that have directed
incorporation of the fluorescently labeled nucleotide are discerned by imaging the flow cell surface.
After imaging, a cleavage step removes the fluorescent label, and the process is repeated with other
fluorescently labeled nucleotides until the desired read length is achieved. Sequence information is
collected with each nucleotide addition step. Whole genome sequencing by single molecule
sequencing technologies excludes PCR-based amplification in the preparation of the sequencing
libraries, and the directness of sample preparation allows for direct measurement of the sample, rather
than measurement of copies of that sample.

In another embodiment, the present method comprises obtaining sequence information for the
nucleic acids in the test sample e.g. cfDNA in a maternal test sample, using the 454 sequencing
(Roche) (e.g. as described in Margulies, M. et al. Nature 437:376-380 [2005]). 454 sequencing
involves two steps. In the first step, DNA is sheared into fragments of approximately 300-800 base
pairs, and the fragments are blunt-ended. Oligonucleotide adaptors are then ligated to the ends of the
fragments. The adaptors serve as primers for amplification and sequencing of the fragments. The
fragments can be attached to DNA capture beads, e.g., streptavidin-coated beads using, e.g., Adaptor
B, which contains 5’-biotin tag. The fragments attached to the beads are PCR amplified within
droplets of an oil-water emulsion. The result is multiple copies of clonally amplified DNA fragments
on each bead. In the second step, the beads are captured in wells (pico-liter sized). Pyrosequencing is
performed on each DNA fragment in parallel. Addition of one or more nucleotides generates a light
signal that is recorded by a CCD camera in a sequencing instrument. The signal strength is
proportional to the number of nucleotides incorporated. Pyrosequencing makes use of pyrophosphate
(PPi) which is released upon nucleotide addition. PPi is converted to ATP by ATP sulfurylase in the
presence of adenosine 5’ phosphosulfate. Luciferase uses ATP to convert luciferin to oxyluciferin,
and this reaction generates light that is measured and analyzed.

In another embodiment, the present method comprises obtaining sequence information for the
nucleic acids in the test sample e.g. cfDNA in a maternal test sample, using the SOLiD™ technology
(Applied Biosystems). In SOLiD™ sequencing-by-ligation, genomic DNA is sheared into fragments,

and adaptors are attached to the 5” and 3’ ends of the fragments to generate a fragment library.
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Alternatively, internal adaptors can be introduced by ligating adaptors to the 5” and 3’ ends of the
fragments, circularizing the fragments, digesting the circularized fragment to generate an internal
adaptor, and attaching adaptors to the 5” and 3’ ends of the resulting fragments to generate a mate-
paired library. Next, clonal bead populations are prepared in microreactors containing beads, primers,
template, and PCR components. Following PCR, the templates are denatured and beads are enriched
to separate the beads with extended templates. Templates on the selected beads are subjected to a 3’
modification that permits bonding to a glass slide. The sequence can be determined by sequential
hybridization and ligation of partially random oligonucleotides with a central determined base (or pair
of bases) that is identified by a specific fluorophore. After a color is recorded, the ligated
oligonucleotide is cleaved and removed and the process is then repeated.

In another embodiment, the present method comprises obtaining sequence information for the
nucleic acids in the test sample e.g. cfDNA in a maternal test sample, using the single molecule, real-
time (SMRT™) sequencing technology of Pacific Biosciences. In SMRT sequencing, the continuous
incorporation of dye-labeled nucleotides is imaged during DNA synthesis. Single DNA polymerase
molecules are attached to the bottom surface of individual zero-mode wavelength detectors (ZMW
detectors) that obtain sequence information while phospholinked nucleotides are being incorporated
into the growing primer strand. A ZMW is a confinement structure which enables observation of
incorporation of a single nucleotide by DNA polymerase against the background of fluorescent
nucleotides that rapidly diffuse in an out of the ZMW (in microseconds). It takes several milliseconds
to incorporate a nucleotide into a growing strand. During this time, the fluorescent label is excited
and produces a fluorescent signal, and the fluorescent tag is cleaved off. Measurement of the
corresponding fluorescence of the dye indicates which base was incorporated. The process is
repeated.

In another embodiment, the present method comprises obtaining sequence information for the
nucleic acids in the test sample e.g. cfDNA in a maternal test sample, using nanopore sequencing
(e.g. as described in Soni GV and Meller A. Clin Chem 53: 1996-2001 [2007]). Nanopore sequencing
DNA analysis techniques are being industrially developed by a number of companies, including
Oxford Nanopore Technologies (Oxford, United Kingdom). Nanopore sequencing is a single-
molecule sequencing technology whereby a single molecule of DNA is sequenced directly as it passes
through a nanopore. A nanopore is a small hole, of the order of 1 nanometer in diameter. Immersion
of a nanopore in a conducting fluid and application of a potential (voltage) across it results in a slight
electrical current due to conduction of ions through the nanopore. The amount of current which flows
is sensitive to the size and shape of the nanopore. As a DNA molecule passes through a nanopore,
each nucleotide on the DNA molecule obstructs the nanopore to a different degree, changing the
magnitude of the current through the nanopore in different degrees. Thus, this change in the current as

the DNA molecule passes through the nanopore represents a reading of the DNA sequence.
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In another embodiment, the present method comprises obtaining sequence information for the
nucleic acids in the test sample e.g. cfDNA in a maternal test sample, using the chemical-sensitive
field effect transistor (chemFET) array (e.g., as described in U.S. Patent Application Publication No.
20090026082). In one example of the technique, DNA molecules can be placed into reaction
chambers, and the template molecules can be hybridized to a sequencing primer bound to a
polymerase. Incorporation of one or more triphosphates into a new nucleic acid strand at the 3° end of
the sequencing primer can be discerned by a change in current by a chemFET. An array can have
multiple chemFET sensors. In another example, single nucleic acids can be attached to beads, and the
nucleic acids can be amplified on the bead, and the individual beads can be transferred to individual
reaction chambers on a chemFET array, with each chamber having a chemFET sensor, and the nucleic
acids can be sequenced.

In another embodiment, the present method comprises obtaining sequence information for the
nucleic acids in the test sample e.g. cfDNA in a maternal test sample, using the Halcyon Molecular’s
technology, which uses transmission electron microscopy (TEM). The method, termed Individual
Molecule Placement Rapid Nano Transfer (IMPRNT), comprises utilizing single atom resolution
transmission electron microscope imaging of high-molecular weight (150kb or greater) DNA
selectively labeled with heavy atom markers and arranging these molecules on ultra-thin films in
ultra-dense (3nm strand-to-strand) parallel arrays with consistent base-to-base spacing. The electron
microscope is used to image the molecules on the films to determine the position of the heavy atom
markers and to extract base sequence information from the DNA. The method is further described in
PCT patent publication WO 2009/046445. The method allows for sequencing complete human
genomes in less than ten minutes.

In another embodiment, the DNA sequencing technology is the Ion Torrent single molecule
sequencing, which pairs semiconductor technology with a simple sequencing chemistry to directly
translate chemically encoded information (A, C, G, T) into digital information (0, 1) on a
semiconductor chip. In nature, when a nucleotide is incorporated into a strand of DNA by a
polymerase, a hydrogen ion is released as a byproduct. Ion Torrent uses a high-density array of
micro-machined wells to perform this biochemical process in a massively parallel way. Each well
holds a different DNA molecule. Beneath the wells is an ion-sensitive layer and beneath that an ion
sensor. When a nucleotide, for example a C, is added to a DNA template and is then incorporated
into a strand of DNA, a hydrogen ion will be released. The charge from that ion will change the pH
of the solution, which can be detected by Ion Torrent’s ion sensor. The sequencer—essentially the
world's smallest solid-state pH meter—calls the base, going directly from chemical information to
digital information. The lon personal Genome Machine (PGM™) sequencer then sequentially floods
the chip with one nucleotide after another. If the next nucleotide that floods the chip is not a match.

No voltage change will be recorded and no base will be called. If there are two identical bases on the
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DNA strand, the voltage will be double, and the chip will record two identical bases called. Direct
detection allows recordation of nucleotide incorporation in seconds.

In another embodiment, the present method comprises obtaining sequence information for the
nucleic acids in the test sample e.g. cfDNA in a maternal test sample, using sequencing by
hybridization., Seqeuncing-by-hybridization comprises contacting the plurality of polynucleotide
sequences with a plurality of polynucleotide probes, wherein each of the plurality of polynucleotide
probes can be optionally tethered to a substrate. The substrate might be flat surface comprising an
array of known nucleotide sequences. The pattern of hybridization to the array can be used to
determine the polynucleotide sequences present in the sample. In other embodiments, each probe is
tethered to a bead, e.g., a magnetic bead or the like. Hybridization to the beads can be determined and
used to identify the plurality of polynucleotide sequences within the sample.

In another embodiment, the present method comprises obtaining sequence information for the
nucleic acids in the test sample e.g. cfDNA in a maternal test sample, by massively parallel
sequencing of millions of DNA fragments using Illumina’s sequencing-by-synthesis and reversible
terminator-based sequencing chemistry (e.g. as described in Bentley ef al., Nature 6:53-59 [2009]).
Template DNA can be genomic DNA e.g. cfDNA. In some embodiments, genomic DNA from
isolated cells is used as the template, and it is fragmented into lengths of several hundred base pairs.
In other embodiments, cfDNA 1is used as the template, and fragmentation is not required as cfDNA
exists as short fragments. For example fetal cfDNA circulates in the bloodstream as fragments
approximately 170 base pairs (bp) in length (Fan et al., Clin Chem 56:1279-1286 [2010]), and no
fragmentation of the DNA is required prior to sequencing. Illumina’s sequencing technology relies on
the attachment of fragmented genomic DNA to a planar, optically transparent surface on which
oligonucleotide anchors are bound. Template DNA is end-repaired to generate 5'-phosphorylated
blunt ends, and the polymerase activity of Klenow fragment is used to add a single A base to the 3' end
of the blunt phosphorylated DNA fragments. This addition prepares the DNA fragments for ligation
to oligonucleotide adapters, which have an overhang of a single T base at their 3' end to increase
ligation efficiency. The adapter oligonucleotides are complementary to the flow-cell anchors. Under
limiting-dilution conditions, adapter-modified, single-stranded template DNA is added to the flow cell
and immobilized by hybridization to the anchors. Attached DNA fragments are extended and bridge
amplified to create an ultra-high density sequencing flow cell with hundreds of millions of clusters,
each containing ~1,000 copies of the same template. In one embodiment, the randomly fragmented
genomic DNA e.g. cfDNA, is amplified using PCR before it is subjected to cluster amplification.
Alternatively, an amplification-free genomic library preparation is used, and the randomly fragmented
genomic DNA e.g. cfDNA is enriched using the cluster amplification alone (Kozarewa et al., Nature
Methods 6:291-295 [2009]). The templates are sequenced using a robust four-color DNA

sequencing-by-synthesis technology that employs reversible terminators with removable fluorescent
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dyes. High-sensitivity fluorescence detection is achieved using laser excitation and total internal
reflection optics. Short sequence reads of about 20-40 bp e.g. 36 bp, are aligned against a repeat-
masked reference genome and unique mapping of the short sequence reads to the reference genome
are identified using specially developed data analysis pipeline software. Non-repeat-masked
reference genomes can also be used. Whether repeat-masked or non-repeat-masked reference
genomes are used, only reads that map uniquely to the reference genome are counted. After
completion of the first read, the templates can be regenerated in situ to enable a second read from the
opposite end of the fragments. Thus, either single-end or paired end sequencing of the DNA
fragments can be used. Partial sequencing of DNA fragments present in the sample is performed, and
sequence tags comprising reads of predetermined length e.g. 36 bp, are mapped to a known reference
genome are counted. In one embodiment, the reference genome sequence is the NCBI36/hg18
sequence, which is available on the world wide web at genome.ucsc.edu/cgi-
bin/hgGateway?org=Human&db=hg18&hgsid=166260105). Alternatively, the reference genome
sequence is the GRCh37/hg19, which is available on the world wide web at genome.ucsc.edu/cgi-
bin/hgGateway. Other sources of public sequence information include GenBank, dbEST, dbSTS,
EMBL (the European Molecular Biology Laboratory), and the DDBJ (the DNA Databank of Japan).
A number of computer algorithms are available for aligning sequences, including without limitation
BLAST (Altschul et al., 1990), BLITZ (MPsrch) (Sturrock & Collins, 1993), FASTA (Person &
Lipman, 1988), BOWTIE (Langmead ef al., Genome Biology 10:R25.1-R25.10 [2009]), or ELAND
(Illumina, Inc., San Diego, CA, USA). In one embodiment, one end of the clonally expanded copies
of the plasma ¢cfDNA molecules is sequenced and processed by bioinformatic alignment analysis for
the Illumina Genome Analyzer, which uses the Efficient Large-Scale Alignment of Nucleotide
Databases (ELAND) software.

In some embodiments of the method described herein, the mapped sequence tags comprise sequence
reads of about 20bp, about 25bp, about 30bp, about 35bp, about 40bp, about 45bp, about 50bp, about
55bp, about 60bp, about 65bp, about 70bp, about 75bp, about 80bp, about §5bp, about90bp, about
95bp, about 100bp, about 110bp, about 120bp, about 130, about 140bp, about 150bp, about 200bp,
about 250bp, about 300bp, about 350bp, about 400bp, about 450bp, or about 500bp. It is expected
that technological advances will enable single-end reads of greater than 500bp enabling for reads of
greater than about 1000bp when paired end reads are generated. In one embodiment, the mapped
sequence tags comprise sequence reads that are 36bp. Mapping of the sequence tags is achieved by
comparing the sequence of the tag with the sequence of the reference to determine the chromosomal
origin of the sequenced nucleic acid (e.g. cfDNA) molecule, and specific genetic sequence
information is not needed. A small degree of mismatch (0-2 mismatches per sequence tag) may be
allowed to account for minor polymorphisms that may exist between the reference genome and the

genomes in the mixed sample.
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A plurality of sequence tags are obtained per sample. In some embodiments, at least about 3
x 10°sequence tags, at least about 5 x 10°sequence tags, at least about 8 x 10°sequence tags, at least
about 10 x 10°sequence tags, at least about 15 x 10° sequence tags, at least about 20 x 10° sequence
tags, at least about 30 x 10° sequence tags, at least about 40 x 10° sequence tags, or at least about 50 x
10°sequence tags comprising between 20 and 40bp reads e.g. 36bp, are obtained from mapping the
reads to the reference genome per sample. In one embodiment, all the sequence reads are mapped to
all regions of the reference genome. In one embodiment, the tags that have been mapped to all
regions e.g. all chromosomes, of the reference genome are counted, and the CNV i.e. the over- or
under-representation of a sequence of interest e.g. a chromosome or portion thereof, in the mixed
DNA sample is determined. The method does not require differentiation between the two genomes.

The accuracy required for correctly determining whether a CNV e.g. aneuploidy, is present or
absent in a sample, is predicated on the variation of the number of sequence tags that map to the
reference genome among samples within a sequencing run (inter-chromosomal variability), and the
variation of the number of sequence tags that map to the reference genome in different sequencing
runs (inter-sequencing variability). For example, the variations can be particularly pronounced for
tags that map to GC-rich or GC-poor reference sequences. Other variations can result from using
different protocols for the extraction and purification of the nucleic acids, the preparation of the
sequencing libraries, and the use of different sequencing platforms. The present method uses sequence
doses (chromosome doses, or segment doses) based on the knowledge of normalizing sequences
(normalizing chromosome sequences or normalizing segment sequences), to intrinsically account for
the accrued variability stemming from interchromosomal (intra-run), and inter-sequencing (inter-run)
and platform-dependent variability. Chromosome doses are based on the knowledge of a normalizing
chromosome sequence, which can be composed of a single chromosome, or of two or more
chromosomes selected from chromosomes 1-22, X, and Y. Alternatively, normalizing chromosome
sequences can be composed of a single chromosome segment, or of two or more segments of one
chromosome or of two or more chromosomes. Segment doses are based on the knowledge of a
normalizing segment sequence, which can be composed of a single segment of any one chromosome,
or of two or more segments of any two or more of chromosomes 1-22, X, and Y.
Determination of Normalizing Sequences in Qualified Samples: Normalizing Chromosome
Sequences and Normalizing Segment Sequences

Normalizing sequences are identified using sequence information from a set of qualified
samples obtained from subjects known to comprise cells having a normal copy number for any one
sequence of interest e.g. a chromosome or segment thereof. Determination of normalizing sequences
is outlined in steps 100, 120, 130, 140, and 145 of the embodiment of the method depicted in Figure

1. The sequence information obtained from the qualified samples is also used for determining
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statistically meaningful identification of chromosomal aneuploidies in test samples (step 155 Figure
1, and Examples).

Figure 1 provides a flow diagram of an embodiment of the method of the invention 100 for
determining a CNV of a sequence of interest e.g. a chromosome or segment thereof, in a biological
sample. In some embodiments, a biological sample is obtained from a subject and comprises a
mixture of nucleic acids contributed by different genomes. The different genomes can be contributed
to the sample by two individuals e.g. the different genomes are contributed by the fetus and the
mother carrying the fetus. Alternatively, the genomes are contributed to the sample by aneuploid
cancerous cells and normal euploid cells from the same subject e.g. a plasma sample from a cancer
patient.

A set of qualified samples is obtained to identify qualified normalizing sequences and to
provide variance values for use in determining statistically meaningful identification of CNV in test
samples. In step 110, a plurality of biological qualified samples are obtained from a plurality of
subjects known to comprise cells having a normal copy number for any one sequence of interest. In
one embodiment, the qualified samples are obtained from mothers pregnant with a fetus that has been
confirmed using cytogenetic means to have a normal copy number of chromosomes. The biological
qualified samples may be a biological fluid e.g. plasma, or any suitable sample as described below. In
some embodiments, a qualified sample contains a mixture of nucleic acid molecules e.g. cfDNA
molecules. In some embodiments, the qualified sample is a maternal plasma sample that contains a
mixture of fetal and maternal cfDNA molecules. Sequence information for normalizing chromosomes
and/or segments thereof is obtained by sequencing at least a portion of the nucleic acids e.g. fetal and
maternal nucleic acids, using any known sequencing method. Preferably, any one of the Next
Generation Sequencing (NGS) methods described elsewhere herein is used to sequence the fetal and
maternal nucleic acids as single or clonally amplified molecules.

In step 120, at least a portion of each of all the qualified nucleic acids contained in the
qualified samples are sequenced to generate millions of sequence reads e.g. 36bp reads, which are
aligned to a reference genome, e.g. hgl8. In some embodiments, the sequence reads comprise about
20bp, about 25bp, about 30bp, about 35bp, about 40bp, about 45bp, about 50bp, about 55bp, about
60bp, about 65bp, about 70bp, about 75bp, about 80bp, about 85bp, about90bp, about 95bp, about
100bp, about 110bp, about 120bp, about 130, about 140bp, about 150bp, about 200bp, about 250bp,
about 300bp, about 350bp, about 400bp, about 450bp, or about 500bp. It is expected that
technological advances will enable single-end reads of greater than 500bp enabling for reads of
greater than about 1000bp when paired end reads are generated. In one embodiment, the mapped
sequence reads comprise 36bp. Sequence reads are aligned to a reference genome, and the reads that
are uniquely mapped to the reference genome are known as sequence tags. In one embodiment, at

least about 3 x 10° qualified sequence tags, at least about 5 x 10° qualified sequence tags, at least about
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8 x 10° qualified sequence tags, at least about 10 x 10° qualified sequence tags, at least about 15 x 10°
qualified sequence tags, at least about 20 x 10° qualified sequence tags, at least about 30 x 10°
qualified sequence tags, at least about 40 x 10° qualified sequence tags, or at least about 50 x 10°
qualified sequence tags comprising between 20 and 40bp reads are obtained from reads that map
uniquely to a reference genome.

In step 130, all the tags obtained from sequencing the nucleic acids in the qualified samples
are counted to determine a qualified sequence tag density. In one embodiment the sequence tag
density is determined as the number of qualified sequence tags mapped to the sequence of interest on
the reference genome. In another embodiment, the qualified sequence tag density is determined as the
number of qualified sequence tags mapped to a sequence of interest normalized to the length of the
qualified sequence of interest to which they are mapped. Sequence tag densities that are determined
as a ratio of the tag density relative to the length of the sequence of interest are herein referred to as
tag density ratios. Normalization to the length of the sequence of interest is not required, and may be
included as a step to reduce the number of digits in a number to simplify it for human interpretation.
As all qualified sequence tags are mapped and counted in each of the qualified samples, the sequence
tag density for a sequence of interest e.g. a clinically-relevant sequence, in the qualified samples is
determined, as are the sequence tag densities for additional sequences from which normalizing
sequences are identified subsequently.

In some embodiments, the sequence of interest is a chromosome that is associated with a
complete chromosomal aneuploidy e.g. chromosome 21, and the qualified normalizing sequence is a
complete chromosome that is not associated with a chromosomal aneuploidy and whose variation in
sequence tag density best approximates that of the sequence (i.e. chromosome) of interest e.g.
chromosome 21. Any one or more of chromosomes 1-22, X, and Y can be a sequence of interest, and
one or more chromosomes can be identified as the normalizing sequence for each of the any one
chromosomes 1-22, X and Y in the qualified samples. The normalizing chromosome can be an
individual chromosome or it can be a group of chromosomes as described elsewhere herein.

In another embodiment, the sequence of interest is a segment of a chromosome associated
with a partial aneuploidy, e.g. a chromosomal deletion or insertion, or unbalanced chromosomal
translocation, and the normalizing sequence is a chromosomal segment that is not associated with the
partial aneuploidy and whose variation in sequence tag density best approximates that of the
chromosome segment associated with the partial aneuploidy. Any one or more segments of any one
or more chromosomes 1-22, X, and Y can be a sequence of interest.

In all embodiments, whether a single sequence or a group of sequences are identified in the
qualified samples as the normalizing sequence for any one or more sequence of interest, the qualified
normalizing sequence has a variation in sequence tag density best approximates that of the sequence

of interest as determined in the qualified samples. For example, a qualified normalizing sequence is a
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sequence that has the smallest variability i.e. the variability of the normalizing sequence is closest to
that of the sequence of interest.

In some embodiments, the normalizing sequence is a sequence that best distinguishes one or
more qualified, samples from one or more affected samples, which implies that the normalizing
sequence is a sequence that has the greatest differentiability i.e. the differentiability of the normalizing
sequence is such that it provides optimal differentiation to a sequence of interest in an affected test
sample to easily distinguish the affected test sample from other unaffected samples. In other
embodiments, the normalizing sequence is a sequence that has the smallest variability and the greatest
differentiability. The level of differentiability can be determined as a statistical difference between
the sequence doses e.g. chromosome doses or segment doses, in a population of qualified samples and
the chromosome dose(s) in one or more test samples as described below and shown in the Examples.
For example, differentiability can be represented numerically as a T-test value, which represents the
statistical difference between the chromosome doses in a population of qualified samples and the
chromosome dose(s) in one or more test samples. Alternatively, differentiability can be represented
numerically as a Normalized Chromosome Value (NCV), which is a z-score for chromosome doses as
long as the distribution for the NCV is normal. Similarly, differentiability can be represented
numerically as a T-test value, which represents the statistical difference between the segment doses in
a population of qualified samples and the segment dose(s) in one or more test samples. Alternatively,
differentiability of segment doses can be represented numerically as a Normalized Segment Value
(NSV), which is a z-score for chromosome doses as long as the distribution for the NSV is normal. In
determining the z-score, the mean and standard deviation of chromosome or segment doses in a set of
qualified samples can be used. Alternatively, the mean and standard deviation of chromosome or
segment doses in a training set comprising qualified samples and affected samples can be used. In
other embodiments, the normalizing sequence is a sequence that has the smallest variability and the
greatest differentiability.

The method identifies sequences that inherently have similar characteristics and that are prone
to similar variations among samples and sequencing runs, and which are useful for determining
sequence doses in test samples.

Determination of sequence doses (i.e. chromosome doses or segment doses) in qualified samples

In step 140, based on the calculated qualified tag densities, a qualified sequence dose i.e. a
chromosome dose or a segment dose, for a sequence of interest is determined as the ratio of the
sequence tag density for the sequence of interest and the qualified sequence tag density for additional
sequences from which normalizing sequences are identified subsequently in step 145. The identified
normalizing sequences are used subsequently to determine sequence doses in test samples.

In one embodiment, the sequence dose in the qualified samples is a chromosome dose that is

calculated as the ratio of the number of sequence tags for a chromosome of interest and the number of
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sequence tags for a normalizing chromosome sequence in a qualified sample. The normalizing
chromosome sequence can be a single chromosome, a group of chromosomes, a segment of one
chromosome, or a group of segments from different chromosomes. Accordingly, a chromosome dose
for a chromosome of interest is determined in a qualified sample as (i) the ratio of the number of tags
for a chromosome of interest and the number of tags for a normalizing chromosome sequence
composed of a single chromosome, (ii) the ratio of the number of tags for a chromosome of interest
and the number of tags for a normalizing chromosome sequence composed of two or more
chromosomes, or (iii) the ratio of the number of tags for a chromosome of interest and the number of
tags for a normalizing segment sequence composed of a single segment of a chromosome, (iv) the
ratio of the number of tags for a chromosome of interest and the number of tags for a normalizing
segment sequence composed of two or more segments form one chromosome, or (v) the ratio of the
number of tags for a chromosome of interest and the number of tags for a normalizing segment
sequence composed of two or more segments of two or more chromosomes. Examples for
determining a chromosome dose for chromosome of interest 21 according to (i)-(v) are as follows:
chromosome doses for chromosome of interest e.g. chromosome 21, are determined as a ratio of the
sequence tag density of chromosome 21 and the sequence tag density for each of all the remaining
chromosomes i.e. chromosomes 1-20, chromosome 22, chromosome X, and chromosome Y (i);
chromosome doses for chromosome of interest e.g. chromosome 21, are determined as a ratio of the
sequence tag density of chromosome 21 and the sequence tag density for all possible combinations of
two or more remaining chromosomes (ii); chromosome doses for chromosome of interest e.g.
chromosome 21, are determined as a ratio of the sequence tag density of chromosome 21 and the
sequence tag density for a segment of another chromosome e.g. chromosome 9 (iii); chromosome
doses for chromosome of interest e.g. chromosome 21, are determined as a ratio of the sequence tag
density of chromosome 21 and the sequence tag density for two segment of one another chromosome
e.g. two segments of chromosome 9 (iv); and chromosome doses for chromosome of interest e.g.
chromosome 21, are determined as a ratio of the sequence tag density of chromosome 21 and the
sequence tag density for two segments of two different chromosomes e.g. a segment of chromosome 9
and a segment of chromosome 14.

In another embodiment, the sequence dose in the qualified samples is a segment dose that is
calculated as the ratio of the number of sequence tags for a segment of interest and the number of
sequence tags for a normalizing segment sequence in a qualified sample. The normalizing segment
sequence can be a segment of one chromosome, or a group of segments from different chromosomes.
Accordingly, a segment dose for a segment of interest is determined in a qualified sample as (i) the
ratio of the number of tags for a segment of interest and the number of tags for a normalizing segment
sequence composed of a single segment of a chromosome, (ii) the ratio of the number of tags for a

segment of interest and the number of tags for a normalizing segment sequence composed of two or
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more segments of one chromosome, or (iii) the ratio of the number of tags for a segment of interest
and the number of tags for a normalizing segment sequence composed of two or more segments of
two or more different chromosomes.

Chromosome doses for one or more chromosomes of interest are determined in all qualified
samples, and a normalizing chromosome sequence is identified in step 145. Similarly, segment doses
for one or more segments of interest are determined in all qualified samples, and a normalizing
segment sequence is identified in step 145.

Identification of normalizing sequences from qualified sequence doses

In step 145, a normalizing sequence is identified for a sequence of interest as the sequence
based on the calculated sequence doses i.e. that results in the smallest variability in sequence dose for
the sequence of interest across all qualified samples. The method identifies sequences that inherently
have similar characteristics and that are prone to similar variations among samples and sequencing
runs, and which are useful for determining sequence doses in test samples.

Normalizing sequences for one or more sequences of interest can be identified in a set of
qualified samples, and the sequences that are identified in the qualified samples are used subsequently
to calculate sequence doses for one or more sequences of interest in each of the test samples (step
150) to determine the presence or absence of aneuploidy in each of the test samples. The normalizing
sequence identified for chromosomes or segments of interest may differ when different sequencing
platforms are used and/or when differences exist in the purification of the nucleic acid that is to be
sequenced and/or preparation of the sequencing library. The use of normalizing sequences according
to the method of the invention provides specific and sensitive measure of a variation in copy number
of a chromosome or segment thereof irrespective of sample preparation and/or sequencing platform
that is used.

In some embodiments, more than one normalizing sequence is identified i.e. different
normalizing sequences can be determined for one sequence of interest, and multiple sequence doses
can be determined for one sequence of interest. For example, the variation e.g. coefficient of
variation, in chromosome dose for chromosome of interest 21 is least when the sequence tag density
of chromosome 14 is used. However, two, three, four, five, six, seven, eight or more normalizing
sequences can be identified for use in determining a sequence dose for a sequence of interest in a test
sample. As an example, a second dose for chromosome 21 in any one test sample can be determined
using chromosome 7, chromosome 9, chromosome 11 or chromosome 12 as the normalizing
chromosome sequence as these chromosomes all have CV close to that for chromosome 14 (see
Example 2, Table 2). Preferably, when a single chromosome is chosen as the normalizing
chromosome sequence for a chromosome of interest, the normalizing chromosome sequence will be a
chromosome that results in chromosome doses for the chromosome of interest that has the smallest

variability across all samples tested e.g. qualified samples.
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Normalizing chromosome sequence as a normalizing sequence for chromosome(s)

In other embodiments, a normalizing chromosome sequence can be a single sequence or it can
be a group of sequences. For example, in some embodiments, a normalizing sequence is a group of
sequences e.g. a group of chromosomes, that is identified as the normalizing sequence for any or
more of chromosomes 1-22, X and Y. The group of chromosomes that compose the normalizing
sequence for a chromosome of interest i.e. a normalizing chromosome sequence, can be a group of
two, three, four, five, six, seven, eight, nine, ten, eleven, twelve, thirteen, fourteen, fifteen, sixteen,
seventeen, eighteen, nineteen, twenty, twenty-one, or twenty-two chromosomes, and including or
excluding one or both of chromosomes X , and Y. The group of chromosomes that is identified as the
normalizing chromosome sequence is a group of chromosomes that results in chromosome doses for
the chromosome of interest that has the smallest variability across all samples tested e.g. qualified
samples. Preferably, individual and groups of chromosomes are tested together for their ability to best
mimic the behavior of the sequence of interest for which they are chosen as normalizing chromosome
sequences.

In one embodiment, the normalizing sequence for chromosome 21 is selected from
chromosome 9, chromosome 1, chromosome 2, chromosome 3, chromosome 4, chromosome 5,
chromosome 6, chromosome 7, chromosome 8, chromosome 10, chromosome 11, chromosome 12,
chromosome 13, chromosome 14, chromosome 15, chromosome 16, and chromosome 17. In another
embodiment, the normalizing sequence for chromosome 21 is selected from chromosome 9,
chromosome 1, chromosome 2, chromosome 11, chromosome 12, and chromosome 14.
Alternatively, the normalizing sequence for chromosome 21 is a group of chromosomes selected from
chromosome 9, chromosome 1, chromosome 2, chromosome 3, chromosome 4, chromosome 5,
chromosome 6, chromosome 7, chromosome 8, chromosome 10, chromosome 11, chromosome 12,
chromosome 13, chromosome 14, chromosome 15, chromosome 16, and chromosome 17. In another
embodiment, the group of chromosomes is a group selected from chromosome 9, chromosome 1,
chromosome 2, chromosome 11, chromosome 12, and chromosome 14.

In some embodiments the method is further improved by using a normalizing sequence that is
determined by systematic calculation of all chromosome doses using each chromosome individually
and in all possible combinations with all remaining chromosomes (see Example 7). For example, a
systematically determined normalizing chromosome can be determined for each chromosome of
interest by systematically calculating all possible chromosome doses using one of any of
chromosomes 1-22, X, and Y, and combinations of two or more of chromosomes 1-22, X, and Y to
determine which single or group of chromosomes is the normalizing chromosome that results in the
least variability of the chromosome dose for a chromosome of interest across a set of qualified
samples (see Example 7). Accordingly, in one embodiment, the systematically calculated normalizing

chromosome sequence for chromosome 21 is a group of chromosomes consisting of chromosome 4,
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chromosome 14, chromosome 16, chromosome 20,-and chromosome 22. Single or groups of
chromosomes can be determined for all chromosomes in the genome.

In one embodiment, the normalizing sequence for chromosome 18 is selected chromosome 8,
chromosome 2, chromosome 3, chromosome 4, chromosome 5, chromosome 6, chromosome 7,
chromosome 9, chromosome 10, chromosome 11, chromosome 12, chromosome 13, and chromosome
14. Preferably, the normalizing sequence for chromosome 18 is selected from chromosome 8§,
chromosome 2, chromosome 3, chromosome 5, chromosome 6, chromosome 12, and chromosome 14.
Alternatively, the normalizing sequence for chromosome 18 is a group of chromosomes selected from
chromosome 8, chromosome 2, chromosome 3, chromosome 4, chromosome 5, chromosome 6,
chromosome 7, chromosome 9, chromosome 10, chromosome 11, chromosome 12, chromosome 13,
and chromosome 14. Preferably, the group of chromosomes is a group selected from chromosome 8,
chromosome 2, chromosome 3, chromosome 5, chromosome 6, chromosome 12, and chromosome 14.

In another embodiment, the normalizing sequence for chromosome 18 is determined by
systematic calculation of all possible chromosome doses using each possible normalizing
chromosome individually and all possible combinations of normalizing chromosomes (as explained
elsewhere herein). Accordingly, in one embodiment, the normalizing sequence for chromosome 18 is
a normalizing chromosome consisting of the group of chromosomes consisting of chromosome 2,
chromosome 3, chromosome 5, and chromosome 7.

In one embodiment, the normalizing sequence for chromosome X is selected from
chromosome 1, chromosome 2, chromosome 3, chromosome 4, chromosome 5, chromosome 6,
chromosome 7, chromosome 8, chromosome 9, chromosome 10, chromosome 11, chromosome 12,
chromosome 13, chromosome 14, chromosome 15, and chromosome 16. Preferably, the normalizing
sequence for chromosome X is selected from chromosome 2, chromosome 3, chromosome 4,
chromosome 5, chromosome 6 and chromosome 8. Alternatively, the normalizing sequence for
chromosome X is a group of chromosomes selected from chromosome 1, chromosome 2,
chromosome 3, chromosome 4, chromosome 5, chromosome 6, chromosome 7, chromosome 8,
chromosome 9, chromosome 10, chromosome 11, chromosome 12, chromosome 13, chromosome 14,
chromosome 15, and chromosome 16. Preferably, the group of chromosomes is a group selected from
chromosome 2, chromosome 3, chromosome 4, chromosome 5, chromosome 6, and chromosome 8.

In another embodiment, the normalizing sequence for chromosome X is determined by
systematic calculation of all possible chromosome doses using each possible normalizing
chromosome individually and all possible combinations of normalizing chromosomes (as explained
elsewhere herein). Accordingly, in one embodiment, the normalizing sequence for chromosome X is a
normalizing chromosome consisting of the group of chromosome 4 and chromosome 8.

In one embodiment, the normalizing sequence for chromosome 13 is a chromosome selected

from chromosome 2, chromosome 3, chromosome 4, chromosome 5, chromosome 6, chromosome 7,
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chromosome 8, chromosome 9, chromosome 10, chromosome 11, chromosome 12, chromosome 14,
chromosome 18, and chromosome 21. Preferably, the normalizing sequence for chromosome 13 is a
chromosome selected from chromosome 2, chromosome 3, chromosome 4, chromosome 5,
chromosome 6, and chromosome 8. In another embodiment, the normalizing sequence for
chromosome 13 is a group of chromosomes selected from chromosome 2, chromosome 3,
chromosome 4, chromosome 5, chromosome 6, chromosome 7, chromosome 8, chromosome 9,
chromosome 10, chromosome 11, chromosome 12, chromosome 14, chromosome 18, and
chromosome 21. Preferably, the group of chromosomes is a group selected from chromosome 2,
chromosome 3, chromosome 4, chromosome 5, chromosome 6, and chromosome 8.

In another embodiment, the normalizing sequence for chromosome 13 is determined by
systematic calculation of all possible chromosome doses using each possible normalizing
chromosome individually and all possible combinations of normalizing chromosomes (as explained
elsewhere herein). Accordingly, in one embodiment, the normalizing sequence for chromosome 13 is
a normalizing chromosome comprising the group of chromosome 4 and chromosome 5. In another
embodiment, the normalizing sequence for chromosome 13 is a normalizing chromosome consisting
of the group of chromosome 4 and chromosome 5.

The variation in chromosome dose for chromosome Y is greater than 30 independently of
which normalizing chromosome is used in determining the chromosome Y dose. Therefore, any one
chromosome, or a group of two or more chromosomes selected from chromosomes 1-22 and
chromosome X can be used as the normalizing sequence for chromosome Y. In one embodiment, the
at least one normalizing chromosome is a group of chromosomes consisting of chromosomes 1-22,
and chromosome X. In another embodiment, the group of chromosomes consists of chromosome 2,
chromosome 3, chromosome 4, chromosome 5, and chromosome 6.

In another embodiment, the normalizing sequence for chromosome Y is determined by
systematic calculation of all possible chromosome doses using each possible normalizing
chromosome individually and all possible combinations of normalizing chromosomes (as explained
elsewhere herein). Accordingly, in one embodiment, the normalizing sequence for chromosome Y is a
normalizing chromosome comprising the group of chromosomes consisting of chromosome 4 and
chromosome 6. In another embodiment, the normalizing sequence for chromosome Y is a
normalizing chromosome consisting of the group of chromosomes consisting of chromosome 4 and
chromosome 6.

The normalizing sequence used to calculate the dose of different chromosomes of interest, or
of different segments of interest can be the same or it can be a different normalizing sequence for
different chromosomes or segments of interest, respectively. For example, the normalizing sequence

e.g. anormalizing chromosome (one or a group) for chromosome of interest A can be the same or it
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can be different from the normalizing sequence e.g. a normalizing chromosome (one or a group) for
chromosome of interest B.

The normalizing sequence for a complete chromosome may be a complete chromosome or a
group of complete chromosomes, or it may be a segment of a chromosome, or a group of segments of
one or more chromosomes.

Normalizing segment sequence as a normalizing sequence for chromosome(s)

In another embodiment, the normalizing sequence for a chromosome can be a normalizing
segment sequence. The normalizing segment sequence can be a single segment or it can be a group of
segments of one chromosome, or they can be segments from two or more different chromosomes. A
normalizing segment sequence can be determined by systematic calculation of all combinations of
segment sequences in the genome. For example, a normalizing segment sequence for chromosome 21
can be a single segment that is bigger or smaller than the size of chromosome 2, which is
approximately 47Mbp (million base pairs) from chromosome 9, which is approximately 140 Mbp.
Alternatively, a normalizing sequence for chromosome 21 can be a combination of a sequence form
chromosome 1, and a sequence from chromosome 12.

In one embodiment, the normalizing sequence for chromosome 21 is a normalizing segment
sequence of one segment or of a group of two or more segments of chromosomes 1-20, 22, X, and Y.
In another embodiment, the normalizing sequence for chromosome 18 is a segment or groups
segments of chromosomes 1--17, 19-22, X, and Y. In another embodiment, the normalizing sequence
for chromosome 13 is a segment or groups of segments of chromosomes 112, 14-22, X, and Y. In
another embodiment, the normalizing sequence for chromosome X is a segment or groups segments
of chromosomes 1-22, and Y. In another embodiment, the normalizing sequence for chromosome Y
is a segment or group of segments of chromosomes 122, and X. Normalizing segment sequences of
single or groups of segments can be determined for all chromosomes in the genome. The two or more
segments of a normalizing segment sequence can be segments from one chromosome, or the two or
more segments can be segments of two or more different chromosomes. As described for normalizing
chromosome sequences, a normalizing segment sequence can be the same for two or more different
chromosomes.

Normalizing segment sequence as a normalizing sequence for chromosome segment(s)

The presence or absence of CNV of a sequence of interest can be determined when the
sequence of interest is a segment of a chromosome. Variation in the copy number of a chromosome
segment allows for determining the presence or absence of a partial chromosomal aneuploidy.
Described below are examples of partial chromosomal aneuploidies that are associated with various
fetal abnormalities and disease conditions. The segment of the chromosome can be of any length.
For example, it can range from a kilobase to hundreds of megabases. The human genome occupies

just over 3 billion DNA bases, which can be divided into tens, thousands, hundreds of thousands and
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millions of segments of different sizes of which the copy number can be determined according to the
present method. The normalizing sequence for a segment of a chromosome is a normalizing segment
sequence, which can be a single segment from any one of the chromosomes 1-22, X and Y, or it can
be a group of segments from any one or more of chromosomes 1-22, X, and Y.

The normalizing sequence for a segment of interest is a sequence that has a variability across
chromosomes and across samples that is closest to that of the segment of interest. Determination of a
normalizing sequence can be performed as described for determining the normalizing sequence for a
chromosome of interest when the normalizing sequence is a group of segments of any one or more of
chromosomes 1-22, X and Y. A normalizing segment sequence of one or a group of segments can be
identified by calculating segment doses using one, and all possible combinations of two or more
segments as normalizing sequences for the segment of interest in each sample of a set of qualified
samples i.e. samples known to be diploid for the segment of interest, and the normalizing sequence is
determined as that providing a segment dose having the lowest variability for the segment of interest
across all qualified samples, as is described above for normalizing chromosome sequences.

For example, for a segment of interest that is 1Mb (megabase), the remaining 3 million
segments (minus the 1 mg segment of interest) of the approximately 3Gb human genome can be used
individually or in combination with each other to calculate segment doses for a segment of interest in
a qualified set of sample to determine which one or group of segments would serve as the normalizing
segment sequence for qualified and test samples. Segments of interest can vary from about 1000
bases to tens of megabases. Normalizing segment sequences can be composed of one or more
segments of the same size as that of the sequence of interest. In other embodiment, the normalizing
segment sequence can be composed of segments that differ from that of the sequence of interest,
and/or from each other. For example, a normalizing segment sequence for a 10,0000 base long
sequence can be 20,000 bases long, and comprise a combination of sequences of different lengths e.g.
a 7,000+8,000+5,000 bases. As is described elsewhere herein for normalizing chromosome
sequences, normalizing segment sequences can be determined by systematic calculation of all
possible chromosome and/or segment doses using each possible normalizing chromosome segment
individually and all possible combinations of normalizing segments (as explained elsewhere herein).
Single or groups of segments can be determined for all segments and/or chromosomes in the genome.

The normalizing sequence used to calculate the dose of different chromosome segments of
interest can be the same or it can be a different normalizing sequence for different chromosome
segments of interest. For example, the normalizing sequence e.g. a normalizing segment (one or a
group) for chromosome segment of interest A can be the same or it can be different from the
normalizing sequence e.g. a normalizing segment (one or a group) for chromosome segment of

interest B.
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Determination of aneuploidies in test samples

Based on the identification of the normalizing sequence(s) in qualified samples, a sequence
dose is determined for a sequence of interest in a test sample comprising a mixture of nucleic acids
derived from genomes that differ in one or more sequences of interest.

In step 115, a test sample is obtained from a subject suspected or known to carry a clinically-relevant
CNV of a sequence of interest. The test sample may be a biological fluid e.g. plasma, or any suitable
sample as described below. In some embodiments, a test sample contains a mixture of nucleic acid
molecules e.g. cfDNA molecules. In some embodiments, the test sample is a maternal plasma sample
that contains a mixture of fetal and maternal cfDNA molecules.

In step 125, at least a portion of the test nucleic acids in the test sample is sequenced as
described for the qualified samples to generate millions of sequence reads e.g. 36bp reads. As in step
120, the reads generated from sequencing the nucleic acids in the test sample are uniquely mapped to
a reference genome. As described in step 120, at least about 3 x 10° qualified sequence tags, at least
about 5 x 10° qualified sequence tags, at least about 8 x 10° qualified sequence tags, at least about 10 x
10° qualified sequence tags, at least about 15 x 10° qualified sequence tags, at least about 20 x 10°
qualified sequence tags, at least about 30 x 10° qualified sequence tags, at least about 40 x 10°
qualified sequence tags, or at least about 50 x 10°qualified sequence tags comprising between 20 and
40bp reads are obtained from reads that map uniquely to a reference genome.

In step 135, all the tags obtained from sequencing the nucleic acids in the test samples are
counted to determine a test sequence tag density. In one embodiment, the number of test sequence
tags mapped to a sequence of interest is normalized to the known length of a sequence of interest to
which they are mapped to provide a test sequence tag density ratio. As described for the qualified
samples, normalization to the known length of a sequence of interest is not required, and may be
included as a step to reduce the number of digits in a number to simplify it for human interpretation.
As all the mapped test sequence tags are counted in the test sample, the sequence tag density for a
sequence of interest e.g. a clinically-relevant sequence, in the test samples is determined, as are the
sequence tag densities for additional sequences that correspond to at least one normalizing sequence
identified in the qualified samples.

In step 150, based on the identity of at least one normalizing sequence in the qualified
samples, a test sequence dose is determined for a sequence of interest in the test sample. As described
elsewhere herein, the at least one normalizing sequence can be a single sequence or a group of
sequences. The sequence dose for a sequence of interest in a test sample is a ratio of the sequence tag
density determined for the sequence of interest in the test sample and the sequence tag density of at
least one normalizing sequence determined in the test sample, wherein the normalizing sequence in
the test sample corresponds to the normalizing sequence identified in the qualified samples for the

particular sequence of interest. For example, if the normalizing sequence identified for chromosome
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21 in the qualified samples is determined to be a chromosome e.g. chromosome 14, then the test
sequence dose for chromosome 21 (sequence of interest) is determined as the ratio of the sequence tag
density for chromosome 21 in and the sequence tag density for chromosome 14 each determined in
the test sample. Similarly, chromosome doses for chromosomes 13, 18, X, Y, and other chromosomes
associated with chromosomal aneuploidies are determined. A normalizing sequence for a
chromosome of interest can be one or a group of chromosomes, or one or a group of chromosome
segments. As described previously, a sequence of interest can be part of a chromosome e.g. a
chromosome segment. Accordingly, the dose for a chromosome segment can be determined as the
ratio of the sequence tag density determined for the segment in the test sample and the sequence tag
density for the normalizing chromosome segment in the test sample, wherein the normalizing segment
in the test sample corresponds to the normalizing segment (single or a group of segments) identified
in the qualified samples for the particular segment of interest. Chromosome segments can range from
kilobases (kb) to megabases (Mb) in size.

In step 155, threshold values are derived from standard deviation values established for
qualified sequence doses determined in a plurality of qualified samples and sequence doses
determined for samples known to be aneuploid for a sequence of interest. Accurate classification
depends on the differences between probability distributions for the different classes i.e. type of
aneuploidy. Preferably, thresholds are chosen from empirical distribution for each type of aneuploidy
e.g. trisomy 21. Possible threshold values that were established for classifying trisomy 13, trisomy
18, trisomy 21, and monosomy X aneuploidies as described in the Examples, which describe the use
of the method for determining chromosomal aneuploidies by sequencing cfDNA extracted from a
maternal sample comprising a mixture of fetal and maternal nucleic acids. The threshold value that is
determined to distinguish samples affected for an aneuploidy of a chromosome can be the same or can
be different from the threshold that is determined to distinguish samples affected for a different
aneuploidy. As is shown in the Examples, the threshold value for each chromosome of interest is
determined from the variability in the dose of the chromosome of interest across samples and
sequencing runs. The less variable the chromosome dose for any chromosome of interest, the
narrower the spread in the dose for the chromosome of interest across all the unaffected samples,
which are used to set the threshold for determining different aneuploidies.

In step 160, the copy number variation of the sequence of interest is determined in the test
sample by comparing the test sequence dose for the sequence of interest to at least one threshold value
established from the qualified sequence doses.

In step 165, the calculated dose for a test sequence of interest is compared to that set as the
threshold values that are chosen according to a user-defined threshold of reliability to classify the
sample as a “normal” an “affected” or a “no call”. The “no call” samples are samples for which a

definitive diagnosis cannot be made with reliability.
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Another embodiment of the invention provides a method for providing prenatal diagnosis of a
fetal chromosomal aneuploidy in a biological sample comprising fetal and maternal nucleic acid
molecules. The diagnosis is made based on obtaining sequence information sequencing at least a
portion of the mixture of the fetal and maternal nucleic acid molecules derived from a biological test
sample e.g. a maternal plasma sample, computing from the sequencing data a normalizing
chromosome dose for one or more chromosomes of interest, and/or a normalizing segment dose for
one or more segments of interest, and determining a statistically significant difference between the
chromosome dose for the chromosome of interest and/or the segment dose for the segment of interest,
respectively, in the test sample and a threshold value established in a plurality of qualified (normal)
samples, and providing the prenatal diagnosis based on the statistical difference. As described in step
165 of the method, a diagnosis of normal or affected is made. A “no call” is provided in the event that
the diagnosis for normal or affected cannot be made with confidence.

Samples

Samples that are used for determining a CNV e.g. chromosomal and partial aneuploidies,
comprise nucleic acids that are present in cells or that are “cell-free”. In some embodiments of the
invention it is advantageous to obtain cell-free nucleic acids e.g. cell-free DNA (cfDNA). Cell-free
nucleic acids, including cell-free DNA, can be obtained by various methods known in the art from
biological samples including but not limited to plasma and serum (Chen ef al., Nature Med. 2: 1033-
1035 [1996]; Lo et al., Lancet 350: 485-487 [1997]). To separate cell-free DNA from cells,
fractionation, centrifugation (e.g., density gradient centrifugation), DNA-specific precipitation, or
high-throughput cell sorting and/or separation methods can be used.

The sample comprising the mixture of nucleic acids to which the methods described herein
are applied is a biological sample such as a tissue sample, a biological fluid sample, or a cell sample.
In some embodiments, the mixture of nucleic acids is purified or isolated from the biological sample
by any one of the known methods. A sample can consist of purified or isolated polynucleotide, or it
can comprise a biological sample such as a tissue sample, a biological fluid sample, or a cell sample.
A biological fluid includes, as non-limiting examples, blood, plasma, serum, sweat, tears, sputum,
urine, sputum, ear flow, lymph, saliva, cerebrospinal fluid, ravages, bone marrow suspension, vaginal
flow, transcervical lavage, brain fluid, ascites, milk, secretions of the respiratory, intestinal and
genitourinary tracts, amniotic fluid and leukophoresis samples. In some embodiments, the sample is a
sample that is easily obtainable by non-invasive procedures e.g. blood, plasma, serum, sweat, tears,
sputum, urine, sputum, ear flow, saliva or feces. Preferably, the biological sample is a peripheral
blood sample, or the plasma and serum fractions. In other embodiments, the biological sample is a
swab or smear, a biopsy specimen, or a cell culture. In another embodiment, the sample is a mixture
of two or more biological samples e.g. a biological sample can comprise two or more of a biological

fluid sample, a tissue sample, and a cell culture sample. As used herein, the terms "blood," "plasma"
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and "serum" expressly encompass fractions or processed portions thereof. Similarly, where a sample
is taken from a biopsy, swab, smear, efc., the "sample" expressly encompasses a processed fraction or
portion derived from the biopsy, swab, smear, etc.

In some embodiments, samples can be obtained from sources, including, but not limited to,
samples from different individuals, different developmental stages of the same or different
individuals, different diseased individuals (e.g., individuals with cancer or suspected of having a
genetic disorder), normal individuals, samples obtained at different stages of a disease in an
individual, samples obtained from an individual subjected to different treatments for a disease,
samples from individuals subjected to different environmental factors, or individuals with
predisposition to a pathology, or individuals with exposure to an infectious disease agent (e.g., HIV).

In one embodiment, the sample is a maternal sample that is obtained from a pregnant female,
for example a pregnant woman. In this instance, the sample can be analyzed using the methods
described herein to provide a prenatal diagnosis of potential chromosomal abnormalities in the fetus.
The maternal sample can be a tissue sample, a biological fluid sample, or a cell sample. A biological
fluid includes, as non-limiting examples, blood, plasma, serum, sweat, tears, sputum, urine, sputum,
ear flow, lymph, saliva, cerebrospinal fluid, ravages, bone marrow suspension, vaginal flow,
transcervical lavage, brain fluid, ascites, milk, secretions of the respiratory, intestinal and
genitourinary tracts, and leukophoresis samples. In another embodiment, the maternal sample is a
mixture of two or more biological samples e.g. a biological sample can comprise two or more of a
biological fluid sample, a tissue sample, and a cell culture sample. In some embodiments, the sample
is a sample that is easily obtainable by non-invasive procedures e.g. blood, plasma, serum, sweat,
tears, sputum, urine, sputum, ear flow, saliva and feces. In some embodiments, the biological sample
is a peripheral blood sample, or the plasma and serum fractions. In other embodiments, the
biological sample is a swab or smear, a biopsy specimen, or a cell culture. As disclosed above, the
terms "blood," "plasma" and "serum" expressly encompass fractions or processed portions thereof.
Similarly, where a sample is taken from a biopsy, swab, smear, efc., the "sample" expressly
encompasses a processed fraction or portion derived from the biopsy, swab, smear, etc.

Samples can also be obtained from in vitro cultured tissues, cells, or other polynucleotide-
containing sources. The cultured samples can be taken from sources including, but not limited to,
cultures (e.g., tissue or cells) maintained in different media and conditions (e.g., pH, pressure, or
temperature), cultures (e.g., tissue or cells) maintained for different periods of length, cultures (e.g.,
tissue or cells) treated with different factors or reagents (e.g., a drug candidate, or a modulator), or
cultures of different types of tissue or cells.

Methods of isolating nucleic acids from biological sources are well known and will differ depending
upon the nature of the source. One of skill in the art can readily isolate nucleic acid from a source as

needed for the method described herein. In some instances, it can be advantageous to fragment the
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nucleic acid molecules in the nucleic acid sample. Fragmentation can be random, or it can be specific,
as achieved, for example, using restriction endonuclease digestion. Methods for random
fragmentation are well known in the art, and include, for example, limited DNAse digestion, alkali
treatment and physical shearing. In one embodiment, sample nucleic acids are obtained from as
cfDNA, which is not subjected to fragmentation. In other embodiments, the sample nucleic acids are
obtained as genomic DNA, which is subjected to fragmentation into fragments of approximately 500
or more base pairs, and to which NGS methods can be readily applied.

Determination of CNV for prenatal diagnoses

Cell-free fetal DNA and RNA circulating in maternal blood can be used for the early non-
invasive prenatal diagnosis (NIPD) of an increasing number of genetic conditions, both for pregnancy
management and to aid reproductive decision-making. The presence of cell-free DNA circulating in
the bloodstream has been known for over 50 years. More recently, presence of small amounts of
circulating fetal DNA was discovered in the maternal bloodstream during pregnancy (Lo et al., Lancet
350:485-487 [1997]). Thought to originate from dying placental cells, cell-free fetal DNA (cfDNA)
has been shown to consists of short fragments typically fewer than 200 bp in length Chan et al., Clin
Chem 50:88-92 [2004]), which can be discerned as early as 4 weeks gestation (Illanes et al., Early
Human Dev 83:563-566 [2007]), and known to be cleared from the maternal circulation within hours
of delivery (Lo et al., AmJ Hum Genet 64:218-224 [1999]). In addition to cfDNA, fragments of
cell-free fetal RNA (cfRNA) can also be discerned in the maternal bloodstream, originating from
genes that are transcribed in the fetus or placenta. The extraction and subsequent analysis of these
fetal genetic elements from a maternal blood sample offers novel opportunities for NIPD.

The present method is a polymorphism-independent method that for use in NIPD and that
does not require that the fetal cfDNA be distinguished from the maternal cfDNA to enable the
determination of a fetal aneuploidy. In some embodiments, the aneuploidy is a complete
chromosomal trisomy or monosomy, or a partial trisomy or monosomy. Partial aneuploidies are
caused by loss or gain of part of a chromosome, and encompass chromosomal imbalances resulting
from unbalanced translocations, unbalanced inversions, deletions and insertions. By far, the most
common known aneuploidy compatible with life is trisomy 21 i.e. Down Syndrome (DS), which is
caused by the presence of part or all of chromosome 21. Rarely, DS can be cause by an inherited or
sporadic defect whereby an extra copy of all or part of chromosome 21 becomes attached to another
chromosome (usually chromosome 14) to form a single aberrant chromosome. DS is associated with
intellectual impairment, severe learning difficulties and excess mortality caused by long-term health
problems such as heart disease. Other aneuploidies with known clinical significance include Edward
syndrome (trisomy 18) and Patau Syndrome (trisomy 13), which are frequently fatal within the first
few months of life. Abnormalities associated with the number of sex chromosomes are also known

and include monosomy X e.g. Turner syndrome (XO), and triple X syndrome (XXX) in female births
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and Kleinefelter syndrome (XXY) and XYY syndrome in male births, which are all associated with
various phenotypes including sterility and reduction in intellectual skills. The method of the invention
can be used to diagnose these and other chromosomal abnormalities prenatally.

According to some embodiments of the present invention the trisomy determined by the
present invention include without limitation trisomy 21 (T21; Down Syndrome), trisomy 18 (T18;
Edward’s Syndrome), trisomy 16 (T16), trisomy 22 (T22; Cat Eye Syndrome), trisomy 15 (T15;
Prader Willi Syndrome), trisomy 13 (T13; Patau Syndrome), trisomy 8 (T8; Warkany Syndrome) and
the XXY (Kleinefelter Syndrome), XYY, or XXX trisomies. It will be appreciated that various other
complete trisomies and partial trisomies can be determined in fetal cfDNA according to the teachings
of the present invention. Examples of partial trisomies include, but are not limited to, partial trisomy
1q32-44, trisomy 9 p with trisomy, trisomy 4 mosaicism, trisomy 17p, partial trisomy 4q26-qter,
trisomy 9, partial 2p trisomy, partial trisomy 1q, and/or partial trisomy 6p/monosomy 6q.

The method of the present invention can be also used to determine chromosomal monosomy
X, and partial monosomies such as, monosomy 13, monosomy 15, monosomy 16, monosomy 21, and
monosomy 22, which are known to be involved in pregnancy miscarriage. Partial monosomy of
chromosomes typically involved in complete aneuploidy can also be determined by the method of the
invention. Monosomy 18p is a rare chromosomal disorder in which all or part of the short arm (p) of
chromosome 18 is deleted (monosomic). The disorder is typically characterized by short stature,
variable degrees of mental retardation, speech delays, malformations of the skull and facial
(craniofacial) region, and/or additional physical abnormalities. Associated craniofacial defects may
vary greatly in range and severity from case to case. Conditions caused by changes in the structure or
number of copies of chromosome 15 include Angelman Syndrome and Prader-Willi Syndrome, which
involve a loss of gene activity in the same part of chromosome 15, the 15q11-q13 region. It will be
appreciated that several translocations and microdeletions can be asymptomatic in the carrier parent,
yet can cause a major genetic disease in the offspring. For example, a healthy mother who carries the
15q11-q13 microdeletion can give birth to a child with Angelman syndrome, a severe
neurodegenerative disorder. Thus, the present invention can be used to identify such a partial deletion
and other deletions in the fetus. Partial monosomy 13q is a rare chromosomal disorder that results
when a piece of the long arm (q) of chromosome 13 is missing (monosomic). Infants born with
partial monosomy 13q may exhibit low birth weight, malformations of the head and face (craniofacial
region), skeletal abnormalities (especially of the hands and feet), and other physical abnormalities.
Mental retardation is characteristic of this condition. The mortality rate during infancy is high among
individuals born with this disorder. Almost all cases of partial monosomy 13q occur randomly for no
apparent reason (sporadic). 22q11.2 deletion syndrome, also known as DiGeorge syndrome, is a
syndrome caused by the deletion of a small piece of chromosome 22. The deletion (22 q11.2 ) occurs

near the middle of the chromosome on the long arm of one of the pair of chromosome. The features
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of this syndrome vary widely, even among members of the same family, and affect many parts of the
body. Characteristic signs and symptoms may include birth defects such as congenital heart disease,
defects in the palate, most commonly related to neuromuscular problems with closure (velo-
pharyngeal insufficiency), learning disabilities, mild differences in facial features, and recurrent
infections. Microdeletions in chromosomal region 22q11.2 are associated with a 20 to 30-fold
increased risk of schizophrenia. In one embodiment, the method of the invention is used to determine
partial monosomies including but not limited to monosomy 18p, partial monosomy of chromosome 15
(15q11-q13), partial monosomy 13q, and partial monosomy of chromosome 22 can also be
determined using the method.

The method of the invention can be also used to determine any aneuploidy if one of the
parents is a known carrier of such abnormality. These include, but not limited to, mosaic for a small
supernumerary marker chromosome (SMC); t(11;14)(p15;p13) translocation; unbalanced
translocation t(8;11)(p23.2;p15.5); 11q23 microdeletion; Smith-Magenis syndrome 17p11.2 deletion;
22q13.3 deletion; Xp22.3 microdeletion; 10p14 deletion; 20p microdeletion, DiGeorge syndrome
[del(22)(q11.2q11.23)], Williams syndrome (7q11.23 and 7q36 deletions); 1p36 deletion; 2p
microdeletion; neurofibromatosis type 1 (17q11.2 microdeletion), Yq deletion ; Wolf-Hirschhorn
syndrome (WHS, 4p16.3 microdeletion); 1p36.2 microdeletion; 11q14 deletion; 19q13.2
microdeletion; Rubinstein-Taybi (16 p13.3 microdeletion); 7p21 microdeletion; Miller-Dieker
syndrome (17p13.3), 17p11.2 deletion; and 2q37 microdeletion.

Determination of Complete Fetal Chromosomal Aneuploidies

In one embodiment, the present invention provides a method for determining the presence or
absence of any one or more different complete fetal chromosomal aneuploidies in a maternal test
sample comprising fetal and maternal nucleic acid molecules. Preferably, the method determines the
presence or absence of any four or more different complete chromosomal aneuploidies. The steps of
the method comprise (a) obtaining sequence information for the fetal and maternal nucleic acids in the
maternal test sample; and (b) using the sequence information to identify a number of sequence tags
for each of any one or more chromosomes of interest selected from chromosomes 1-22, X and Y and
to identify a number of sequence tags for a normalizing chromosome sequence for each of the any one
or more chromosomes of interest. The normalizing chromosome sequence can be a single
chromosome, or it can be a group of chromosomes selected from chromosomes 1-22, X, and Y. The
method further uses in step (¢) the number of sequence tags identified for each of the any one or more
chromosomes of interest and the number of sequence tags identified for each normalizing
chromosome sequence to calculate a single chromosome dose for each of the any one or more
chromosomes of interest; and (d) compares each of the single chromosome doses for each of the any

one or more chromosomes of interest to a threshold value for each of the one or more chromosomes
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of interest, thereby determining the presence or absence of any one or more complete different fetal
chromosomal aneuploidies in the maternal test sample.

In some embodiments, step (c¢) comprises calculating a single chromosome dose for each
chromosomes of interest as the ratio of the number of sequence tags identified for each of the
chromosomes of interest and the number of sequence tags identified for the normalizing chromosome
for each of the chromosomes of interest.

In other embodiments, step (c) comprises calculating a single chromosome dose for each of
the chromosomes of interest as the ratio of the number of sequence tags identified for each of the
chromosomes of interest and the number of sequence tags identified for the normalizing chromosome
for each of the chromosomes of interest. In other embodiments, step (c) comprises calculating a
sequence tag ratio for a chromosome of interest by relating the number of sequence tags obtained for
the chromosome of interest to the length of the chromosome of interest, and relating the number of
tags for the corresponding normalizing chromosome sequence for the chromosome of interest to the
length of the normalizing chromosome sequence, and calculating a chromosome dose for the
chromosome of interest as a ratio of the sequence tags density of the chromosome of interest and the
sequence tag density for the normalizing sequence. The calculation is repeated for each of all
chromosomes of interest. Steps (a)-(d) can be repeated for test samples from different maternal
subjects.

An example of the embodiment whereby four or more complete fetal chromosomal
aneuploidies are determined in a maternal test sample comprising a mixture of fetal and maternal cell-
free DNA molecules, comprises: (a) sequencing at least a portion of cell-free DNA molecules to
obtain sequence information for the fetal and maternal cell-free DNA molecules in the test sample; (b)
using the sequence information to identify a number of sequence tags for each of any twenty or more
chromosomes of interest selected from chromosomes 1-22, X, and Y and to identify a number of
sequence tags for a normalizing chromosome for each of the twenty or more chromosomes of interest;
(c) using the number of sequence tags identified for each of the twenty or more chromosomes of
interest and the number of sequence tags identified for each the normalizing chromosome to calculate
a single chromosome dose for each of the twenty or more chromosomes of interest; and (d) comparing
each of the single chromosome doses for each of the twenty or more chromosomes of interest to a
threshold value for each of the twenty or more chromosomes of interest, and thereby determining the
presence or absence of any twenty or more different complete fetal chromosomal aneuploidies in the
test sample.

In another embodiment, the method for determining the presence or absence of any one or
more different complete fetal chromosomal aneuploidies in a maternal test sample as described above
uses a normalizing segment sequence for determining the dose of the chromosome of interest. In this

instance, the method comprises (a)obtaining sequence information for said fetal and maternal nucleic
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acids in said sample; (b) using said sequence information to identify a number of sequence tags for
each of any one or more chromosomes of interest selected from chromosomes 1-22, X and Y and to
identify a number of sequence tags for a normalizing segment sequence for each of said any one or
more chromosomes of interest. The normalizing segment sequence can be a single segment of a
chromosome or it can be a group of segments form one or more different chromosomes. The method
further uses in step (c) the number of sequence tags identified for each of said any one or more
chromosomes of interest and said number of sequence tags identified for said normalizing segment
sequence to calculate a single chromosome dose for each of said any one or more chromosomes of
interest; and (d) comparing each of said single chromosome doses for each of said any one or more
chromosomes of interest to a threshold value for each of said one or more chromosomes of interest,
and thereby determining the presence or absence of one or more different complete fetal chromosomal
aneuploidies in said sample.

In some embodiments, step (c) comprises calculating a single chromosome dose for each of
said chromosomes of interest as the ratio of the number of sequence tags identified for each of said
chromosomes of interest and the number of sequence tags identified for said normalizing segment
sequence for each of said chromosomes of interest.

In other embodiments, step (c) comprises calculating a sequence tag ratio for a chromosome
of interest by relating the number of sequence tags obtained for the chromosome of interest to the
length of the chromosome of interest, and relating the number of tags for the corresponding
normalizing segment sequence for the chromosome of interest to the length of the normalizing
segment sequence, and calculating a chromosome dose for the chromosome of interest as a ratio of the
sequence tags density of the chromosome of interest and the sequence tag density for the normalizing
segment sequence. The calculation is repeated for each of all chromosomes of interest. Steps (a)-(d)
can be repeated for test samples from different maternal subjects.

A means for comparing chromosome doses of different sample sets is provided by
determining a normalized chromosome value (NCV), which relates the chromosome dose in a test
sample to the mean of the of the corresponding chromosome dose in a set of qualified samples. The
NCV is calculated as:

e, = S
where fi; and §; are the estimated mean and standard deviation, respectively, for the j-th chromosome
dose in a set of qualified samples, and x;; is the observed j-th chromosome dose for test sample i.

In some embodiments, the presence or absence of at least one complete fetal chromosomal
aneuploidy is determined. In other embodiments, the presence or absence of at least two, at least
three, at least four, at least five, at least six, at least seven, at least eight, at least nine, at least ten, at

least eleven, at least twelve, at least thirteen, at least fourteen, at least fifteen, at least sixteen, at least
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seventeen, at least eighteen, at least nineteen, at least twenty, at least twenty-one, at least twenty-two,
at least twenty-three, or twenty-four complete fetal chromosomal aneuploidies are determined in a
sample, wherein twenty-two of the complete fetal chromosomal aneuploidies correspond to complete
chromosomal aneuploidies of any one or more of the autosomes; the twenty-third and twenty fourth
chromosomal aneuploidy correspond to a complete fetal chromosomal aneuploidy of chromosomes X
and Y. As aneuploidies of sex chromosomes can comprise tetrasomies, pentasomies and other
polysomies, the number of different complete chromosomal aneuploidies that can be determined
according to the present method may be at least 24, at least 25, at least 26, at least 27, at least 28, at
least 29, or at least 30 complete chromosomal aneuploidies. Thus, the number of different complete
fetal chromosomal aneuploidies that are determined is related to the number of chromosomes of
interest that are selected for analysis.

In one embodiment, determining the presence or absence of any one or more different
complete fetal chromosomal aneuploidies in a maternal test sample as described above uses a
normalizing segment sequence for one chromosome of interest, which is selected from chromosomes
1-22, X, and Y. In other embodiments, two or more chromosomes of interest are selected from any
two or more of chromosomes 1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16,17, 18, 19, 20, 21, 22,
X, orY. In one embodiment, any one or more chromosomes of interest are selected from
chromosomes 1-22, X, and Y comprise at least twenty chromosomes selected from chromosomes 1-
22, X, and Y, and wherein the presence or absence of at least twenty different complete fetal
chromosomal aneuploidies is determined. In other embodiments, any one or more chromosomes of
interest selected from chromosomes 1-22, X, and Y is all of chromosomes 1-22, X, and Y, and
wherein the presence or absence of complete fetal chromosomal aneuploidies of all of chromosomes
1-22, X, and Y is determined. Complete different fetal chromosomal aneuploidies that can be
determined include complete chromosomal trisomies, complete chromosomal monosomies and
complete chromosomal polysomies. Examples of complete fetal chromosomal aneuploidies include
without limitation trisomies of any one or more of the autosomes e.g. trisomy 2, trisomy 8, trisomy 9,
trisomy 21, trisomy 13, trisomy 16, trisomy 18, trisomy 22; trisomies of the sex chromosomes e.g.
47,XXY, 47 XXX, and 47 XYY tetrasomies of sex chromosomes e.g. 48, XXYY, 48, XXXY,
48XXXX, and 48, XYYY; pentasomies of sex chromosomes e.g. 49, XXXYY 49, XXXXY,

49, XXXXX, 49, XYYYY; and monosomy X. Other complete fetal chromosomal aneuploidies that
can be determined according to the present method are described below.
Determination of Partial Fetal Chromosomal Aneuploidies

In another embodiment, the invention provides a method for determining the presence or
absence of any one or more different partial fetal chromosomal aneuploidies in a maternal test sample
comprising fetal and maternal nucleic acid molecules. The steps of the method comprise (a) obtaining

sequence information for the fetal and maternal nucleic acids in said sample; and (b) using the
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sequence information to identify a number of sequence tags for each of any one or more segments of
any one or more chromosomes of interest selected from chromosomes 1-22, X, and Y and to identify
a number of sequence tags for a normalizing segment sequence for each of said any one or more
segments of any one or more chromosomes of interest. The normalizing segment sequence can be a
single segment of a chromosome or it can be a group of segments form one or more different
chromosomes. The method further uses in step (c) the number of sequence tags identified for each of
any one or more segments of any one or more chromosomes of interest and the number of sequence
tags identified for the normalizing segment sequence to calculate a single segment dose for each of
any one or more segments of any one or more chromosome of interest; and (d) comparing each of the
single chromosome doses for each of any one or more segments of any one or more chromosomes of
interest to a threshold value for each of said any one or more chromosomal segments of any one or
more chromosome of interest, and thereby determining the presence or absence of one or more
different partial fetal chromosomal aneuploidies in said sample.

In some embodiments, step (c) comprises calculating a single segment dose for each of any
one or more segments of any one or more chromosomes of interest as the ratio of the number of
sequence tags identified for each of any one or more segments of any one or more chromosomes of
interest and the number of sequence tags identified for the normalizing segment sequence for each of
any one or more segments of any one or more chromosomes of interest.

In other embodiments, step (c) comprises calculating a sequence tag ratio for a segment of
interest by relating the number of sequence tags obtained for the segment of interest to the length of
the segment of interest, and relating the number of tags for the corresponding normalizing segment
sequence for the segment of interest to the length of the normalizing segment sequence, and
calculating a segment dose for the segment of interest as a ratio of the sequence tags density of the
segment of interest and the sequence tag density for the normalizing segment sequence. The
calculation is repeated for each of all chromosomes of interest. Steps (a)-(d) can be repeated for test
samples from different maternal subjects.

A means for comparing segment doses of different sample sets is provided by determining a
normalized segment value (NSV), which relates the segment dose in a test sample to the mean of the
of the corresponding segment dose in a set of qualified samples. The NSV is calculated as:

NSV = —xij% &
where fi; and §; are the estimated mean and standard deviation, respectively, for the j-th segment
dose in a set of qualified samples, and x;; is the observed j-th segment dose for test sample i.

In some embodiments, the presence or absence of one partial fetal chromosomal aneuploidy is

determined. In other embodiments, the presence or absence of two, three, four, five, six, seven, eight,
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nine, ten, fifteen, twenty, twenty-five, or more partial fetal chromosomal aneuplodies are determined
in a sample. In one embodiment, one segment of interest selected from any one of chromosomes 1-
22, X, and Y is selected from chromosomes 1-22, X, and Y. In another embodiment, two or more
segments of interest selected from chromosomes 1-22, X, and Y are selected from any two or more of
chromosomes 1, 2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16,17, 18, 19, 20, 21,22, X, or Y. In one
embodiment, any one or more segments of interest are selected from chromosomes 1-22, X, and Y
comprise at least one, five, ten, 15, 20, 25 or more segments selected from chromosomes 1-22, X, and
Y, and wherein the presence or absence of at least one, five, ten, 15, 20, 25 different partial fetal
chromosomal aneuploidies is determined. Different partial fetal chromosomal aneuploidies that can
be determined include fetal chromosomal aneuploidies include partial duplications, partial
multiplications, partial insertions and partial deletions. Examples of partial fetal chromosomal
aneuploidies include partial monosomies and partial trisomies of autosomes. Partial monosomies of
autosomes include partial monosomy of chromosome 1, partial monosomy of chromosome 4, partial
monosomy of chromosome 5, partial monosomy of chromosome 7, partial monosomy of
chromosome 11, partial monosomy of chromosome 15, partial monosomy of chromosome 17, partial
monosomy of chromosome 18, and partial monosomy of chromosome 22. Other partial fetal
chromosomal ancuploidies that can be determined according to the present method are described
below.

In any one of the embodiments described above, the test sample is a maternal sample selected
from blood, plasma, serum, urine and saliva samples. In some embodiments, the maternal test sample
is a plasma sample. The nucleic acid molecules of the maternal sample are a mixture of fetal and
maternal cell-free DNA molecules. Sequencing of the nucleic acids can be performed using next
generation sequencing (NGS) as described elsewhere herein. In some embodiments, sequencing is
massively parallel sequencing using sequencing-by-synthesis with reversible dye terminators. In
other embodiments, sequencing is sequencing-by-ligation. In yet other embodiments, sequencing is
single molecule sequencing. Optionally, an amplification step is performed prior to sequencing.
Determination of CNV of clinical disorders

In addition to the early determination of birth defects, the methods described herein can be
applied to the determination of any abnormality in the representation of genetic sequences within the
genome.

It has been shown that blood plasma and serum DNA from cancer patients contains
measurable quantities of tumor DNA, which can be recovered and used as surrogate source of tumor
DNA, and tumors are characterized by aneuploidy, or inappropriate numbers of gene sequences or
even entire chromosomes. The determination of a difference in the amount of a given sequence i.e. a
sequence of interest, in a sample from an individual can thus be used in the diagnosis of a medical

condition. In some embodiments, the method can be used to determine the presence or absence of a
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chromosomal aneuploidy in a patient suspected or known to be suffering from cancer. The method
can also be applied to determining the presence or absence of the status of a disease; to determining
the presence or absence of nucleic acids of a pathogen e.g. virus; to determining chromosomal
abnormalities associated with graft versus host disease (GVHD), and to determining the contribution
of individuals in forensic analyses.

Embodiments of the invention provide for a method to assess copy number variation of a
sequence of interest e.g. a clinically-relevant sequence, in a test sample that comprises a mixture of
nucleic acids derived from two different genomes, and which are known or are suspected to differ in
the amount of one or more sequence of interest. The mixture of nucleic acids is derived from two or
more types of cells. In one embodiment, the mixture of nucleic acids is derived from normal and
cancerous cells derived from a subject suffering from a medical condition e.g. cancer.

The development of cancer is often accompanied by an alteration in number of whole
chromosomes i.e. complete chromosomal aneuploidy, and/or an alteration in the number of segments
of chromosomes i.e. partial aneuploidy, caused by a process known as chromosome instability (CIN)
(Thoma et al., Swiss Med Weekly 2011:141:w13170). It is believed that many solid tumors, such as
breast cancer, progress from initiation to metastasis through the accumulation of several genetic
aberrations. [Sato ef al., Cancer Res., 50: 7184-7189 [1990]; Jongsma et al., J Clin Pathol: Mol Path
55:305-309 [2002])]. Such genetic aberrations, as they accumulate, may confer proliferative
advantages, genetic instability and the attendant ability to evolve drug resistance rapidly, and
enhanced angiogenesis, proteolysis and metastasis. The genetic aberrations may affect either recessive
"tumor suppressor genes" or dominantly acting oncogenes. Deletions and recombination leading to
loss of heterozygosity (LOH) are believed to play a major role in tumor progression by uncovering
mutated tumor suppressor alleles.

cfDNA has been found in the circulation of patients diagnosed with malignancies including
but not limited to lung cancer (Pathak ez al. Clin Chem 52:1833-1842 [2006]), prostate cancer
(Schwartzenbach et al. Clin Cancer Res 15:1032-8 [2009]), and breast cancer (Schwartzenbach et al.
available online at breast-cancer-research.com/content/11/5/R71 [2009]). Identification of genomic
instabilities associated with cancers that can be determined in the circulating cfDNA in cancer
patients is a potential diagnostic and prognostic tool. In one embodiment, the method of the invention
assesses CNV of a sequence of interest in a sample comprising a mixture of nucleic acids derived
from a subject that is suspected or is known to have cancer e.g. carcinoma, sarcoma, lymphoma,
leukemia, germ cell tumors and blastoma. In one embodiment, the sample is a plasma sample derived
(processes) from peripheral blood and that comprises a mixture of cfDNA derived from normal and
cancerous cells. In another embodiment, the biological sample that is needed to determine whether a
CNV is present is derived from a mixture of cancerous and non-cancerous cells from other biological

fluids including but not limited to serum, sweat, tears, sputum, urine, sputum, ear flow, lymph, saliva,
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cerebrospinal fluid, ravages, bone marrow suspension, vaginal flow, transcervical lavage, brain fluid,
ascites, milk, secretions of the respiratory, intestinal and genitourinary tracts, and leukophoresis
samples, or in tissue biopsies, swabs, or smears. In other embodiments, the biological sample is a
stool (fecal) sample.

The sequence of interest is a nucleic acid sequence that is known or is suspected to play a role
in the development and/or progression of the cancer. Examples of a sequence of interest include
nucleic acids sequences i.e. complete chromosomes and/or segments of chromosomes, that are
amplified or deleted in cancerous cells as described in the following.

In one embodiment, the present method can be used to determine the presence or absence of a
chromosomal amplification. In some embodiments, the chromosomal amplification is the gain of one
or more entire chromosomes. In other embodiments, the chromosomal amplification is the gain of
one or more segments of a chromosome. In yet other embodiments, the chromosomal amplification is
the gain of two or more segments of two or more chromosomes. The chromosomal amplification can
involve the gain of one or more oncogenes.

Dominantly acting genes associated with human solid tumors typically exert their effect by
overexpression or altered expression. Gene amplification is a common mechanism leading to
upregulation of gene expression. Evidence from cytogenetic studies indicates that significant
amplification occurs in over 50% of human breast cancers. Most notably, the amplification of the
proto-oncogene human epidermal growth factor receptor 2 (HER2) located on chromosome 17
(17(17q21-q22)), results in overexpression of HER2 receptors on the cell surface leading to excessive
and dysregulated signaling in breast cancer and other malignancies (Park ef al., Clinical Breast Cancer
8:392-401 [2008]). A variety of oncogenes have been found to be amplified in other human
malignancies. Examples of the amplification of cellular oncogenes in human tumors include
amplifications of: c-myc in promyelocytic leukemia cell line HL60, and in small-cell lung carcinoma
cell lines, N-myc in primary neuroblastomas (stages III and IV), neuroblastoma cell lines,
retinoblastoma cell line and primary tumors, and small-cell lung carcinoma lines and tumors, L-myc
in small-cell lung carcinoma cell lines and tumors, c-myb in acute myeloid leukemia and in colon
carcinoma cell lines, c-erbb in epidermoid carcinoma cell, and primary gliomas, c-K-ras-2 in primary
carcinomas of lung, colon, bladder, and rectum, N-ras in mammary carcinoma cell line (Varmus H.,
Ann Rev Genetics 18: 553-612 (1984) [cited in Watson et al., Molecular Biology of the Gene (4th ed.;
Benjamin/Cummings Publishing Co. 1987)].

In one embodiment, the present method can be used to determine the presence or absence of a
chromosomal deletion. In some embodiments, the chromosomal deletion is the loss of one or more
entire chromosomes. In other embodiments, the chromosomal deletion is the loss of one or more

segments of a chromosome. In yet other embodiments, the chromosomal deletion is the loss of two or
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more segments of two or more chromosomes. The chromosomal deletion can involve the loss of one
Or more tumor Suppressor genes.

Chromosomal deletions involving tumor suppressor genes may play an important role in the
development and progression of solid tumors. The retinoblastoma tumor suppressor gene (Rb-1),
located in chromosome 13q14, is the most extensively characterized tumor suppressor gene. The Rb-
1 gene product, a 105 kDa nuclear phosphoprotein, apparently plays an important role in cell cycle
regulation (Howe et al., Proc Natl Acad Sci (USA) 87:5883-5887 [1990]). Altered or lost expression
of the Rb protein is caused by inactivation of both gene alleles either through a point mutation or a
chromosomal deletion. Rb-i gene alterations have been found to be present not only in
retinoblastomas but also in other malignancies such as osteosarcomas, small cell lung cancer
(Rygaard et al., Cancer Res 50: 5312-5317 [1990)]) and breast cancer. Restriction fragment length
polymorphism (RFLP) studies have indicated that such tumor types have frequently lost
heterozygosity at 13q suggesting that one of the Rb-1 gene alleles has been lost due to a gross
chromosomal deletion (Bowcock et al., Am J Hum Genet, 46: 12 [1990]). Chromosome 1
abnormalities including duplications, deletions and unbalanced translocations involving chromosome
6 and other partner chromosomes indicate that regions of chromosome 1, in particular 1q21-1q32 and
Ip11-13, might harbor oncogenes or tumor suppressor genes that are pathogenetically relevant to both
chronic and advanced phases of myeloproliferative neoplasms (Caramazza et al., Eur J
Hematol84:191-200 [2010]). Myeloproliferative neoplasms are also associated with deletions of
chromosome 5. Complete loss or interstitial deletions of chromosome 5 are the most common
karyotypic abnormality in myelodysplastic syndromes (MDSs). Isolated del(5q)/5q- MDS patients
have a more favorable prognosis than those with additional karyotypic defects, who tend to develop
myeloproliferative neoplasms (MPNs) and acute myeloid leukemia. The frequency of unbalanced
chromosome 5 deletions has led to the idea that 5q harbors one or more tumor-suppressor genes that
have fundamental roles in the growth control of hematopoietic stem/progenitor cells (HSCs/HPCs).
Cytogenetic mapping of commonly deleted regions (CDRs) centered on 5q31 and 5932 identified
candidate tumor-suppressor genes, including the ribosomal subunit RPS14, the transcription factor
Egr1/Krox20 and the cytoskeletal remodeling protein, alpha-catenin (Eisenmann et al., Oncogene
28:3429-3441 [2009]). Cytogenetic and allelotyping studies of fresh tumors and tumor cell lines have
shown that allelic loss from several distinct regions on chromosome 3p, including 3p25, 3p21-22,
3p21.3, 3p12—-13 and 3p14, are the earliest and most frequent genomic abnormalities involved in a
wide spectrum of major epithelial cancers of lung, breast, kidney, head and neck, ovary, cervix, colon,
pancreas, esophagus, bladder and other organs. Several tumor suppressor genes have been mapped to
the chromosome 3p region, and are thought that interstitial deletions or promoter hypermethylation
precede the loss of the 3p or the entire chromosome 3 in the development of carcinomas (Angeloni D.,

Briefings Functional Genomics 6:19-39 [2007]).

-53-



10

15

20

25

30

35

Newborns and children with Down syndrome (DS) often present with congenital transient leukemia
and have an increased risk of acute myeloid leukemia and acute lymphoblastic leukemia.
Chromosome 21, harboring about 300 genes, may be involved in numerous structural aberrations,
e.g., translocations, deletions, and amplifications, in leukemias, lymphomas, and solid tumors.
Moreover, genes located on chromosome 21 have been identified that play an important role in
tumorigenesis. Somatic numerical as well as structural chromosome 21 aberrations are associated
with leukemias, and specific genes including RUNX1, TMPRSS2, and TFF, which are located in 21q,
play a role in tumorigenesis (Fonatsch C Gene Chromosomes Cancer 49:497-508 [2010]).

In one embodiment, the method provides a means to assess the association between gene
amplification and the extent of tumor evolution. Correlation between amplification and/or deletion
and stage or grade of a cancer may be prognostically important because such information may
contribute to the definition of a genetically based tumor grade that would better predict the future
course of disease with more advanced tumors having the worst prognosis. In addition, information
about early amplification and/or deletion events may be useful in associating those events as
predictors of subsequent disease progression. Gene amplification and deletions as identified by the
method can be associated with other known parameters such as tumor grade, histology, Brd/Urd
labeling index, hormonal status, nodal involvement, tumor size, survival duration and other tumor
properties available from epidemiological and biostatistical studies. For example, tumor DNA to be
tested by the method could include atypical hyperplasia, ductal carcinoma in situ, stage I-11I cancer
and metastatic lymph nodes in order to permit the identification of associations between
amplifications and deletions and stage. The associations made may make possible effective
therapeutic intervention. For example, consistently amplified regions may contain an overexpressed
gene, the product of which may be able to be attacked therapeutically (for example, the growth factor
receptor tyrosine kinase, p185"F*?),

The method can be used to identify amplification and/or deletion events that are associated
with drug resistance by determining the copy number variation of nucleic acid sequences from
primary cancers to those of cells that have metastasized to other sites. If gene amplification and/or
deletion is a manifestation of karyotypic instability that allows rapid development of drug resistance,
more amplification and/or deletion in primary tumors from chemoresistant patients than in tumors in
chemosensitive patients would be expected. For example, if amplification of specific genes is
responsible for the development of drug resistance, regions surrounding those genes would be
expected to be amplified consistently in tumor cells from pleural effusions of chemoresistant patients
but not in the primary tumors. Discovery of associations between gene amplification and/or deletion
and the development of drug resistance may allow the identification of patients that will or will not

benefit from adjuvant therapy.
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In a manner similar to that described for determining the presence or absence of complete
and/or partial fetal chromosomal aneuploidies in a maternal sample, the method of the invention can
be used to determine the presence or absence of complete and/or partial chromosomal aneuploidies in
any patient sample comprising nucleic acids e.g. DNA or cfDNA (including patient samples that are
not maternal samples). The patient sample can be any biological sample type as described elsewhere
herein. Preferably, the sample is obtained by non-invasive procedures. For example, the sample can
be a blood sample, or the serum and plasma fractions thereof. Alternatively, the sample can be a urine
sample or a fecal sample. In yet other embodiments, the sample is a tissue biopsy sample. In all
cases, the sample comprises nucleic acids e.g. cfDNA or genomic DNA, which is purified, and
sequenced using any of the NGS sequencing methods described previously.

Both complete and partial chromosomal aneuploidies associated with the formation, and
progression of cancer can be determined according to the present method.

Determination of Complete Chromosomal Aneuploidies in Patient Samples

In one embodiment, the present invention provides a method for determining the presence or
absence of any one or more different complete chromosomal aneuploidies in a patient test sample
comprising nucleic acid molecules. In some embodiments, the method determines the presence or
absence of any one or more different complete chromosomal aneuploidies. The steps of the method
comprise (a) obtaining sequence information for the patient nucleic acids in the patient test sample;
and (b) using the sequence information to identify a number of sequence tags for each of any one or
more chromosomes of interest selected from chromosomes 1-22, X and Y and to identify a number of
sequence tags for a normalizing chromosome sequence for each of the any one or more chromosomes
of interest. The normalizing chromosome sequence can be a single chromosome, or it can be a group
of chromosomes selected from chromosomes 1-22, X, and Y. The method further uses in step (c) the
number of sequence tags identified for each of the any one or more chromosomes of interest and the
number of sequence tags identified for each normalizing chromosome sequence to calculate a single
chromosome dose for each of the any one or more chromosomes of interest; and (d) compares each of
the single chromosome doses for each of the any one or more chromosomes of interest to a threshold
value for each of the one or more chromosomes of interest, thereby determining the presence or
absence of any one or more different complete patient chromosomal aneuploidies in the patient test
sample.

In some embodiments, step (c¢) comprises calculating a single chromosome dose for each
chromosomes of interest as the ratio of the number of sequence tags identified for each of the
chromosomes of interest and the number of sequence tags identified for the normalizing chromosome
for each of the chromosomes of interest.

In other embodiments, step (c) comprises calculating a single chromosome dose for each of

the chromosomes of interest as the ratio of the number of sequence tags identified for each of the
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chromosomes of interest and the number of sequence tags identified for the normalizing chromosome
for each of the chromosomes of interest. In other embodiments, step (c) comprises calculating a
sequence tag ratio for a chromosome of interest by relating the number of sequence tags obtained for
the chromosome of interest to the length of the chromosome of interest, and relating the number of
tags for the corresponding normalizing chromosome sequence for the chromosome of interest to the
length of the normalizing chromosome sequence, and calculating a chromosome dose for the
chromosome of interest as a ratio of the sequence tags density of the chromosome of interest and the
sequence tag density for the normalizing sequence. The calculation is repeated for each of all
chromosomes of interest. Steps (a)-(d) can be repeated for test samples from different patients.

An example of the embodiment whereby one or more complete chromosomal aneuploidies
are determined in a cancer patient test sample comprising cell-free DNA molecules, comprises: (a)
sequencing at least a portion of cell-free DNA molecules to obtain sequence information for the
patient cell-free DNA molecules in the test sample; (b) using the sequence information to identify a
number of sequence tags for each of any twenty or more chromosomes of interest selected from
chromosomes 1-22, X, and Y and to identify a number of sequence tags for a normalizing
chromosome for each of the twenty or more chromosomes of interest; (c¢) using the number of
sequence tags identified for each of the twenty or more chromosomes of interest and the number of
sequence tags identified for each the normalizing chromosome to calculate a single chromosome dose
for each of the twenty or more chromosomes of interest; and (d) comparing each of the single
chromosome doses for each of the twenty or more chromosomes of interest to a threshold value for
each of the twenty or more chromosomes of interest, and thereby determining the presence or absence
of any twenty or more different complete chromosomal aneuploidies in the patient test sample.

In another embodiment, the method for determining the presence or absence of any one or
more different complete chromosomal aneuploidies in a patient test sample as described above uses a
normalizing segment sequence for determining the dose of the chromosome of interest. In this
instance, the method comprises (a) obtaining sequence information for the nucleic acids in the sample;
(b) using the sequence information to identify a number of sequence tags for each of any one or more
chromosomes of interest selected from chromosomes 1-22, X and Y and to identify a number of
sequence tags for a normalizing segment sequence for each of any one or more chromosomes of
interest. The normalizing segment sequence can be a single segment of a chromosome or it can be a
group of segments form one or more different chromosomes. The method further uses in step (c) the
number of sequence tags identified for each of said any one or more chromosomes of interest and said
number of sequence tags identified for said normalizing segment sequence to calculate a single
chromosome dose for each of said any one or more chromosomes of interest; and (d) comparing each
of said single chromosome doses for each of said any one or more chromosomes of interest to a

threshold value for each of said one or more chromosomes of interest, and thereby determining the
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presence or absence of one or more different complete chromosomal aneuploidies in the patient
sample.

In some embodiments, step (c) comprises calculating a single chromosome dose for each of
said chromosomes of interest as the ratio of the number of sequence tags identified for each of said
chromosomes of interest and the number of sequence tags identified for said normalizing segment
sequence for each of said chromosomes of interest.

In other embodiments, step (c) comprises calculating a sequence tag ratio for a chromosome
of interest by relating the number of sequence tags obtained for the chromosome of interest to the
length of the chromosome of interest, and relating the number of tags for the corresponding
normalizing segment sequence for the chromosome of interest to the length of the normalizing
segment sequence, and calculating a chromosome dose for the chromosome of interest as a ratio of the
sequence tags density of the chromosome of interest and the sequence tag density for the normalizing
segment sequence. The calculation is repeated for each of all chromosomes of interest. Steps (a)-(d)
can be repeated for test samples from different patients.

A means for comparing chromosome doses of different sample sets is provided by
determining a normalized chromosome value (NCV), which relates the chromosome dose in a test
sample to the mean of the of the corresponding chromosome dose in a set of qualified samples. The
NCV is calculated as:

NCV;; = x”T:#]
where fi; and §; are the estimated mean and standard deviation, respectively, for the j-th chromosome
dose in a set of qualified samples, and x;; is the observed j-th chromosome dose for test sample i.

In some embodiments, the presence or absence of one complete chromosomal aneuploidy is
determined. In other embodiments, the presence or absence of two, three, four, five, six, seven, eight,
nine, ten, eleven, twelve, thirteen, fourteen, fifteen, sixteen, seventeen, eighteen, nineteen, twenty,
twenty-one, twenty-two, twenty-three, or twenty four complete chromosomal aneuploidies are
determined in a sample, wherein twenty-two of the complete chromosomal aneuploidies correspond to
complete chromosomal aneuploidies of any one or more of the autosomes; the twenty-third and
twenty fourth chromosomal aneuploidy correspond to a complete chromosomal aneuploidy of
chromosomes X and Y. As aneuploidies can comprise trisomies, tetrasomies, pentasomies and other
polysomies, and the number of complete chromosomal ancuploidies varies in different diseases and in
different stages of the same disease, the number of complete chromosomal aneuploidies that are
determined according to the present method are at least 24, at least 25, at least 26, at least 27, at least
28, at least 29, at least 30 complete, at least 40, at least 50, at least 60, at least 70, at least 80, at least
90, at least 100 or more chromosomal aneuploidies. Systematic karyotyping of tumors has revealed

that the chromosome number in cancer cells is highly variable, ranging from hypodiploidy
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(considerably fewer than 46 chromosomes) to tetraploidy and hypertetraploidy (up to 200
chromosomes) (Storchova and Kuffer J Cell Sci 121:3859-3866 [2008]). In some embodiments, the
method comprises determining the presence or absence of up to 200 or more chromosomal
aneuploidies in a sample form a patient suspected or known to be suffering from cancer e.g. colon
cancer. The chromosomal aneuploidies include losses of one or more complete chromosomes
(hypodiploidies), gains of complete chromosomes including trisomies, tetrasomies, pentasomies, and
other polysomies. Gains and/or losses of segments of chromosomes can also be determined as
described elsewhere herein. The method is applicable to determining the presence or absence of
different aneuploidies in samples from patients suspected or known to be suffering from any cancer as
described elsewhere herein.

In some embodiments, any one of chromosomes 1-22, X and Y, can be the chromosome of
interest in determining the presence or absence of any one or more different complete chromosomal
aneuploidies in a patient test sample as described above. In other embodiments, two or more
chromosomes of interest are selected from any two or more of chromosomes 1, 2,3,4,5,6,7,8, 9,
10,11, 12, 13, 14, 15, 16,17, 18, 19, 20, 21, 22, X, or Y. In one embodiment, any one or more
chromosomes of interest are selected from chromosomes 1-22, X, and Y comprise at least twenty
chromosomes selected from chromosomes 1-22, X, and Y, and wherein the presence or absence of at
least twenty different complete chromosomal aneuploidies is determined. In other embodiments, any
one or more chromosomes of interest selected from chromosomes 1-22, X, and Y is all of
chromosomes 1-22, X, and Y, and wherein the presence or absence of complete chromosomal
aneuploidies of all of chromosomes 1-22, X, and Y is determined. Complete different chromosomal
aneuploidies that can be determined include complete chromosomal monosomies of any one or more
of chromosomes 1-22, X and Y; complete chromosomal trisomies of any one or more of
chromosomes 1-22, X and Y; complete chromosomal tetrasomies of any one or more of chromosomes
1-22, X and Y; complete chromosomal pentasomies of any one or more of chromosomes 1-22, X and
Y; and other complete chromosomal polysomies of any one or more of chromosomes 1-22, X and Y.
Determination of Partial Chromosomal Aneuploidies in Patient Samples

In another embodiment, the invention provides a method for determining the presence or
absence of any one or more different partial chromosomal aneuploidies in a patient test sample
comprising nucleic acid molecules. The steps of the method comprise (a) obtaining sequence
information for the patient nucleic acids in the sample; and (b) using the sequence information to
identify a number of sequence tags for each of any one or more segments of any one or more
chromosomes of interest selected from chromosomes 1-22, X, and Y and to identify a number of
sequence tags for a normalizing segment sequence for each of any one or more segments of any one
or more chromosomes of interest. The normalizing segment sequence can be a single segment of a

chromosome or it can be a group of segments form one or more different chromosomes. The method
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further uses in step (c) the number of sequence tags identified for each of any one or more segments
of any one or more chromosomes of interest and the number of sequence tags identified for the
normalizing segment sequence to calculate a single segment dose for each of any one or more
segments of any one or more chromosome of interest; and (d) comparing each of the single
chromosome doses for each of any one or more segments of any one or more chromosomes of interest
to a threshold value for each of said any one or more chromosomal segments of any one or more
chromosome of interest, and thereby determining the presence or absence of one or more different
partial chromosomal ancuploidies in said sample.

In some embodiments, step (c) comprises calculating a single segment dose for each of any
one or more segments of any one or more chromosomes of interest as the ratio of the number of
sequence tags identified for each of any one or more segments of any one or more chromosomes of
interest and the number of sequence tags identified for the normalizing segment sequence for each of
any one or more segments of any one or more chromosomes of interest.

In other embodiments, step (c) comprises calculating a sequence tag ratio for a segment of
interest by relating the number of sequence tags obtained for the segment of interest to the length of
the segment of interest, and relating the number of tags for the corresponding normalizing segment
sequence for the segment of interest to the length of the normalizing segment sequence, and
calculating a segment dose for the segment of interest as a ratio of the sequence tags density of the
segment of interest and the sequence tag density for the normalizing segment sequence. The
calculation is repeated for each of all chromosomes of interest. Steps (a)-(d) can be repeated for test
samples from different patients.

A means for comparing segment doses of different sample sets is provided by determining a
normalized segment value (NSV), which relates the segment dose in a test sample to the mean of the

of the corresponding segment dose in a set of qualified samples. The NSV is calculated as:

wov, = s
where fi; and §; are the estimated mean and standard deviation, respectively, for the j-th segment
dose in a set of qualified samples, and x;; is the observed j-th segment dose for test sample i.

In some embodiments, the presence or absence of one partial chromosomal aneuploidy is
determined. In other embodiments, the presence or absence of two, three, four, five, six, seven, eight,
nine, ten, fifteen, twenty, twenty-five, or more partial chromosomal aneuploidies are determined in a
sample. In one embodiment, one segment of interest selected from any one of chromosomes 1-22, X,
and Y is selected from chromosomes 1-22, X, and Y. In another embodiment, two or more segments

of interest selected from chromosomes 1-22, X, and Y are selected from any two or more of

chromosomes 1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16,17, 18, 19, 20, 21,22, X, or Y. In one
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embodiment, any one or more segments of interest are selected from chromosomes 1-22, X, and Y
comprise at least one, five, ten, 15, 20, 25, 50, 75, 100 or more segments selected from chromosomes
1-22, X, and Y, and wherein the presence or absence of at least one, five, ten, 15, 20, 25, 50, 75, 100,
or more different partial chromosomal aneuploidies is determined. Different partial chromosomal
aneuploidies that can be determined include chromosomal aneuploidies include partial duplications,
partial multiplications, partial insertions and partial deletions.

Samples that can be used for determining the presence or absence of a chromosomal
aneuploidy (partial or complete) in a patient can be any of the biological samples described elsewhere
herein. The type of sample or samples that can be used for the determination of aneuploidy in a
patient will depend on the type of disease from which the patient is known or suspected to be
suffering. For example, a stool sample can be chosen as a source of DNA to determine the presence
or absence of aneuploidies associated with colorectal cancer. The method is also applicable to tissue
samples as described herein. Preferably, the sample is a biological sample that is obtained by non-
invasive means e.g. a plasma sample. As described elsewhere herein, sequencing of the nucleic acids
in the patient sample can be performed using next generation sequencing (NGS) as described
elsewhere herein. In some embodiments, sequencing is massively parallel sequencing using
sequencing-by-synthesis with reversible dye terminators. In other embodiments, sequencing is
sequencing-by-ligation. In yet other embodiments, sequencing is single molecule sequencing.
Optionally, an amplification step is performed prior to sequencing.

In some embodiments, the presence or absence of an aneuploidy is determined in a patient
suspected to be suffering from a cancer as described elsewhere herein e.g. lung, breast, kidney, head
and neck, ovary, cervix, colon, pancreas, esophagus, bladder and other organs, and blood cancers.
Blood cancers include cancers of the bone marrow, blood, and lymphatic system, which includes
lymph nodes, lymphatic vessels, tonsils, thymus, spleen, and digestive tract lymphoid tissue.
Leukemia and myeloma, which start in the bone marrow, and lymphoma, which starts in the
lymphatic system, are the most common types of blood cancer.

The determination of the presence or absence of one or more chromosomal aneuploidies in a
patient sample can be made without limitation to determine the predisposition of the patient to a
particular cancer, to determine the presence or absence of a cancer as part of routine screen in patients
known and not known to be predisposed to the cancer in question, to provide a prognosis for the
disease, to assess the need for adjuvant therapy, and to determine the progress or regress of the
diseases.

Apparatus and systems for determining CNV

Analysis of the sequencing data and the diagnosis derived therefrom are typically performed

using various computer algorithms and programs. In one embodiment, the invention provides a

computer program product for generating an output indicating the presence or absence of a fetal
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aneuploidy in a test sample. The computer product comprises a computer readable medium having a
computer executable logic recorded thereon for enabling a processor to diagnose a fetal aneuploidy
comprising: a receiving procedure for receiving sequencing data from at least a portion of nucleic
acid molecules from a maternal biological sample, wherein said sequencing data comprises a
calculated chromosome; computer assisted logic for analyzing a fetal aneuploidy from said received
data; and an output procedure for generating an output indicating the presence, absence or kind of said
fetal aneuploidy.

The method of the invention can be performed using a computer-readable medium having
stored thereon computer-readable instructions for carrying out a method for identifying any CNV e.g.
chromosomal or partial aneuploidies. Thus, in one embodiment, the invention provides a computer-
readable medium having stored thereon computer-readable instructions for carrying out a method for
identifying complete and partial chromosomal aneuploidies e.g. fetal aneuploidies.

The method of the invention can also be performed using a computer processing system
which is adapted or configured to perform a method for identifying any CNV e.g. chromosomal or
partial aneuploidies. Thus, in one embodiment, the invention provides a computer processing system
which is adapted or configured to perform a method as described herein. In one embodiment, the
apparatus comprises a sequencing device adapted or configured for sequencing at least a portion of
the nucleic acid molecules in a sample to obtain the type of sequence information described elsewhere
herein.

The present invention is described in further detail in the following Examples which are not in
any way intended to limit the scope of the invention as claimed. The attached Figures are meant to be
considered as integral parts of the specification and description of the invention. The following

examples are offered to illustrate, but not to limit the claimed invention.

EXPERIMENTAL
Example 1
Sample processing and DNA extraction

Peripheral blood samples were collected from pregnant women in their first or second
trimester of pregnancy and who were deemed at risk for fetal aneuploidy. Informed consent was
obtained from each participant prior to the blood draw. Blood was collected before amniocentesis or
chorionic villus sampling. Karyotype analysis was performed using the chorionic villus or
amniocentesis samples to confirm fetal karyotype.

Peripheral blood drawn from each subject was collected in ACD tubes. One tube of blood
sample (approximately 6-9 mL/tube) was transferred into one 15-mL low speed centrifuge tube.
Blood was centrifuged at 2640 rpm, 4°C for 10 min using Beckman Allegra 6 R centrifuge and rotor
model GA 3.8.
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For cell-free plasma extraction, the upper plasma layer was transferred to a 15-ml high speed
centrifuge tube and centrifuged at 16000 x g, 4°C for 10 min using Beckman Coulter Avanti J-E
centrifuge, and JA-14 rotor. The two centrifugation steps were performed within 72 h after blood
collection. Cell-free plasma was stored at -80°C and thawed only once before DNA extraction.
Cell-free DNA was extracted from cell-free plasma by using QlAamp DNA Blood Mini kit
(Qiagen) according to the manufacturer’s instructions. Five milliliters of buffer AL and 500 pl of
Qiagen Protease were added to 4.5 ml — 5 ml of cell-free plasma. The volume was adjusted to 10ml
with phosphate buffered saline (PBS), and the mixture was incubated at 56°C for 12 minutes.
Multiple columns were used to separate the precipitated cfDNA from the solution by centrifugation at
8,000 RPM in a Beckman microcentrifuge. The columns were washed with AW1 and AW?2 buffers,
and the cfDNA was eluted with 55 pl of nuclease-free water. Approximately 3.5-7 ng of cfDNA was
extracted from the plasma samples.
All sequencing libraries were prepared from approximately 2 ng of purified cfDNA that was extracted
from maternal plasma. Library preparation was performed using reagents of the NEBNext™ DNA
Sample Prep DNA Reagent Set 1 (Part No. E6000L; New England Biolabs, Ipswich, MA), for
[Mumina® as follows. Because cell-free plasma DNA is fragmented in nature, no further
fragmentation by nebulization or sonication was done on the plasma DNA samples. The overhangs of
approximately 2 ng purified cfDNA fragments contained in 40ul were converted into phosphorylated
blunt ends according to the NEBNext® End Repair Module by incubating in a 1.5ml microfuge tube
the cfDNA with 5ul 10X phosphorylation buffer, 2pul deoxynucleotide solution mix (10 mM each
dNTP), 1ul of a 1:5 dilution of DNA Polymerase I, 1ul T4 DNA Polymerase and 1ul T4
Polynucleotide Kinase provided in the NEBNext™ DNA Sample Prep DNA Reagent Set 1 for 15
minutes at 20°C. The enzymes were then heat inactivated by incubating the reaction mixture at 75°C
for 5 minutes. The mixture was cooled to 4°C, and dA tailing of the blunt-ended DNA was
accomplished using 10ul of the dA-tailing master mix containing the Klenow fragment (3’ to 5 exo
minus) (NEBNext™ DNA Sample Prep DNA Reagent Set 1), and incubating for 15 minutes at 37°C.
Subsequently, the Klenow fragment was heat inactivated by incubating the reaction mixture at 75°C
for 5 minutes. Following the inactivation of the Klenow fragment, 1ul of a 1:5 dilution of Illumina
Genomic Adaptor Oligo Mix (Part No. 1000521; Illumina Inc., Hayward, CA) was used to ligate the
[llumina adaptors (Non-Index Y-Adaptors) to the dA-tailed DNA using 4l of the T4 DNA ligase
provided in the NEBNext™ DNA Sample Prep DNA Reagent Set 1, by incubating the reaction
mixture for 15 minutes at 25°C. The mixture was cooled to 4°C, and the adaptor-ligated cfDNA was
purified from unligated adaptors, adaptor dimers, and other reagents using magnetic beads provided in
the Agencourt AMPure XP PCR purification system (Part No. A63881; Beckman Coulter Genomics,
Danvers, MA). Eighteen cycles of PCR were performed to selectively enrich adaptor-ligated cfDNA
using Phusion ® High-Fidelity Master Mix (Finnzymes, Woburn, MA) and Illumina’s PCR primers
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complementary to the adaptors (Part No. 1000537 and 1000537). The adaptor-ligated DNA was
subjected to PCR (98°C for 30 seconds; 18 cycles of 98°C for 10 seconds, 65°C for 30 seconds, and
72°C for 30 seconds; final extension at 72°C for 5 minutes, and hold at 4°C) using Illumina Genomic
PCR Primers (Part Nos. 100537 and 1000538) and the Phusion HF PCR Master Mix provided in the
NEBNext™ DNA Sample Prep DNA Reagent Set 1, according to the manufacturer’s instructions.
The amplified product was purified using the Agencourt AMPure XP PCR purification system
(Agencourt Bioscience Corporation, Beverly, MA) according to the manufacturer’s instructions
available at www.beckmangenomics.com/products/ AMPureXPProtocol 000387v001.pdf. The
purified amplified product was eluted in 40ul of Qiagen EB Buffer, and the concentration and size
distribution of the amplified libraries was analyzed using the Agilent DNA 1000 Kit for the 2100
Bioanalyzer (Agilent technologies Inc., Santa Clara, CA).

The amplified DNA was sequenced using Illumina’s Genome Analyzer II to obtain single-end
reads of 36bp. Only about 30 bp of random sequence information are needed to identify a sequence
as belonging to a specific human chromosome. Longer sequences can uniquely identify more
particular targets. In the present case, a large number of 36 bp reads were obtained, covering
approximately 10% of the genome. Upon completion of sequencing of the sample, the [llumina
“Sequencer Control Software” transferred image and base call files to a Unix server running the
[llumina “Genome Analyzer Pipeline” software version 1.51. The Illumina “Gerald” program was
run to align sequences to the reference human genome that is derived from the hg18 genome provided
by National Center for Biotechnology Information (NCBI36/hgl8, available on the world wide web at
http://genome.ucsc.edu/cgi-bin/hgGateway?org=Human&db=hg18&hgsid=166260105). The
sequence data generated from the above procedure that uniquely aligned to the genome was read from
Gerald output (export.txt files) by a program (c2c.pl) running on a computer running the Linnux
operating system. Sequence alignments with base mis-matches were allowed and included in
alignment counts only if they aligned uniquely to the genome. Sequence alignments with identical
start and end coordinates (duplicates) were excluded.

Between about 5 and 15 million 36 bp tags with 2 or less mismatches were mapped uniquely
to the human genome. All mapped tags were counted and included in the calculation of chromosome
doses in both test and qualifying samples. Regions extending from base 0 to base 2 x 10°, base 10 x
10°to base 13 x 10°, and base 23 x 10° to the end of chromosome Y, were specifically excluded from
the analysis because tags derived from either male or female fetuses map to these regions of the Y-
chromosome.

It was noted that some variation in the total number of sequence tags mapped to individual
chromosomes across samples sequenced in the same run (inter-chromosomal variation), but
substantially greater variation was noted to occur among different sequencing runs (inter-sequencing

run variation).

-63-



10

15

20

25

30

35

Example 2
Dose and variance for chromosomes 13, 18, 21, X, and Y

To examine the extent of inter-chromosomal and inter-sequencing variation in the number of
mapped sequence tags for all chromosomes, plasma cfDNA obtained from peripheral blood of 48
volunteer pregnant subjects was extracted and sequenced as described in Example 1, and analyzed as
follows.

The total number of sequence tags that were mapped to each chromosome (sequence tag density) was
determined. Alternatively, the number of mapped sequence tags may be normalized to the length of
the chromosome to generate a sequence tag density ratio. The normalization to chromosome length is
not a required step, and can be performed solely to reduce the number of digits in a number to
simplify it for human interpretation. Chromosome lengths that can be used to normalize the sequence
tags counts can be the lengths provided on the world wide web at

genome.ucsc.edu/goldenPath/stats. html#hg18.

The resulting sequence tag density for each chromosome was related to the sequence tag
density of each of the remaining chromosomes to derive a qualified chromosome dose, which was
calculated as the ratio of the sequence tag density for the chromosome of interest e.g. chromosome 21,
and the sequence tag density of each of the remaining chromosomes i.e. chromosomes 1-20, 22 and
X. Table 1 provides an example of the calculated qualified chromosome dose for chromosomes of
interest 13, 18, 21, X, and Y, determined in one of the qualified samples. Chromosomes doses were
determined for all chromosomes in all samples, and the average doses for chromosomes of interest 13,
18, 21, X and Y in the qualified samples are provided in Tables 2 and 3, and depicted in Figures 2-6.
Figures 2-6 also depict the chromosome doses for the test samples. The chromosome doses for each
of the chromosomes of interest in the qualified samples provides a measure of the variation in the total
number of mapped sequence tags for each chromosome of interest relative to that of each of the
remaining chromosomes. Thus, qualified chromosome doses can identify the chromosome or a group
of chromosomes i.e. normalizing chromosome that has a variation among samples that is closest to the
variation of the chromosome of interest, and that would serve as ideal sequences for normalizing
values for further statistical evaluation. Figures 7 and 8 depict the calculated average chromosome
doses determined in a population of qualified samples for chromosomes 13, 18, and 21, and
chromosomes X and Y.

In some instances, the best normalizing chromosome may not have the least variation, but
may have a distribution of qualified doses that best distinguishes a test sample or samples from the
qualified samples i.e. the best normalizing chromosome may not have the lowest variation, but may
have the greatest differentiability. Thus, differentiability accounts for the variation in chromosome

dose and the distribution of the doses in the qualified samples.
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Tables 2 and 3 provide the coefficient of variation as the measure of variability, and student t-
test values as a measure of differentiability for chromosomes 18, 21, X and Y, wherein the smaller the
T-test value, the greatest the differentiability. The differentiability for chromosome 13 was
determined as the ratio of difference between the mean chromosome dose in the qualified samples and

5  the dose for chromosome 13 in the only T13 test sample, and the standard deviation of mean of the
qualified dose.
The qualified chromosome doses also serve as the basis for determining threshold values

when identifying aneuploidies in test samples as described in the following.

TABLE 1
10 Qualified Chromosome Dose for Chromosomes 13, 18, 21, X and Y (n=1; sample #11342, 46
XY)

Chromosome chr 21 chr 18 chr 13 chr X chrY
chrl 0.149901 0.306798 0.341832 0.490969 0.003958
chr2 0.15413 0.315452 0.351475 0.504819 0.004069
chr3 0.193331 0.395685 0.44087 0.633214 0.005104
chr4 0.233056 0.476988 0.531457 0.763324 0.006153
chr5 0.219209 0.448649 0.499882 0.717973 0.005787
chr6 0.228548 0.467763 0.521179 0.748561 0.006034
chr7 0.245124 0.501688 0.558978 0.802851 0.006472
chrg 0.256279 0.524519 0.584416 0.839388 0.006766
chr9 0.309871 0.634203 0.706625 1.014915 0.008181
chr10 0.25122 0.514164 0.572879 0.822817 0.006633
chrll 0.257168 0.526338 0.586443 0.8423 0.00679
chrl2 0.275192 0.563227 0.627544 0.901332 0.007265
chr13 0.438522 0.897509 1 1.436285 0.011578
chrl4 0.405957 0.830858 0.925738 1.329624 0.010718
chrl5 0.406855 0.832697 0.927786 1.332566 0.010742

chrl6 0.376148 0.769849 0.857762 1.231991 0.009931
chrl7 0.383027 0.783928 0.873448 1.254521 0.010112
chr18 0.488599 1 1.114194 1.600301 0.0129

chrl9 0.535867 1.096742 1.221984 1.755118 0.014148
chr20 0.467308 0.956424 1.065642 1.530566 0.012338
chr21 1 2.046668 2.280386 3.275285 0.026401
chr22 0.756263 1.547819 1.724572 2.476977 0.019966
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chrX 0.305317 0.624882 0.696241 1 0.008061
chrY 37.87675 77.52114 86.37362 124.0572 1
TABLE 2
Qualified Chromosome Dose, Variance and Differentiability for chromosomes 21, 18 and 13
21 18
(n=35) (n=40)
Avg Stdev ()% T Test Avg Stdev CV T Test

chrl | 0.15335 | 0.001997 | 1.30 | 3.18E-10 | 0.31941 | 0.008384 | 2.62 | 0.001675
chr2 | 0.15267 | 0.001966 | 1.29 | 9.87E-07 | 0.31807 | 0.001756 | 0.55 | 4.39E-05
chr3 | 0.18936 | 0.004233 | 2.24 | 1.04E-05 | 0.39475 | 0.002406 | 0.61 | 3.39E-05
chrd | 0.21998 | 0.010668 | 4.85 | 0.000501 | 0.45873 | 0.014292 | 3.12 | 0.001349
chr5 | 0.21383 | 0.005058 | 2.37 | 1.43E-05 | 0.44582 | 0.003288 | 0.74 | 3.09E-05
chr6 | 0.22435 | 0.005258 | 2.34 | 1.48E-05 | 0.46761 | 0.003481 | 0.74 | 2.32E-05
chr7 | 0.24348 | 0.002298 | 0.94 | 2.05E-07 | 0.50765 | 0.004669 | 0.92 | 9.07E-05
chr8 | 0.25269 | 0.003497 | 1.38 | 1.52E-06 | 0.52677 | 0.002046 | 0.39 | 4.89E-05
chr9 | 0.31276 | 0.003095 | 0.99 | 3.83E-09 | 0.65165 | 0.013851 | 2.13 | 0.000559
chrl0 | 0.25618 | 0.003112 | 1.21 | 2.28E-10 | 0.53354 | 0.013431 | 2.52 | 0.002137
chrll | 0.26075 | 0.00247 | 0.95 | 1.08E-09 | 0.54324 | 0.012859 | 2.37 | 0.000998
chri2 | 0.27563 | 0.002316 | 0.84 | 2.04E-07 | 0.57445 | 0.006495 | 1.13 | 0.000125
chri3 | 0.41828 | 0.016782 | 4.01 | 0.000123 | 0.87245 | 0.020942 | 2.40 | 0.000164
chrl4 | 0.40671 | 0.002994 | 0.74 | 7.33E-08 | 0.84731 | 0.010864 | 1.28 | 0.000149
chrl5 | 0.41861 | 0.007686 | 1.84 | 1.85E-10 | 0.87164 | 0.027373 | 3.14 | 0.003862
chrl6 | 0.39977 | 0.018882 | 4.72 | 7.33E-06 | 0.83313 | 0.050781 | 6.10 | 0.075458
chrl7 | 0.41394 | 0.02313 | 5.59 | 0.000248 | 0.86165 | 0.060048 | 6.97 | 0.088579
chri8 | 0.47236 | 0.016627 | 3.52 | 1.3E-07
chrl9 | 0.59435 | 0.05064 | 8.52 | 0.01494 | 1.23932 | 0.12315 | 9.94 | 0.231139
chr20 | 0.49464 | 0.021839 | 4.42 | 2.16E-06 | 1.03023 | 0.058995 | 5.73 | 0.061101
chr2l 2.03419 | 0.08841 | 435 | 2.81E-05
chr22 | 0.84824 | 0.070613 | 8.32 | 0.02209 | 1.76258 | 0.169864 | 9.64 | 0.181808
chrX | 0.27846 | 0.015546 | 5.58 | 0.000213 | 0.58691 | 0.026637 | 4.54 | 0.064883
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TABLE 3

Qualified Chromosome Dose, Variance and Differentiability for chromosomes 13, X, and Y

13 (n=47) X (n=19)
Avg Stdev Ccv Diff Avg Stdev Cv T Test
chrl | 0.36536 | 0.01775 | 4.86 | 1.904 | 0.56717 0.025988 4.58 | 0.001013
chr2 | 0.36400 | 0.009817 | 2.70 | 2.704 | 0.56753 0.014871 2.62
chr3 | 0.45168 | 0.007809 | 1.73 | 3.592 | 0.70524 0.011932 1.69
chrd | 0.52541 | 0.005264 | 1.00 | 3.083 | 0.82491 0.010537 1.28
chr5 | 0.51010 | 0.007922 | 1.55 | 3.944 | 0.79690 0.012227 1.53 | 1.29E-11
chr6 | 0.53516 | 0.008575 | 1.60 | 3.758 | 0.83594 0.013719 1.64 | 2.79E-11
chr7 | 0.58081 | 0.017692 | 3.05 | 2.445 | 0.90507 0.026437 2.92 | 7.41E-07
chr8 | 0.60261 | 0.015434 | 2.56 | 2917 | 0.93990 0.022506 239 | 2.11E-08
chr9 | 0.74559 | 0.032065 | 4.30 | 2.102 | 1.15822 0.047092 4.07 | 0.000228
chrl0 | 0.61018 | 0.029139 | 4.78 | 2.060 | 0.94713 0.042866 453 | 0.000964
chrll | 0.62133 | 0.028323 | 4.56 | 2.081 | 0.96544 0.041782 433 | 0.000419
chrl2 | 0.65712 | 0.021853 | 3.33 | 2.380 | 1.02296 0.032276 3.16 | 3.95E-06
chrl3 1.56771 0.014258 091 | 2.47E-15
chri4 | 0.96966 | 0.034017 | 3.51 | 2.233 | 1.50951 0.05009 332 | 8.24E-06
chrl5 | 0.99673 | 0.053512 | 537 | 1.888 | 1.54618 0.077547 5.02 | 0.002925
chrl6 | 0.95169 | 0.080007 | 8.41 | 1.613 | 1.46673 0.117073 7.98 | 0.114232
chrl7 | 0.98547 | 0.091918 | 9.33 | 1.484 | 151571 0.132775 8.76 | 0.188271
chrl8 | 1.13124 | 0.040032 | 3.54 | 2.312 | 1.74146 0.072447 4.16 | 0.001674
chrl9 | 1.41624 | 0.174476 | 1232 | 1.306 | 2.16586 0.252888 11.68 | 0.460752
chr20 | 1.17705 | 0.094807 | 8.05 | 1.695 | 1.81576 0.137494 7.57 | 0.08801
chr2l | 233660 | 0.131317 | 5.62 | 1.927 | 3.63243 0.235392 6.48 | 0.00675
chr22 | 2.01678 | 0.243883 | 12.09 | 1.364 | 3.08943 0.34981 11.32 | 0.409449
chrX | 0.66679 | 0.028788 | 4.32 | 1.114
chr2-6 | 0.46751 | 0.006762 | 1.45 | 4.066
chr3-6 | 0.50332 | 0.005161 | 1.03 | 5.260
chr_tot 1.13209 0.038485 3.40 | 2.7E-05
Y (n=26)
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Avg Stdev CvV T Test

Chr 1-
22, X

0.00734 | 0.002611 | 30.81 | 1.8E-12

Examples of diagnoses of T21, T13, T18 and a case of Turner syndrome obtained using the
normalizing chromosomes, chromosome doses and differentiability for each of the chromosomes of
interest are described in Example 3.

EXAMPLE 3
Diagnosis of Fetal Aneuploidy Using Normalizing Chromosomes

To apply the use of chromosome doses for assessing aneuploidy in a biological test sample,
maternal blood test samples were obtained from pregnant volunteers and cfDNA was prepared,
sequenced and analyzed as described in Examples 1 and 2.

Trisomy 21

Table 4 provides the calculated dose for chromosome 21 in an exemplary test sample
(#11403). The calculated threshold for the positive diagnosis of T21 aneuploidy was set at > 2
standard deviations from the mean of the qualified (normal) samples. A diagnosis for T21 was given
based on the chromosome dose in the test sample being greater than the set threshold. Chromosomes
14 and 15 were used as normalizing chromosomes in separate calculations to show that either a
chromosome having the lowest variability e.g. chromosome 14, or a chromosome having the greatest
differentiability e.g. chromosome 15, can be used to identify the aneuploidy. Thirteen T21 samples
were identified using the calculated chromosome doses, and the aneuploidy samples were confirmed

to be T21 by karyotype.

TABLE 4
Chromosome Dose for a T21 aneuploidy (sample #11403, 47 XY +21)

Sequence Tag | Chromosome
Chromosome Threshold
Density Dose for Chr 21
Chr21 333,660
0.419672 0.412696
Chrl14 795,050
Chr21 333,660
0.441038
Chrl5 756,533 0.433978

Trisomy 18
Table 5 provides the calculated dose for chromosome 18 in a test sample (#11390). The
calculated threshold for the positive diagnosis of T18 aneuploidy was set at 2 standard deviations

from the mean of the qualified (normal) samples. A diagnosis for T18 was given based on the
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chromosome dose in the test sample being greater than the set threshold. Chromosome 8 was used as
the normalizing chromosome. In this instance chromosome 8 had the lowest variability and the
greatest differentiability. Eight T18 samples were identified using chromosome doses, and were
confirmed to be T18 by karyotype.

These data show that a normalizing chromosome can have both the lowest variability and the

greatest differentiability.

TABLE 5
Chromosome Dose for a T18 aneuploidy (sample #11390, 47 XY +18)

Sequence Tag | Chromosome
Chromosome ) Threshold
Density Dose for Chr 18
Chrl8 602,506
0.585069 0.530867
Chr8 1,029,803

Trisomy 13

Table 6 provides the calculated dose for chromosome 13 in a test sample (#51236). The
calculated threshold for the positive diagnosis of T13 aneuploidy was set at 2 standard deviations
from the mean of the qualified samples. A diagnosis for T13 was given based on the chromosome
dose in the test sample being greater than the set threshold. The chromosome dose for chromosome
13 was calculated using either chromosome 5 or the group of chromosomes 3, 4, 5, and 6 as the

normalizing chromosome. One T13 sample was identified.

TABLE 6
Chromosome Dose for a T13 aneuploidy (sample #51236, 47 XY +13)
Sequence Tag | Chromosome
Chromosome ) Threshold
Density Dose for Chr 13
Chrl3 692,242
0.541343 0.52594
Chr5 1,278,749
Chr13 692,242
Chr3-6 0.530472 0.513647
1,304,954
[average]

The sequence tag density for chromosomes 3-6 is the average tag counts for chromosomes 3-
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The data show that the combination of chromosomes 3, 4, 5 and 6 provide a variability that is
lower than that of chromosome 5, and the greatest differentiability than any of the other
chromosomes.

Thus, a group of chromosomes can be used as the normalizing chromosome to determine
chromosome doses and identify aneuploidies.

Turner Syndrome (monosomy X)

Table 7 provides the calculated dose for chromosomes X and Y in a test sample (#51238).
The calculated threshold for the positive diagnosis of Turner Syndrome (monosomy X) was set for the
X chromosome at < -2 standard deviations from the mean, and for the absence of the Y chromosome

at < -2 standard deviations from the mean for qualified (normal) samples.

TABLE 7
Chromosome Dose for a Turners (XO) aneuploidy (sample #51238, 45 X)
Chromosome
Sequence Tag
Chromosome ] Dose for Chr X | Threshold
Density
and Chr Y
ChrX 873,631
0.786642 0.803832
Chr4 1,110,582
ChrY 1,321
Chr_Total
B 0.001542101 0.00211208
(1-22, X) 856,623.6
(Average)

A sample having an X chromosome dose less than that of the set threshold was identified as having
less than one X chromosome. The same sample was determined to have a Y chromosome dose that
was less than the set threshold, indicating that the sample did not have a Y chromosome. Thus, the
combination of chromosome doses for X and Y were used to identify the Turner Syndrome
(monosomy X) samples.

Thus, the method provided enables for the determination of CNV of chromosomes. In particular, the
method enables for the determination of over- and under-representation chromosomal aneuploidies by
massively parallel sequencing of maternal plasma cfDNA and identification of normalizing
chromosomes for the statistical analysis of the sequencing data. The sensitivity and reliability of the

method allow for accurate first and second trimester aneuploidy testing.
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EXAMPLE 4
Determination of partial aneuploidy
The use of sequence doses was applied for assessing partial aneuploidy in a biological test sample of
cfDNA that was prepared from blood plasma, and sequenced as described in Example 1. The sample
was confirmed by karyotyping to have been derived from a subject with a partial deletion of
chromosome 11.
Analysis of the sequencing data for the partial aneuploidy (partial deletion of chromosome 11 i.e. q21-
q23) was performed as described for the chromosomal aneuploidies in the previous examples.
Mapping of the sequence tags to chromosome 11 in a test sample revealed a noticeable loss of tag
counts between base pairs §81000082-103000103 in the q arm of the chromosome relative to the tag
counts obtained for corresponding sequence on chromosome 11 in the qualified samples (data not
shown). Sequence tags mapped to the sequence of interest on chromosome 11 (810000082-
103000103bp) in each of the qualified samples, and sequence tags mapped to all 20 megabase
segments in the entire genome in the qualified samples i.e. qualified sequence tag densities, were
used to determine qualified sequence doses as ratios of tag densities in all qualified samples. The
average sequence dose, standard deviation, and coefficient of variation were calculated for all 20
megabase segments in the entire genome, and the 20-megabase sequence having the least variability
was the identified normalizing sequence on chromosome 5 (13000014-33000033bp) (See Table 8),
which was used to calculate the dose for the sequence of interest in the test sample (see Table 9).
Table 8 provides the sequence dose for the sequence of interest on chromosome 11 (810000082-
103000103bp) in the test sample that was calculated as the ratio of sequence tags mapped to the
sequence of interest and the sequence tags mapped to the identified normalizing sequence. Figure 10
shows the sequence doses for the sequence of interest in the 7 qualified samples (O) and the sequence
dose for the corresponding sequence in the test sample (¢). The mean is shown by the solid line, and
the calculated threshold for the positive diagnosis of partial aneuploidy that was set 5 standard
deviations from the mean is shown by the dashed line. A diagnosis for partial aneuploidy was based
on the sequence dose in the test sample being less than the set threshold. The test sample was verified
by karyotyping to have deletion q21-q23 on chromosome 11.
Therefore, in addition to identifying chromosomal aneuploidies, the method of the invention

can be used to identify partial aneuploidies.
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TABLE 8
Qualified Normalizing Sequence, Dose and Variance for Sequence Chr11: 81000082-103000103
(qualified samples n=7)

Chr11: 81000082-103000103
Avg Stdev Ccv
Chr5: 13000014-
1.164702 0.004914 0.42
33000033
TABLE 9
Sequence Dose for Sequence of Interest (81000082-103000103) on Chromosome 11 (test sample
11206)
Chromosome
Chromosome Sequence Tag
) Segment Dose for Threshold
Segment Density

Chr 11 (q21-q23)

Chrl1: 81000082-

27,052
103000103
1.0434313 1.1401347
Chr5: 13000014-
25,926
33000033
Example 5

Demonstration of Detection of Aneuploidy
Sequencing data obtained for the samples described in Examples 2 and 3, and shown in figures 2-6
were further analyzed to illustrate the sensitivity of the method in successfully identifying
aneuploidies in maternal samples. Normalized chromosome doses for chromosomes 21, 18, 13 X and
Y were analyzed as a distribution relative to the standard deviation of the mean (Y-axis) and shown in
Figure 11. The normalizing chromosome used is shown as the denominator (X-axis).

Figure 11 (A) shows the distribution of chromosome doses relative to the standard deviation
from the mean for chromosome 21 dose in the unaffected samples (0) and the trisomy 21 samples
(T21; A) when using chromosome 14 as the normalizing chromosome for chromosome 21. Figure 11
(B) shows the distribution of chromosome doses relative to the standard deviation from the mean for
chromosome 18 dose in the unaffected samples (0) and the trisomy 18 samples (T18; A) when using
chromosome 8 as the normalizing chromosome for chromosome 18. Figure 11 (C) shows the
distribution of chromosome doses relative to the standard deviation from the mean for chromosome
13 dose in the unaffected samples (0) and the trisomy 13 samples (T13; A), using the average

sequence tag density of the group of chromosomes 3, 4, 5, and 6 as the normalizing chromosome to
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determine the chromosome dose for chromosome 13. Figure 11 (D) shows the distribution of
chromosome doses relative to the standard deviation from the mean for chromosome X dose in the
unaffected female samples (0), the unaffected male samples (A), and the monosomy X samples (XO;
+) when using chromosome 4 as the normalizing chromosome for chromosome X. Figure 11 (E)
shows the distribution of chromosome doses relative to the standard deviation from the mean for
chromosome Y dose in the unaffected male samples (o the unaffected female sample s (A), and the
monosomy X samples (+), when using the average sequence tag density of the group of chromosomes
1-22 and X as the normalizing chromosome to determine the chromosome dose for chromosome Y.

The data show that trisomy 21, trisomy 18, trisomy 13 were clearly distinguishable from the
unaffected (normal) samples. The monosomy X samples were easily identifiable as having
chromosome X dose that were clearly lower than those of unaffected female samples (Figure 11 (D)),
and as having chromosome Y doses that were clearly lower than that of the unaffected male samples
(Figure 11 (E)).

Therefore the method provided is sensitive and specific for determining the presence or absence of
chromosomal aneuploidies in a maternal blood sample.
Example 6
Determination of Fetal Chromosomal Abnormalities Using Massively Parallel DNA Sequencing
of Cell Free Fetal DNA from Maternal Blood: Test Set 1 Independent of Training Set 1

The study was conducted by qualified site clinical research personnel at 13 US clinic
locations between April 2009 and July 2010 under a human subject protocol approved by institutional
review boards (IRBs) at each institution. Informed written consent was obtained from each subject
prior to study participation. The protocol was designed to provide blood samples and clinical data to
support development of noninvasive prenatal genetic diagnostic methods. Pregnant women, age 18
years or older were eligible for inclusion. For patients undergoing clinically indicated CVS or
amniocentesis blood was collected prior to performance of the procedure, and results of fetal
karyotype was also collected. Peripheral blood samples (two tubes or ~20 mL total) were drawn from
all subjects in acid citrate dextrose (ACD) tubes (Becton Dickinson). All samples were de-identified
and assigned an anonymous patient ID number. Blood samples were shipped overnight to the
laboratory in temperature controlled shipping containers provided for the study. Time elapsed
between blood draw and sample receipt was recorded as part of the sample accessioning.

Site research coordinators entered clinical data relevant to the patient’s current pregnancy and
history into study case report forms (CRFs) using the anonymous patient ID number. Cytogenetic
analysis of fetal karyotype from invasive prenatal procedure samples was performed per local
laboratories and the results were also recorded in study CRFs. All data obtained on CRFs were
entered into a clinical database the laboratory. Cell free plasma was obtained from individual blood

tubes utilizing at two-step centrifugation process within 24-48 hours of sample of venipuncture.
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Plasma from a single blood tube was sufficient for sequencing analysis. Cell-free DNA was extracted
from cell-free plasma by using QIAamp DNA Blood Mini kit (Qiagen) according to the
manufacturer’s instructions. Since the cell free DNA fragments are known to be approximately 170
base pairs (bp) in length (Fan ef al., Clin Chem 56:1279-1286 [2010]) no fragmentation of the DNA
was required prior to sequencing.

For the training set samples, cfDNA was sent to Prognosys Biosciences, Inc. (La Jolla, CA)
for sequencing library preparation (cfDNA blunt ended and ligated to universal adapters) and
sequencing using standard manufacturer protocols with the Illumina Genome Analyzer IIx
instrumentation (http://www.illumina.com/). Single-end reads of 36 base pairs were obtained. Upon
completion of the sequencing, all base call files were collected and analyzed. For the test set samples,
sequencing libraries were prepared and sequencing carried out on Illumina Genome Analyzer 11x
instrument. Sequencing library preparation was performed as follows. The full-length protocol
described is essentially the standard protocol provided by Illumina, and only differs from the Illumina
protocol in the purification of the amplified library: the Illumina protocol instructs that the amplified
library be purified using gel electrophoresis, while the protocol described herein uses magnetic beads
for the same purification step. Approximately 2 ng of purified cfDNA that had been extracted from
maternal plasma was used to prepare a primary sequencing library using NEBNext™ DNA Sample
Prep DNA Reagent Set 1 (Part No. E6000L; New England Biolabs, Ipswich, MA) for [llumina®
essentially according to the manufacturer’s instructions. All steps except for the final purification of
the adaptor-ligated products, which was performed using Agencourt magnetic beads and reagents
instead of the purification column, were performed according to the protocol accompanying the
NEBNext™ Reagents for Sample Preparation for a genomic DNA library that is sequenced using the
[lumina® GAII. The NEBNext™ protocol essentially follows that provided by Illumina, which is
available at grcf.jhml.edu/hts/protocols/11257047 ChIP_Sample Prep.pdf.

The overhangs of approximately 2 ng purified cfDNA fragments contained in 40ul were
converted into phosphorylated blunt ends according to the NEBNext® End Repair Module by
incubating the 40ul cfDNA with Sul 10X phosphorylation buffer, 2ul deoxynucleotide solution mix
(10 mM each dNTP), 1ul of a 1:5 dilution of DNA Polymerase I, 1ul T4 DNA Polymerase and 1ul T4
Polynucleotide Kinase provided in the NEBNext™ DNA Sample Prep DNA Reagent Set 1 in a 200
ul microfuge tube in a thermal cycler for 30 minutes at 20°C. The sample was cooled to 4°C, and
purified using a QIAQuick column provided in the QIAQuick PCR Purification Kit (QIAGEN Inc.,
Valencia, CA) as follows. The 50ul reaction was transferred to 1.5 ml microfuge tube, and 250pl of
Qiagen Buffer PB were added. The resulting 300ul were transferred to a QIAquick column, which
was centrifuged at 13,000RPM for 1 minute in a microfuge. The column was washed with 750pl
Qiagen Buffer PE, and re-centrifuged. Residual ethanol was removed by an additional centrifugation

for 5 minutes at 13,000 RPM. The DNA was eluted in 39ul Qiagen Buffer EB by centrifugation. dA
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tailing of 34ul of the blunt-ended DNA was accomplished using 16ul of the dA-tailing master mix
containing the Klenow fragment (3’ to 5’ exo minus) (NEBNext™ DNA Sample Prep DNA Reagent
Set 1), and incubating for 30 minutes at 37°C according to the manufacturer’s NEBNext® dA-Tailing
Module. The sample was cooled to 4°C, and purified using a column provided in the MinElute PCR
Purification Kit (QIAGEN Inc., Valencia, CA) as follows. The 50ul reaction was transferred to 1.5
ml microfuge tube, and 250ul of Qiagen Buffer PB were added. The 300ul were transferred to the
MinElute column, which was centrifuged at 13,000RPM for 1 minute in a microfuge. The column
was washed with 750ul Qiagen Buffer PE, and re-centrifuged. Residual ethanol was removed by an
additional centrifugation for 5 minutes at 13,000 RPM. The DNA was eluted in 15ul Qiagen Buffer
EB by centrifugation. Ten microliters of the DNA eluate were incubated with 1ul of a 1:5 dilution of
the Illumina Genomic Adapter Oligo Mix (Part No. 1000521), 15 pul of 2X Quick Ligation Reaction
Buffer, and 4 pul Quick T4 DNA Ligase, for 15 minutes at 25°C according to the NEBNext® Quick
Ligation Module. The sample was cooled to 4°C, and purified using a MinElute column as follows.
One hundred and fifty microliters of Qiagen Buffer PE were added to the 30 pl reaction, and the
entire volume was transferred to a MinElute column were transferred to a MinElute column, which
was centrifuged at 13,000RPM for 1 minute in a microfuge. The column was washed with 750pl
Qiagen Buffer PE, and re-centrifuged. Residual ethanol was removed by an additional centrifugation
for 5 minutes at 13,000 RPM. The DNA was eluted in 28l Qiagen Buffer EB by centrifugation.
Twenty three microliters of the adaptor-ligated DNA eluate were subjected to 18 cycles of PCR (98°C
for 30 seconds; 18 cycles of 98°C for 10 seconds, 65°C for 30 seconds, and 72°C for 30; final
extension at 72°C for 5 minutes, and hold at 4°C) using Illumina Genomic PCR Primers (Part Nos.
100537 and 1000538) and the Phusion HF PCR Master Mix provided in the NEBNext™ DNA
Sample Prep DNA Reagent Set 1, according to the manufacturer’s instructions. The amplified
product was purified using the Agencourt AMPure XP PCR purification system (Agencourt
Bioscience Corporation, Beverly, MA) according to the manufacturer’s instructions available at
www.beckmangenomics.com/products/AMPureXPProtocol 000387v001.pdf. The Agencourt
AMPure XP PCR purification system removes unincorporated dNTPs, primers, primer dimers, salts
and other contaminates, and recovers amplicons greater than 100bp. The purified amplified product
was eluted from the Agencourt beads in 40ul of Qiagen EB Buffer and the size distribution of the
libraries was analyzed using the Agilent DNA 1000 Kit for the 2100 Bioanalyzer (Agilent
technologies Inc., Santa Clara, CA). For both the training and test sample sets, single-end reads of 36
base pairs were sequenced.
Data Analysis and Sample Classification

Sequence reads 36 bases in length were aligned to the human genome assembly hg18
obtained from the UCSC database (http://hgdownload.cse.ucsc.edu/goldenPath/hg18/bigZips/).

Alignments were carried out utilizing the Bowtie short read aligner (version 0.12.5) allowing for up to
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two base mismatches during alignment (Langmead et al., Genome Biol 10:R25 [2009]. Only reads
that unambiguously mapped to a single genomic location were included. Genomic sites where reads
mapped were counted and included in the calculation of chromosome doses (see below). Regions on
the Y chromosome where sequence tags from male and female fetuses map without any
discrimination were excluded from the analysis (specifically, from base 0 to base 2 x 10°; base 10 x
10°to base 13 x 10% and base 23 x 10° to the end of chromosome Y).

Intra-run and inter-run sequencing variation in the chromosomal distribution of sequence
reads can obscure the effects of fetal aneuploidy on the distribution of mapped sequence sites. To
correct for such variation, a chromosome dose was calculated as the count of mapped sites for a given
chromosome of interest is normalized to counts observed on a predetermined normalizing
chromosome sequence. As described previously, a normalized chromosome sequence can be
composed of a single chromosome or a group of chromosomes. The normalizing chromosome
sequence was first identified in a subset of samples in the training set of samples that were unaffected
i.e. qualified samples having diploid karyotypes for chromosomes of interest 21, 18, 13 and X,
considering each autosome as a potential denominator in a ratio of counts with our chromosomes of
interest. Denominator chromosomes i.e. normalizing chromosome sequences were selected that
minimized the variation of the chromosome doses within and between sequencing runs. Each
chromosome of interest was determined to have a distinct normalizing chromosome sequence
(denominator) (Table 10). No single chromosome could be identified as a normalizing chromosome
sequence for chromosome 13 as no one chromosome was determined to reduce the variability in the
dose of chromosome 13 across samples i.e. the spread of the NCV values for chromosome 13 was not
reduced sufficiently to allow for a correct identification of a T13 aneuploidy. Chromosomes 2-6 were
chosen randomly and tested for their ability as a group to mimic the behavior of chromosome 13. The
group of chromosomes 2-6 was found to diminish substantially the variability in the dose for
chromosome 13 in the training samples, and was thus chosen as the normalizing chromosome
sequence for chromosome 13. As described above, the variability in chromosome dose for
chromosome Y is greater than 30 independently of which single chromosome is used as the
normalizing chromosome sequence in determining the chromosome Y dose. The group of
chromosomes 2-6 was found to diminish substantially the variability in the dose for chromosome Y in
the training samples, and was thus chosen as the normalizing chromosome sequence for chromosome
Y.

The chromosome doses for each of the chromosomes of interest in the qualified samples
provides a measure of the variation in the total number of mapped sequence tags for each
chromosome of interest relative to that of each of the remaining chromosomes. Thus, qualified
chromosome doses can identify the chromosome or a group of chromosomes i.e. normalizing

chromosome sequence that has a variation among samples that is closest to the variation of the
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chromosome of interest, and that would serve as ideal sequences for normalizing values for further
statistical evaluation.

Chromosome doses for all samples in the training set i.e. qualified and affected, also serve as
the basis for determining threshold values when identifying aneuploidies in test samples as described
in the following.

TABLE 10

Normalizing Chromosome Sequences for Determining Chromosome Doses

Chromosome of Interest - Normalizing Chromosome
Chromosome of Interest Numerator (Chr mapped Sequence — Denominator (Chr
counts) mapped counts)
21 Chr 21 Chr 9
18 Chr 18 Chr 8
13 Chr 13 Sum(Chr 2-6)
X Chr X Chr 6
Y ChrY Sum(Chr 2-6)

For each chromosome of interest in each sample in the test set, a normalizing value was determined
and used to determine the presence or absence of an aneuploidy. The normalizing value was
calculated as a chromosome dose that can be further computed to provide a normalized chromosome
value (NCV).
Chromosome doses

For the test set, a chromosome dose was calculated for each chromosome of interest, 21, 18,
13, X and Y for every sample. As provided in Table 10 above, the chromosome dose for chromosome
21 was calculated as a ratio of the number of tags in the test sample that mapped to chromosome 21 in
the test sample, and the number of tags in the test sample that mapped to chromosome 9; the
chromosome dose for chromosome 18 was calculated as a ratio of the number of tags in the test
sample that mapped to chromosome 18 in the test sample, and the number of tags in the test sample
that mapped to chromosome 8; the chromosome dose for chromosome 13 was calculated as a ratio of
the number of tags in the test sample that mapped to chromosome 13 in the test sample, and the
number of tags in the test sample that mapped to chromosomes 2-6; the chromosome dose for
chromosome X was calculated as a ratio of the number of tags in the test sample that mapped to
chromosome X in the test sample, and the number of tags in the test sample that mapped to
chromosome 6; and the chromosome dose for chromosome Y was calculated as a ratio of the number
of tags in the test sample that mapped to chromosome Y in the test sample, and the number of tags in

the test sample that mapped to chromosomes 2-6.
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Normalized chromosome values
Using the chromosome dose for each of the chromosomes of interest in each of the test
samples, and the mean of the corresponding chromosome dose determined in the qualified samples of
the training set, a normalized chromosome value (NCV) was calculated using the equation:
NCV;j = x”; &
J

where [1;AND §; are the estimated training set mean and standard deviation respectively for the j-z4
chromosome dose, and x;; is the observed j-th chromosome dose for sample i. When chromosome
doses are normally distributed, the NCV is equivalent to a statistical z-score for the doses. No
significant departure from linearity is observed in a quantile-quantile plot of the NCVs from
unaffected samples. In addition, standard tests of normality for the NCVs fail to reject the null
hypothesis of normality.

For the test set, an NCV was calculated for each chromosome of interest, 21, 18, 13, X and Y
for every sample. To insure a safe and effective classification scheme, conservative boundaries were
chosen for aneuploidy classification. For classification of the autosomes’ aneuploidy state, a NCV >
4.0 was required to classify the chromosome as affected (i.e. aneuploid for that chromosome) and a
NCV < 2.5 to classify a chromosome as unaffected. Samples with autosomes that have an NCV
between 2.5 and 4.0 were classified as “no call”.

Sex chromosome classification in the test was performed by sequential application of NCV's
for both X and Y as follows:

I. IfNCVY > -2.0 standard deviations from the mean of male samples, then the sample was
classified as male (XY).

2. IfNCV'Y < -2.0 standard deviations from the mean of male samples, and NCV X > -2.0
standard deviations from the mean of female samples, then the sample was classified as
female (XX).

3. IfNCV Y <-2.0 standard deviations from the mean of male samples, and NCV X < -3.0
standard deviations from the mean of female samples, then the sample was classified as
monosomy X, i.e. Turner syndrome.

4. Ifthe NCVs did not fit into any of the above criteria, then the sample was classified as a “no
call” for sex.

Results
Study Population Demographics

A total of 1,014 patients were enrolled between April 2009 and July 2010. The patient
demographics, invasive procedure type and karyotype results are summarized in Table 11. The
average age of study participants was 35.6 yrs (range 17 to 47 yrs) and gestational age ranged

between 6 weeks, 1 day to 38 weeks, 1 day (mean 15 weeks, 4 days). The overall incidence of
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abnormal fetal chromosome karyotypes was 6.8% with T21 incidence of 2.5%. Of 946 subjects with

singleton pregnancies and karyotype, 906 (96%) showed at least one clinically recognized risk factor

for fetal aneuploidy prior to prenatal procedure. Even eliminating those with advanced maternal age

as their sole indication, the data demonstrates a very high false positive rate for current screening

modalities. Ultrasound findings of increased nuchal translucency, cystic hygroma, or other structural

congenital abnormality by ultrasound were most predictive of abnormal karyotype in this cohort.
TABLE 11

Patient Demographics

Total Enrolled Training Set Test Set
(N=1014) (N=71) (N=48)
Dates of Enrollment Apr 2009 — Jul 2010 | Apr 2009-Dec 2009 | Jan 2010-Jun 2010
Number enrolled 1014 435 575
Maternal Age, yrs
Mean (SD) 35.6 (5.606) 36.4 (6.05) 34.2 (8.22)
Min/Max 17/47 20/46 18/46
Not Specified, N 11 3 0
Ethnicity, N (%)
Caucasian 636 (62.7) 50 (70.4) 24 (50.0)
Hispanic 167 (16.5) 6 (8.5) 13 (27.0)
Asian 63 (6.2) 6 (8.5) 5(10.4)
Multi, more than one 53(5.2) 6 (8.5) 1(2.1)
African American 41 (4.0) 1(1.3) 3(6.3)
Other 36 (3.6) 2(2.8) 1(2.1)
Native American 9(0.9) 0(0.0) 1(2.1)
Not Specified 9(0.9) 0(0.0) 0(0.0)
Gestational Age, wks,
days 15w 4d 14w 5d 15w 3d
Mean 6 w 1d/38w 1d 10 w 0d/23 w 1d 10w 4d/28 w 3d
Min/Max
Number of Fetus, N
1 982 67 47
2 30 4 1
3 2 0 0
Prenatal Procedure, N
(%) 430 (42.4) 38 (53.5) 28 (58.3)
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CVS 571 (56.3) 32 (45.1) 20 (41.7)
Amniocentesis 3(0.3) 1(1.4) 0(0.0)
Not specified 10 (1.0) 0(0.0) 0 (0.0)
Not performed

Fetal Karyotype, N (%)

46 XX 4537 (43.9) 227 (29.7) 77 (14.6)
46 XY 474" (45.9) 26" (35.1) 14 (29.2)
47,421, both sexes 257 (2.4) 107 (13.5) 13 (27.1)
47, +18, both sexes 14 (1.4) 5(6.8) 8 (16.7)
47, +13, both sexes 4(0.4) 2(2.7) 1(2.1)
45,X 8(0.8) 3(4.1) 3(6.3)
Complex, other 187 (1.7) 6(8.1) 2(4.2)
Karyotype not available 36 (3.5) 0(0.0) 0 (0.0)
Prenatal Screening Risks | Non-sequenced Analyzed Analyzed Test
for Karyotyped N=834 Training N=47
Singletons, N (%) 445 (53.4) N=65 21 (44.7)
AMA only (>35 years) 149 (17.9) 27 (41.5) 9 (19.1)
Screen positive (trisomy)” | 35 (4.2) 18 (27.7) 5(10.6)
Increased NT 12 (1.4) 3(4.6) 4 (8.5)
Cystic Hygroma 14 (1.7) 5(7.7) 4 (8.5)
Cardiac Defect 78 (9.4) 0 (0.0) 3(6.4)
Other Congenital 64 (7.7) 4(6.2) 1(2.1)
Abnormality 37 (4.4) 5(7.7) 0(0.0)
Other Maternal Risk 3 (4.6)

None specified

“Includes results of fetuses from multiple gestations,
Abbreviations: AMA = Advanced Maternal Age, NT = nuchal translucency

The distribution of diverse ethnic backgrounds represented in this study population is also
shown in Table 11. Overall, 63% of the patients in this study were Caucasian, 17% Hispanic, 6%
Asian, 5% multi-ethnic, and 4% African American. It was noted that the ethnic diversity varied
significantly from site to site. For example, one site enrolled 60% Hispanic and 26% Caucasian

subjects while three clinics all located in the same state, enrolled no Hispanic subjects. As expected,

“Assessed and reported by clinicians

there were no discernible differences observed in our results for different ethnicities.

Training Data Set 1

The training set study selected 71 samples from the initial sequential accumulation of 435

samples that were collected between April 2009 and December 2009. All subjects with affected
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fetus’ (abnormal karyotypes) in this first series of subjects were included for sequencing and a random
selection and number of non-affected subjects with adequate sample and data. Clinical characteristics
of the training set patients were consistent with the overall study demographics as shown in Table 11.
The gestational age range of the samples in the training set ranged from 10 weeks, 0 days to 23 weeks
1 day. Thirty-eight underwent CVS, 32 underwent amniocentesis and 1 patient did not have the
invasive procedure type specified (an unaffected karyotype 46, XY). 70% of the patients were
Caucasian, 8.5% Hispanic, 8.5% Asian, and 8.5% multi-ethnic. Six sequenced samples were removed
from this set for the purposes of training: 4 samples from subjects with twin gestations (further
discussed below), 1 sample with T18 that was contaminated during preparation, and 1 sample with a
fetal karyotype 69, XXX, leaving 65 samples for the training set.

The number of unique sequence sites (i.e. tags identified with unique sites in the genome)
varied from 2.2M in the early phases of the training set study to 13.7M in the latter phases due to
improvements in sequencing technology over time. In order to monitor for any potential shifts in the
chromosome doses over this 6-fold range in unique sites, different unaffected samples were run at the
beginning and end of the study. For the first 15 unaffected samples run, the average number of
unique sites was 3.8M and the average chromosome doses for chromosome 21 and chromosome 18
were 0.314 and 0.528, respectively. For the last 15 unaffected samples run, the average number of
unique sites was 10.7M and the average chromosome doses for chromosome 21 and chromosome 18
were 0.316 and 0.529, respectively. There was no statistical difference between the chromosome
doses for chromosome 21 and chromosome 18 over the time of the training set study.

The training set NCVs for chromosomes 21, 18 and 13 are shown on Figure 12. The results
shown in Figure 12 are consistent with an assumption of normality in that roughly 99% of the diploid
NCVs would fall within + 2.5 standard deviations of the mean. Of this set of 65 samples, 8 samples
with clinical karyotypes indicating T21 had NCVs ranging from 6 to 20. Four samples having clinical
karyotypes indicative of fetal T18 had NCVs ranging from 3.3 to 12, and the two samples having
karyotypes indicative of fetal trisomy 13 (T13) had NCVs of 2.6 and 4. The spread of the NCVs in
affected samples is due to their dependence on the percentage of fetal cfDNA in the individual
samples.

Similar to the autosomes, the means and standard deviations for the sex chromosomes were
established in the training set. The sex chromosome thresholds allowed 100% identification of male
and female fetuses in the training set.

Test Data Set 1

Having established chromosome doses means and standard deviations from the training set, a
test set of 48 samples was selected from samples collected between January 2010 and June 2010 from
575 total samples. One of the samples from a twin gestation was removed from the final analysis

leaving 47 samples in the test set. Personnel preparing samples for sequencing and operating the
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equipment were blinded to the clinical karyotype information. The gestational age range was similar
to that seen in the training set (Table 11). 58% of the invasive procedures were CVS, higher than that
of the overall procedural demographics, but also similar to the training set. 50% of subjects were
Caucasian, 27% Hispanic, 10.4% Asian and 6.3% African American.

In the test set, the number of unique sequence tags varied from approximately 13M to 26M.
For unaffected samples, the chromosome doses for chromosome 21 and chromosome 18 were 0.313
and 0.527, respectively. The test set NCVs for chromosome 21, chromosome 18 and chromosome 13
are shown in Figure 13 and the classifications are given in Table 12.

TABLE 12
Test Set Classification Data Test Set Classification Data

T21 classification

Unaffected
Karyotype T21 No Call
for T21
Unaffected for T21 34
47,XX or XY+21 13

T18 classification

Unaffected
Karyotype T18 No Call
for T18
Unaffected for T18 39
47, XX or XY+18 8

T13 classification

Unaffected
Karyotype for T13 T13 No Call
Unaffected for T13 46
47,XX or XY+13 1
Sex Chromosome Classification
Karyotype XY XX MX* No Call
46, XY 24
46, XX 18 1
45, X 2 1
Cplx 1

*MX is monosomy in the X chromosome with no evidence of Y chromosome

In the test set, 13/13 subjects having clinical karyotypes that indicated fetal T21 were
correctly identified having NCVs ranging from 5 to 14. Eight/eight subjects having karyotypes that
indicated fetal T18 were correctly identified having NCVs ranging from 8.5 to 22. The single sample
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having a karyotype classified as T13 in this test set was classified as a no call with an NCV of
approximately 3.

For the test data set, all male samples were correctly identified including a sample with
complex karyotype, 46,XY + marker chromosome (unidentifiable by cytogenetics) (Table 3).
Nineteen of twenty female samples were correctly identified, and one female sample was categorized
as ano call. For three samples in the test set with karyotype of 45,X, two of the three were correctly
identified as monosomy X and 1 was classified as a no call (Table 12).

Twins

Four of the samples initially selected for the training set and one of the samples in the test set
were from twin gestations. The thresholds being employed here could be confounded by the differing
amount of cfDNA expected in the setting of a twin gestation. In the training set, the karyotype from
one of the twin samples was monochorionic 47,XY+21. A second twin sample was fraternal and
amniocentesis was carried out on each of the fetuses individually. In this twin gestation, one of the
fetuses had a karyotype of 47,XY+21 while the other had a normal karyotype, 46,XX. In both of
these cases the cell free classification based on the methods discussed above classified the sample as
T21. The other two twin gestations in the training set were classified correctly as non-affected for
T21 (all twins showed diploid karyotype for chromosome 21). For the twin gestation sample in the
test set, karyotype was only established for Twin B (46,XX) and the algorithm correctly classified as
non-affected for T21.

Conclusion

The data show that massively parallel sequencing can be used to determine a plurality
abnormal fetal karyotypes from the blood of pregnant women. These data demonstrate that 100%
correct classification of samples with trisomy 21 and trisomy 18 can be identified using independent
test set data. Even in the case of fetuses with abnormal sex chromosome karyotypes, none of the
samples were incorrectly classified with the algorithm of the method. Importantly, the algorithm also
performed well in determining the presence of T21 in two sets of twin pregnancies having at least one
affected fetus, which has never been shown previously. Furthermore, this study examined a variety of
sequential samples from multiple centers representing not only the range of abnormal karyotypes that
one is likely to witness in a commercial clinical setting, but showing the significance of accurately
classifying pregnancies non-affected by common trisomies to address the unacceptably high false
positive rates that remain in prenatal screening today. The data provide valuable insight into the vast
capabilities of employing this method in the future. Analysis of subsets of the unique genomic sites
showed increases in the variance consistent Poisson counting statistics.

The data build on the findings of Fan and Quake who demonstrated that the sensitivity of
noninvasive prenatal determination of fetal aneuploidy from maternal plasma using massively parallel

sequencing is only limited by the counting statistics (Fan and Quake, PLos One 5, e10439 [2010]).
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Because sequencing information was collected across the entire genome, this method is capable of
determining any aneuploidy or other copy number variation including insertions and deletions. The
karyotype from one of the samples had a small deletion in chromosome 11 between g21 and q23 that
was observed as a ~10% decrease in the relative number of tags in a 25 Mb region starting at q21
when the sequencing data was analyzed in 500 kbase bins. In addition, in the training set, three of the
samples had complex sex karyotypes due to mosaicism in the cytogenetic analysis. These karyotypes
were: 1) 47,XXX[9]/45,X[6], ii) 45,X [3]/ 46, XY[17], and iii) 47,XXX[13]/45,X[7]. Sample ii,
which showed some XY -containing cells was correctly classified as XY. Samples i (from CVS
procedure) and iii (from amniocentesis), which both showed a mixture of XXX and X cells by
cytogenetic analysis (consistent with mosaic Turner syndrome), were classified as a no call and
monosomy X, respectively.

In testing the algorithm, another interesting data point was observed having an NCV between
-5 and -6 for chromosome 21 for one sample from the test set (Figure 13). Although this sample was
diploid in chromosome 21 by cytogenetics, the karyotype showed mosaicism with partial triploidy for
chromosome 9; 47, XX + 9 [9]/46, XX [6]. Since chromosome 9 is used in the denominator to
determine the chromosome dose for chromosome 21 (Table 10), this lowers the overall NCV value.
The ability of the use of normalizing chromosomes to determine fetal trisomy 9 in this sample is
evidenced by the results provided in Example 7 below.

The conclusion of Fan, et al regarding the sensitivity of these methods is only correct if the
algorithms being utilized are able to account for any random or systematic biases introduced by the
sequencing method. If the sequencing data is not properly normalized the resulting analysis will be
inferior to the counting statistics. Chiu, ef al noted in their recent paper that their measurement of
chromosomes 18 and 13 using the massively parallel sequencing method was imprecise, and
concluded that more research was necessary to apply the method to the determination of T18 and T13
(Chiu et al., BMJ 342:¢7401 [2011]). The method utilized in the Chiu, et a/ paper simply uses the
number of sequence tags on the chromosome of interest, in their case chromosome 21, normalized by
the total number of tags in the sequencing run. The challenge for this approach is that the distribution
of tags on each chromosome can vary from sequencing run to sequencing run, and thus increases the
overall variation of the aneuploidy determination metric. In order to compare the results of the Chiu
algorithm to the chromosome doses used in this example, the test data for chromosomes 21 and 18
was reanalyzed using the method recommended by Chiu, ef al. as shown in Figure 14. Overall, a
compression in the range of NCV for each of the chromosomes 21 and 18 was observed as well as a
decrease in the determination rate with 10/13 T21 and 5/8 of the T18 samples correctly identified
from our test set utilizing an NCV threshold of 4.0 for aneuploidy classification.

Ehrich, et al also focused only on T21 and used the same algorithm as Chiu, et al., (Ehrich ez

al., Am J Obstet Gynecol 204:205 el-el11 [2011]). In addition, after observing a shift in their test set
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z-score metric from the external reference data i.e. training set, they retrained on the test set to
establish the classification boundaries. Although in principle this approach is feasible, in practice it
would be challenging to decide how many samples are required to train and how often one would
need to retrain to ensure that the classification boundaries are correct. One method of mitigating this
issue is to include controls in every sequencing run that measure the baseline and calibrate for
quantitative behavior.

The data obtained using the present method show that massively parallel sequencing is
capable of determining multiple fetal chromosomal abnormalities from the plasma of pregnant women
when the algorithm for normalizing the chromosome counting data is optimized. The present method
for quantification not only minimizes random and systematic variations between sequencing runs, but
also allows for effective classification of aneuploidies across the entire genome, most notably T21 and
T18. Larger sample collections are required to test the algorithm for T13 determination. To this end,
a prospective, blinded, multi-site clinical study to further demonstrate the diagnostic accuracy of the
present method is being performed.

Example 7
Determination of the Presence or Absence of at least 5 Different Chromosomal Aneuploidies in
All Chromosomes of Individual Test Samples

To demonstrate the capability of the method to determine the presence or absence of
any chromosomal aneuploidy in each of a set of maternal test samples (test set 1; Example 6),
systematically determined normalizing chromosome sequences were identified in unaffected samples
of the training set (training set 1; Example 6), and used to calculate chromosome doses for all
chromosomes in each of the test samples. Determination of the presence or absence of any one or
more different complete fetal chromosomal aneuploidies in each of the test and training set samples
was accomplished from sequencing information obtained from a single sequencing run on each
individual sample.

Using the chromosome densities i.e. the number of sequence tags identified for each
chromosome in each of the samples of the training set described in Example 6, a systematically
determined normalizing chromosome sequence consisting of a single chromosome or a group of
chromosomes was determined by calculating a single chromosome dose for each of chromosomes 1-
22, X and Y. The systematically determined normalizing chromosome sequence for each of
chromosomes 1-22, X, and Y was determined by systematically calculating chromosome doses for
each chromosome using every possible combination of chromosomes as the numerator. For
example, for chromosome 21 as the chromosome of interest, chromosome doses were calculated as a
ratio of (i) the number of sequence tags obtained for chromosome 21(chromosome of interest) and
(i1) the number of sequence tags obtained for each of the remaining chromosomes, and the sum of the

number of tags obtained for all possible combinations of the remaining chromosomes (excluding
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chromosome 21) i.e. 1,2,3,4,5, etc. upto?20,21,22, X,and Y; 1+ 2, 1+3, 144, 1+5, etc. up to
1420, 1+22,1+X, and 1+Y;, [4+2+3, 1+2+4, 142 +5 etc. up to 1+2+20, 1+2+22, 1+2+X, and 1+2+Y;
1+3+4, 143+5, 14346 etc. up to 1+3+20, 1+3+22, 14+3+X, and 1+3+Y; 1+2+3+4, [+2+43+5,
1424346 etc. up to 1+2+3+20, 1+2+3+22, 1+24+3+X, and 1+2+3+Y; and so on such that all possible
combinations of all of chromosomes 1-20, 22, X and Y were used as a normalizing chromosome
sequence (numerator) to determine all possible chromosome doses for each chromosome of interest in
each of the qualified (aneuploid) samples in the training set. Chromosome doses were determined in
the same manner for chromosome 21 in all training samples, and the systematically determined
normalizing chromosome sequence for chromosome 21 was determined as the single or group of
chromosomes resulting in a dose for chromosome 21 having the smallest variability across all training
samples. The same analysis was repeated to determine the single chromosome or combination of
chromosomes that would serve as the systematically determined normalizing chromosome sequence
for each of the remaining chromosomes including chromosomes 13, 18, X and Y i.e. all possible
combinations of chromosomes were used to determine the normalizing sequence (single chromosome
or a group of chromosomes) for all other chromosomes of interest 1-12, 14-17, 19-20, 22, X and Y,
in all training samples. Thus, all chromosomes were treated as chromosomes of interest, and a
systematically determined normalizing sequence was determined for each of all chromosomes in each
of the unaffected samples in the training set. Table 13 provides the single or the group of
chromosomes that were identified as the systematically determined normalizing sequence for each of
chromosomes of interest 1-22, X, and Y. As highlighted by Table 13, for some chromosomes of
interest, the systematically determined normalizing chromosome sequence was determined to be a
single chromosome (e.g. when chromosome 4 is the chromosome of interest), and for other
chromosomes of interest, the systematically determined normalizing chromosome sequence was

determined to be a group of chromosomes (e.g. when chromosome 21 is the chromosome of interest).

TABLE 13
Systematically Determined Normalizing Chromosome Sequences for All Chromosomes
Chromosome Systematically Chromosome Systematically
of Determined Normalizing of determined
Interest Sequence Interest Normalizing
Sequence
1 6+10+14+15+17+20 13 4+5
2 3+6+8+9+10 14 1+3+5+6+10+19
3 2+4+5+6+12 15 1+14+20
4 5 16 14+17+19+20+22
5 4+6+8+14 17 15+19+22
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6 3+4+5+12+14 18 2+3+5+7

7 4+5+8+14+19+20 19 22

8 2+5+7 20 10+16+17+22
9 3+4+8+10+17+19+20+22 21 4+14+16+20+22
10 2+14+15+17+20 22 19

11 5+10+14+20+22 X 4+8

12 1+2+3+5+6+19 Y 4+6

The mean, standard deviation (SD) and coefficient of variance (CV) for the systematically determined
normalizing chromosome sequence determined for each of all chromosomes are given in Table 14.
TABLE 14
Mean, Standard Deviation and Coefficient of Variance for all systematically determined

normalizing chromosome sequences

Chromosome of Mean SD Ccv
interest
1 0.36637 0.00266 0.72%
2 0.31580 0.00068 0.22%
3 0.21983 0.00055 0.18%
4 0.98191 0.02509 2.56%
5 0.30109 0.00076 0.25%
6 0.21621 0.00059 0.27%
7 0.21214 0.00044 0.21%
8 0.25562 0.00068 0.27%
9 0.12726 0.00034 0.27%
10 0.24471 0.00098 0.40%
11 0.26907 0.00098 0.36%
12 0.12358 0.00029 0.23%
13* 0.26023 0.00122 0.47%
14 0.09286 0.00028 0.30%
15 0.21568 0.00147 0.68%
16 0.25181 0.00134 0.53%
17 0.46000 0.00248 0.54%
18° 0.10100 0.00038 0.38%
19 1.43709 0.02899 2.02%
20 0.19967 0.00123 0.62%
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21° 0.07851 0.00053 0.67%

22 0.69613 0.01391 2.00%
X° 0.46865 0.00279 0.68%
YP 0.00028 0.00004 14.97%

*Excluding trisomies

"Female fetus

The variance in chromosome doses across all training samples as reflected by the value of the
CV, substantiates the use of systematically determined normalizing chromosome sequences to provide
a large signal-to-noise ratio and dynamic range, allowing for the determination of the aneuploidies to
be made with high sensitivity and high specificity, as shown in the following.

To demonstrate the sensitivity and specificity of the method, chromosome doses for all
chromosomes of interest 1-22, X and Y were determined in each of the samples in the training set,
and in each of all samples in the test set described in Example 5 using the corresponding
systematically determined normalizing chromosome sequences provided in Table 13 above.

Using the systematically determined normalizing chromosome sequence for each of the
chromosomes of interest, the presence or absence of any chromosomal aneuploidy was determined in
each of the samples in the training set , and in each of the test samples i.e. it was determined whether
each sample contained a complete fetal chromosomal aneuploidy of chromosome 1, 2, 3,4, 5, 6, 7, 8,
9,10, 11, 12,13, 14, 15, 16,17, 18, 19, 20, 21, 22, X, and Y. Sequence information i.e. the number of
sequence tags, was obtained for all chromosomes in each of the samples in the training set, and in
each of the test samples, and a single chromosome dose for each of the chromosomes in each of the
training and test samples was calculated as described above using the number of sequence tags
obtained for the systematically determined normalizing chromosome sequences corresponding to
those determined in the trained set (Table 13). The number of sequence tags obtained in each of the
training samples for the systematically determined normalizing chromosome sequences was used to
determine the chromosome doses for each chromosome in each of the training samples, and the
number of sequence tags obtained in each of the test samples for the systematically determined
normalizing chromosome sequence was used to determine the chromosome dose for each
chromosome for each of the test samples. To ensure safe and effective classification of aneuploidies,
the same conservative boundaries were chosen as described in Example 6.

Training Set Results

A plot of the chromosome doses for chromosomes 21, 18 and 13 in the training set of samples
using the systematically determined normalizing chromosome sequence is given in Figure 15. When
using the systematically determined normalizing chromosome sequence i.e. the group of

chromosomes 4+14+16+20+22, 8 samples with clinical karyotypes indicating T21 had NCVs between
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5.4 and 21.5. When using the systematically determined normalizing chromosome sequence i.e. the
group of chromosomes 2+3+5+7, 4 samples with clinical karyotypes indicating T18 had NCVs
between 3.3 and 15.3. When using the systematically determined normalizing chromosome sequence
i.e. the group of chromosomes 4+5, 2 samples with clinical karyotypes indicating T13 had NCVs of
8.0 and 12.4. The T21 samples of the training set are shown as the last 8 samples of the chromosome
21 data (O); theT18 samples of the training set are shown as the last 4 samples of the chromosome 18
data (A); and the T13 samples of the training set are shown as the last 2 samples of the chromosome
13 data (o).

These data show that normalizing chromosome sequences can be used to determine and
correctly classify different complete fetal chromosomal aneuploidies with great confidence. Since all
samples with affected karyotypes had NCVs greater than 3, there is less than approximately 0.1%
probability that these samples are part of the unaffected distribution.

Similarly to the autosomes, when the systematically determined normalizing chromosome
sequence (i.e. the group of chromosomes 4+8) was used for chromosome X, and when the
systematically determined normalizing chromosome sequence (i.e. the group of chromosomes 4+6)
was used for chromosome Y, all of the male and female fetuses in the training set were correctly
identified. In addition, all 5 of the monosomy X samples were identified. Figure 18A shows a plot
of NCVs determined for the X chromosome (X-axis) and NCVs determined for the Y chromosome (Y
axis) for each of the samples in the training set. All of the samples which are monosomy e X by
karyotype have NCV values of less than -4.83. Those monosomy X samples that have karyotypes
consistent with a 45,X karyotype (full or mosaic) have a Y NCV value close to zero as expected.
Female samples cluster around NCV = 0 for both X and Y.

Test Set Results

A plot of the chromosome doses for chromosomes 21, 18 and 13 in the test samples using the
relevant systematically determined normalizing chromosome sequences is given in Figure 16. When
using the systematically determined normalizing chromosome sequence (i.e. the group of
chromosomes 4+14+16+20+22), then 13 of 13 samples with clinical karyotypes indicating T21 were
correctly identified with NCVs between 7.2 and 16.3. When using the systematically determined
normalizing chromosome sequence (i.e. the group of chromosomes 2+3+5+7), then all 8 samples with
clinical karyotypes indicating T18 were identified with NCVs between 12.7 and 30.7. When using
the systematically determined normalizing chromosome sequence (i.e. the group of chromosomes
4+5), then the only one sample with clinical karyotypes indicating T13 was correctly identified with
an NCV of 8.6. The T21 samples of the test set are shown as the last 13 samples of the chromosome
21 data (O); theT18 samples of the test set are shown as the last 8 samples of the chromosome 18 data

(A); and the T13 sample of the test set is shown as the last sample of the chromosome 13 data (0).
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These data show that systematically determined normalizing chromosome sequences can be
used to determine and correctly classify different complete fetal chromosomal aneuploidies with great
confidence. Similar to the training set, all samples with affected karyotypes had NCVs greater than 7,
which indicated an infinitesimally small probability that these samples are part of the unaffected
distribution. (Figure 16).

Similarly to the autosomes, when the systematically determined normalizing chromosome
sequence (Z.e. the group of chromosomes 4+8) was used for chromosome X, and when the
systematically determined normalizing chromosome sequence (i.e. the group of chromosomes 4+6)
was used for chromosome Y, all of the male and female fetuses in the test set were correctly
identified. In addition, all 3 of the monosomy X samples were determined. Figure 18B shows a plot
of NCVs determined for the X chromosome (X-axis) and NCVs determined for the Y chromosome (Y
axis) for each of the samples in the test set

As previously described, the present method allows for determining the presence or absence
of a complete, or partial, chromosomal aneuploidy of each of chromosomes 1-22, X, and Y in each
sample. In addition to determining complete chromosomal aneuploidies T13, T18, T21, and
monosomy X, the method determined the presence of a trisomy of chromosome 9 in one of the test
samples. When using the systematically determined normalizing chromosome sequence (i.e. the
group of chromosomes 3+4+8+10+17+19+20+22), for chromosome of interest 9, a sample having an
NCV of 14.4 was identified (Figure 17). This sample corresponded to the test sample in Example 6
that was suspected of being aneuploid for chromosome 9 following the calculation of an aberrantly
low dose for chromosome 21 (for which chromosome 9 was used as the normalizing chromosome
sequence in Example 6).

The data show that 100% of the samples having clinical karyotypes indicating T21, T13 T18,
T9 and monosomy X were correctly identified. Figure 19 shows a plot of the NCVs for each of
chromosomes 1-22 in each of the 47 test samples. Medians of NCVs were normalized to zero. The
data show that the method of the invention (including the use of systematically determined
normalizing chromosome sequences) determined the presence of all 5 types of chromosomal
aneuploidies that were present in this test set with 100% sensitivity and 100% specificity, and clearly
indicate that the method can identify any complete chromosomal aneuploidy for any one of

chromosomes 1-22, X, and Y, in any sample.

EXAMPLE 8
Determination of the presence or absence of a partial fetal chromosomal aneuploidy:
determination of Cat eye syndrome
DiGeorge syndrome (22q11.2 deletion syndrome), a disorder caused by a defect in

chromosome 22, results in the poor development of several body systems. Medical problems
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commonly associated with DiGeorge syndrome include heart defects, poor immune system function, a
cleft palate, poor function of the parathyroid glands and behavioral disorders. The number and
severity of problems associated with DiGeorge syndrome vary greatly. Almost everyone with
DiGeorge syndrome needs treatment from specialists in a variety of fields.

To determine the presence or absence of a partial deletion of fetal chromosome 22, a blood
sample is obtained by venipuncture for the mother, and cfDNA is prepared as described in the
Examples above. The purified cfDNA is ligated to adaptors and subjected to cluster amplification
using the Illumina cBot cluster station. Massively parallel sequencing is performed using reversible
dye terminators to generate millions of 36bp reads. The sequence reads are aligned to the human
hg19 reference genome, and the reads that are uniquely mapped to the reference genome are counted
as tags.

A set of qualified samples all known to be diploid for chromosome 22 i.e. chromosome 22 or
any portion thereof is known to be present only in a diploid state, are first sequenced and analyzed to
obtain a number of sequence tags for each of 1000 segments of 3 megabases (Mb) (excluding the
region 22q11.2). Given that the human genome comprises approximately 3 billion bases (3Gb), the
1000 segments of 3 Mb each approximately composes the remainder of the genome. Each of the
1000 segments can serve individually or as in a group of segment sequences that are used to
determine the normalizing segment sequence for the segment of interest i.e. the 3Mb region of
22q11.2. The number of sequence tags mapped to every single 1000bp segment is used individually
to compute segment doses for the 3Mb region of 22q11.2. In addition, all possible combinations of
two or more segments are used to determine segment doses for the segment of interest in all qualified
samples. The single 3Mb segment or the combination of two or more 3Mb segments that result in the
segment dose having the lowest variability across samples is chosen as the normalizing segment
sequence.

The number of sequence tags mapped to the segment of interest in each of the qualified
samples is used to determine a segment dose in each of the qualified samples. The mean and standard
deviation of the segment doses in all qualified samples is calculated, and used to set threshold s to
which segment doses determined in test samples can be compared. Preferably, normalized segment
values (NSV) are calculated for all segments of interest in all qualified samples, and used to set the
threshold values.

Subsequently, the number of tags mapped to the normalizing segment sequence in the
corresponding test sample is used to determine the dose of the segment of interest in the test sample.
A normalized segment value (NSV) is calculated for the segment in the test sample as described
previously and the NCV of the segment of interest in the test sample is compared to the threshold
determined using the qualified samples to determine the presence or absence of a deletion of 22q11.2

in the test sample.
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A test NCV < -3, indicates that a loss in the segment of interest i.e. partial deletion of

chromosome 22 (22q11.2) is present in the test sample.

EXAMPLE 9
Stool DNA Testing for Prediction of Outcome for Stagell Colorectal Cancer Patients

Around 30% of all stage II colon cancer patients will relapse and die of their disease. Stage II
colon cancers of patients who had relapse of disease showed significantly more losses on
chromosomes 4, 5, 15q, 17q and 18q. In particular, stage II colon cancer patients losses on 4q22.1—
4q35.2 have been shown to be associated with worse outcome. Determination of the presence or
absence of these genomic alterations may aid in selecting patients for adjuvant therapy (Brosens et al.,
Analytical Cellular Pathology / Cellular Oncology 33: 95-104 [2010]).

To determine the presence or absence of one or more chromosomal deletions in the 4q22.1 to
4q35.2 region in patients with stage II colorectal cancer, stool and/or plasma samples are obtained
from the patient(s). Stool DNA is prepared according to the method described by Chen ez al., J Natl
Cancer Inst 97:1124-1132 [2005]); and plasma DNA is prepared according to the method described in
the Examples above. DNA is sequenced according to an NGS method described herein, and the
sequence information for the patient(s) sample(s) is used to calculate segment doses for one or more
segments spanning the 4g22.1 to 4q35.2 region. Segment doses are determined using normalizing
segment sequences that are determined a priori by in a set of qualified stool and/or plasma samples,
respectively. Segment doses in the test samples (patient samples) are calculated, and the presence or
absence of one or more partial chromosomal deletions within the 4q22.1 to 4q35.2 region is
determined by comparing the NSV for each of the segments of interest to the threshold set from the
NSV in the set of qualified samples.

While preferred embodiments of the present invention have been shown and described herein,
it will be obvious to those skilled in the art that such embodiments are provided by way of example
only. Numerous variations, changes, and substitutions will now occur to those skilled in the art
without departing from the invention. It should be understood that various alternatives to the
embodiments of the invention described herein may be employed in practicing the invention. It is
intended that the following claims define the scope of the invention and that methods and structures

within the scope of these claims and their equivalents be covered thereby.

92.



CLAIMS
WHAT IS CLAIMED IS:

1. A method for determining the presence or absence of any four or more different complete
fetal chromosomal aneuploidies for each of four or more chromosomes of interest in a maternal test

sample comprising fetal and maternal nucleic acids, said method comprising:

(a) obtaining sequence information for said fetal and maternal nucleic acids in said

sample;

(b) using said sequence information to identify a number of sequence tags for each of
said any four or more chromosomes of interest, wherein the four or more chromosomes of interest are
selected from chromosomes 1-22, X, and Y and to identify a number of sequence tags for a

normalizing chromosome for each of said any four or more chromosomes of interest;

(©) using said number of sequence tags identified for each of said any four or more
chromosomes of interest and said number of sequence tags identified for each said normalizing
chiromosome to calculate a single chromosome dose for each of said any four or more chromosomes

of interest; and

{d) comparing each of said single chromosome doses for each of said any four or more
chromosomes of interest to a threshold value for each of said four or more chromosomes of interest,
and thereby determining the presence or absence of any four or more complete different fetal

chromosomal aneuploidies in said sample;

wherein each said normalizing chromosome for each of said four or more chromosomes of
interest is determined by systematically calculating all possible chromosome doses for each of the
four or more chromosomes of interest in a training set of samples comprising qualified samples
comprising chromosomes that are present in known copy number and which are not aneuploid for
each of the four or more chromosomes of interest, by using the number of sequence tags identified for
each of the remaining chromosomes and the sum of the number of sequence tags identified for all
possible combinations of the remaining chromosomes to determine which single chromosome or
group of chromosomes results in the least variability of the chromosome dose for each of the four or

more chromosomes of interest across said qualified samples.

2. The method of Claim 1, wherein step (c) comprises calculating a single chromosome dose for

each of said chromosomes of interest as the ratio of the number of sequence tags identified for each of



said chromosomes of interest and the number of sequence tags identified for said normalizing

chromosome sequence for each of said chromosomes of interest.
3. The method of Claim 1 or 2, wherein step (¢} comprises:

() calculating a sequence tag density ratio for each of said chromosomes of interest, by
relating the number of sequence tags identified for each of said chromosomes of interest in step (b) to

the length of each of said chromosomes of interest,

(i) calculating a sequence tag density ratio for each said normalizing chromosome by
relating the number of sequence tags identified for said normalizing chromosome sequence in step (b)

1o the length of each said normalizing chromosome; and

(iii)  using the sequence tag density ratios calculated in steps (i) and (ii) to calculate a
single chromosome dose for each of said chromosomes of interest, wherein said chromosome dose is
calculated as the ratio of the sequence tag density ratio for each of said chromosomes of interest and
the sequence tag density ratio for said normalizing chromosome sequence for each of said

chromosomes of interest.

4. The method of any one of Claims -3, wherein said any four or more chromosomes of interest
selected from chromosomes 1-22, X, and Y comprise at least twenty chromosomes selected from
chromosomes 1-22, X, and Y, and wherein the presence or absence of at least twenty different

complete fetat chromosomal aneuploidies is determined.

5. The method of any one of Claims 1-3, wherein said any four or more chromosomes of interest
selected from chromosomes 1-22, X, and Y is all of chromosomes 1-22, X, and Y, and wherein the
presence or absence of complete fetal chromoscomal aneuploidies of all of chromosomes 1-22, X, and

Y is determined.

6. The method of any one of Claims 1-5, wherein said normalizing chromosome sequence is a

single chromosome selected from chromosomes 1-22, X, and Y.

7. The method of any one of Claims 1-5, wherein said normalizing chromosome sequence is a

group of chromosomes selected from chromosomes 1-22, X, and Y.

8. A method for determining the presence or absence of any one or more different complete fetal
chromosomal aneuploidies for said one or more chromosomes of interest in a maternal test sample

comprising fetal and maternal nucleic acids, said method comprising:
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(a) oblaining sequence information for said fetal and maternal nucleic acids in said

sample;

(b) using said sequence information to identify a number of sequence tags for each of any
one or more chromosomes of interest, wherein the one or more chromosemes of interest are selected
from chromosomes 1-22, X and Y and to identify a number of sequence tags for a normalizing

segment sequence for each of said any one or more chromosomes of interest;

(c) using said number of sequence tags identified for each of said any one or more
chiromosomes of interest and said number of sequence tags identified for said normalizing segment
sequence to calculate a single chromosome dose for each of said any one or more chroniosomes of

interest; and

(d) comparing each of said single chromosome doses for each of said any one or more
chromosomes of interest to a threshold value for each of said one or more chromosomes of interest,
and thereby determining the presence or absence of one or more different complete fetal chromosomal

aneuploidies in said sample,

wherein each said normalizing chromosome segment for each of said one or more
chromosomes of interest is determined by systematically calculating all possibte chromosome doses
for each of the one or more chromosomes of interest in a training set of samples comprising qualified
samples comprising chromosomes that are present in known copy number and which are not
aneuploid for each of the one or more chromosomes of interest, by using the number of sequence tags
identified for segments of each of the remaining chromosomes and the sum of the number of sequence
tags identified for all possible combinations of segments of the remaining chromosomes to determine
which single segment or group of segments results in the least variability of the chromosome dose for

each of the one or more chromosomes of interest across said qualified samples.

9. The method of Claim 8, wherein step (c) comprises calculating a single chromosome dose for
cach of said chromosomes of interest as the ratio of the number of sequence tags identified for each of
said chromosomes of interest and the number of sequence tags identified for said normalizing

segment sequence for each of said chromosomes of interest.

10. The method of Claim & or 9, wherein said any one or more chromosomes of interest selected
from chromosomes 1-22, X, and Y comprise at Jeast twenty chromosomes selected from
chromosomes 1-22, X, and Y, and wherein the presence or absence of at least twenty different

complete fetal chromosomal aneuploidies is determined.

05.



1. The method of any one of Claims 8 or 9, wherein said any one or more chromosomes of
interest selected from chromosomes 1-22, X, and Y is all of chromosmnes 1-22, X, and Y, and
wherein the presence or absence of complete fetal chromosomal aneuploidies of all of chromosomes

1-22, X, and Y is determined.

12, The method of any one of Claimis 1-11, wherein said different complete chromosomal
aneuploidies are selected from complete chromosomal trisomies, complete chromosomal monosomies

and complete chromosomal polysomies.

3. The method of any one of Claims 1-12, wherein said different complete fetal chromosomal
aneuploidies are selected from trisomy 2, trisomy 8, trisomy 9, trisomy 21, trisomy 13, trisomy 16,
trisomy 18, trisomy 22, 47,XXY, 47,XXX, 47,XYY, and monosomy X,

i4. The method of any one of Claims 1-13, wherein steps (a)-(d} are repeated for test samples
from different maternal subjects, and wherein the method comprises determining the presence or
absence of any four or more different complete fetal chromosomal ancuploidies in each of said

samples.

15. The method of any one of Claims 1-14, further comprising calculating a normalized
chromosome value (NCV), wherein said NCV relates said chromosome dose to the mean of the
corresponding chromosome dose in a set of qualified samples as:

Xij —Hj

NCVU = 3
i

where fi; and G are the estimated mean and standard deviation, respectively, for the j-th chromosome

dose in a set of qualified samples, and x;; is the observed j-th chromosome dose for test sample /.

{) A method for determining the presence or absence of different partial fetal chromesomal
aneuploidies for one or more segments of any one or more chromosomes of interest in a maternal test

sample comprising a fetal and maternal nucleic acids, said method comprising:

{(a) obtaining sequence information for said fetal and maternal nucleic acids in said

sample;

(b) using said sequence information to identify a number of sequence tags for each of any
one or more segments of any one or more chromosomes of interest, wherein the one or more segments

are selected from chromosomes 1-22, X, and Y and to identify a number of sequence tags fora



normalizing segment sequence for each of said any one or more segments of any one or more

chromosomes of interest;

() using said number of sequence tags identified for each of said any one or more
segments of any one or more chromosomes of interest and said number of sequence tags identified for
said normalizing segment sequence to calculate a single chromosome dose for each of said any one or

more segments of any one or more chromosomes of interest; and

{d) comparing each of said single segment doses for each of said any one or more
segments of any one or more chromosomes of interest to a threshold value for each of said any one or
more chromosomal segments of any one or more chromosome of interest, and thereby determining the

presence or absence of one or more different partial fetal chromosomal aneuploidies in said sample,

wherein each said normalizing chromosome segment for each of said one or more segments
of any one or more chromosomes of interest is determined by systematically calculating all possible
chromosome doses for each of the one or more segments of any one or more chromosomes of interest
in a training set of samples comprising qualified samples comprising chromoesomes that are present in
known copy number and which are not aneuploid for each of the one or more chromosomes of
interest, by using the number of sequence tags identified for seginents of each of the remaining
chromosomes and the sum of the number of sequence tags identified for all possible combinations of
the segments of the remaining chromosomes to determine which single segment or group of segments
results in the least variability of the chromosome dose for each of the one or more segments of any

one or more chromosomes of interest across said qualitied samples.

17. The method of Claim 16, wherein step (c) comprises calculating a single segment dose for
each of said any one or more segments of any one or more chromosomes of interest as the ratio of the
number of sequence tags identified for each of said any one or more segments of any one or more
chromosomes of interest and the number of sequence tags identified for said normalizing segment

sequence for each of said any one or more segments of any cne or more chromosoines of interest.

18. The method of Claim 16 or 17, further comprising calculating a normalized segment value
(NSV), wherein said NSV relates said segment dose to the mean of the corresponding segment dose in

a set of qualified samples as:



where {i; and &; are the estimated mean and standard deviation, respectively, for the j-th segment

dose in a set of qualified samples, and x;; is the observed j-th segment dose for test sample 1.

19. The method of any one of Claims 8-18, wherein said normalizing segment sequence is a

single segment of any one or mare of chromosomes 1-22, X, and Y.

20. The method of any one of Claims 8-18, wherein said normalizing segment sequence is a

group of segments of any one or more of chromosomes 1-22, X, and Y.

21. The method of any one of Claims 16-20, wherein said different partial fetal chromoesomal
aneuploidies are selected from partial duplications, partial multiplications, partial insertions and

partial deletions.

22 The method of any one of Claims 16-2 I, wherein said partial fetal aneuploidies are selected
from partial monosomy of chromosome [, partial monosomy of chromosome 4, partial monosomy of
chromosome 5, partial monosomy of chromosome 7, partial monosomy of chromosome 11, partial
monosomy of chromosome 15, partial monosomy of chromosome 17, partial monosomy of

chromosome 18, and partial monosomy of chromosome 22,

23. The method of any one of Claims 16-22, wherein steps (a)-(d) are repeated for test samples
from different maternal subjects, and wherein the method comprises determining the presence or

absence of different partial fetal chromosomal aneuploidies in each of said samples.

24, The method of any one of the preceding Claims, wherein step (a) comprises sequencing at
least a portion of said nucleic acid molecules of said test sample to obtain said sequence information

for said fetal and maternal nucleic acid molecules of said test sample.

25, The method of any one of the preceding Claims, wherein said test sample is a maternal

sample selected from blood, plasma, serum, urine and saliva samples.

26. The method of any one of the preceding Claims, wherein said nucleic acid molecules are a

mixture of fetal and maternal cell-free DNA molecules,

27. The method of any one of the preceding Claims, wherein said sequencing is next generation
sequencing (NGS).
23. The method of any one of the preceding Claims, wherein said sequencing is massively

parallel sequencing using sequencing-by-synthesis with reversible dye terminators.
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29, The method of any one of the preceding Claims, wherein said sequencing is sequencing-by-

ligation.

L)

30. The method of any one of the preceding Claims, wherein said sequencing comprises an

amplification.

"

31 The method of any one of the preceding Claims, wherein said sequencing is single molecule

sequencing.
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