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Detection of Chromosomal Alterations
in the Circulation of Cancer Patients with
Whole-Genome Sequencing
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Clinical management of cancer patients could be improved through the development of noninvasive
approaches for the detection of incipient, residual, and recurrent tumors. We describe an approach to directly
identify tumor-derived chromosomal alterations through analysis of circulating cell-free DNA from cancer pa-
tients. Whole-genome analyses of DNA from the plasma of 10 colorectal and breast cancer patients and 10
healthy individuals with massively parallel sequencing identified, in all patients, structural alterations that
were not present in plasma DNA from healthy subjects. Detected alterations comprised chromosomal copy
number changes and rearrangements, including amplification of cancer driver genes such as ERBB2 and
CDK6. The level of circulating tumor DNA in the cancer patients ranged from 1.4 to 47.9%. The sensitivity
and specificity of this approach are dependent on the amount of sequence data obtained and are derived from
the fact that most cancers harbor multiple chromosomal alterations, each of which is unlikely to be present in
normal cells. Given that chromosomal abnormalities are present in nearly all human cancers, this approach rep-
resents a useful method for the noninvasive detection of human tumors that is not dependent on the availability

of tumor biopsies.

INTRODUCTION

Abnormal chromosome content, or aneuploidy, is a common charac-
teristic of tumors, which manifests at the earliest stages of tumori-
genesis and increases throughout subsequent tumor development
(I-4). In addition to losses and gains of entire chromosomes, altera-
tions of chromosome arms, focal amplifications and deletions, and re-
arrangements are observed in nearly all cancer genomes. Analysis of
such alterations in cancer began with karyotyping but is now generally
carried out with molecular methods that can more easily assess ge-
nomes in a comprehensive manner. For example, an approach based
on sequencing and enumerating genomic DNA tags, called digital
karyotyping (DK), was developed for the analysis of copy number al-
terations on a genome-wide scale (5). Similar tag-based approaches
have been adapted to next-generation sequencing methods (6, 7).
Likewise, the analysis of chromosomal rearrangements with large-scale
DNA sequencing approaches allows for high-resolution mapping of
rearrangement breakpoints (3).

Given the universal nature of chromosomal alterations in human
cancer and improved methods for detecting such changes, we won-
dered whether we could directly identify chromosomal alterations in
the circulation of cancer patients. Sequencing analyses of chromosome
content in the maternal circulation are now being used for detection of
fetal aneuploidy (8, 9), although such approaches have not been eval-
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uated for detection of chromosomal alterations in cancer patients. Sim-
ilarly, analysis of circulating tumor DNA in patients with hematopoietic
malignancies has been useful for the detection of known recurrent chro-
mosomal rearrangements, such as those that involve the BCR-ABL on-
cogene and genes that encode immunoglobulin chains, T cell receptor
subunits, and the retinoic acid receptor (10-15). More recently, anal-
ysis of tumor rearrangements has allowed the development of patient-
specific biomarkers that can be evaluated in plasma for the detection
of residual disease or for tumor monitoring (6, 16). However, such mon-
itoring approaches rely on analyses of known alterations identified in
resected tumors from the same patients and cannot be directly applied
to the detection of new alterations in the circulation of patients in
whom biopsied material is unavailable. Recurrent mutations, includ-
ing those identified in oncogenes such as KRAS, have also been readily
identified in a fraction of patients with solid tumors (17-19).

An alternative to these approaches is the identification of de novo
tumor-derived chromosomal alterations through massively parallel di-
rect sequencing of DNA from the circulation of cancer patients. Such
approaches would be applicable to more patients than those that rely
on recurrent oncogene alterations and could theoretically permit non-
invasive detection of nearly all cancer types. Herein, we compare whole-
genome analyses of DNA from the plasma of late-stage cancer patients
to healthy individuals with massively parallel sequencing and detect
structural alterations specific to patients.

RESULTS
Overview

A schematic of our approach to examine chromosomal abnormalities
directly in the plasma of cancer patients is illustrated in Fig. 1. As a
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Fig. 1. Schematic of analyses for direct detection of chromosomal altera-
tions in plasma. The method uses next-generation paired-end sequencing
of cell-free DNA isolated from plasma to identify chromosomal alterations

proof-of-principle analysis, we obtained 4 to 18 ml of plasma from
each of 10 healthy individuals (N1 to N10), 7 patients with colorectal
cancer (CRC11 to CRC17), and 3 patients with breast cancer (BR1 to
BR3) (table S1). Plasma DNA was purified and used to generate
paired-end libraries for whole-genome sequencing, and each library
was analyzed on two lanes of an Illumina HiSeq instrument (see Ma-
terials and Methods). An average of 249,378,422 distinct paired se-
quences [50 base pairs (bp) from each end] was obtained for each
sample (Table 1). The resulting sequence data from circulating DNA
were analyzed for chromosome copy number changes and for intra-
and interchromosomal rearrangements.

Analysis of chromosomal copy number changes

Losses or gains of specific chromosomal regions are a hallmark of
many cancers and have been used historically to identify tumor sup-
pressors or oncogenes targeted by the alterations (20-22). Such chro-
mosomal imbalances could be useful as markers of tumorigenesis
because they should, in principle, alter the chromosomal representa-
tion of circulating DNA. To adapt DK to detect tumor-specific (so-
matic) chromosomal alterations in the plasma, we used the equivalent
of one lane of HiSeq single-read sequence data per sample (average of
144,543,191 distinct reads) and applied a number of filtering steps to
remove sources of variation that were not tumor-specific (see Mate-
rials and Methods). For example, we removed sequences that are known
to vary in the germlines of normal individuals, because these could
confound identification of c<amatic canv niimber chanoec Tn addition
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characteristic of tumor DNA. Such alterations include copy number changes
(gains and losses of chromosome arms) as well as rearrangements resulting
from translocations, amplifications, or deletions.

we applied a weight to each sequence read based on local GC content.
This weighting has been shown to remove bias introduced by next-
generation sequencing and allows for a more accurate assessment of
chromosomal representation of the original genomic DNA (see Mate-
rials and Methods) (23, 24). The resulting weighted reads were used to
determine the proportion of reads that mapped to specific regions in
the genome (fig. S1). We performed analyses of entire chromosomes,
of chromosome arms, and of sequential regions of specified sizes (for
example, 10 Mb) throughout the genome. Although each of these ap-
proaches has certain advantages, we chose to analyze chromosome
arms because these were frequently altered in breast and colorectal
cancer samples previously analyzed for copy number alterations and
would be expected to be altered in most human cancers (see Materials
and Methods).

The proportion of sequences that represented each chromosome
arm (excluding short arms of acrocentric chromosomes) was calcu-
lated, for each sample, by dividing the sum of the weighted reads map-
ping to that arm by the total number of weighted reads mapping to
the reference genome. For the normal samples, N1 to N10, the pro-
portion of chromosomal arm sequences ranged from 0.46 to 6.19%,
closely corresponding to the expected fraction based on genomic size
and the applied mapping criteria (table $2) (R* = 0.95; P < 0.0001,
Pearson correlation). The variation among the normalized propor-
tions of each chromosomal arm in the plasma from normal individ-
uals was very low (average, 2.56 + 0.0065%; range of SD, +0.0025% to

+0.0149%) Thece reanlte are cancictent with cimilar meacnirements of
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Table 1. Summary of next-generation sequencing analyses performed.
Data were obtained using next-generation sequencing analyses per-
formed on lllumina HiSeq instruments using 50-bp PE reads. Distinct

sites. Sequence coverage indicates average number of reads per base per
haploid genome. Physical coverage indicates average number of paired
reads spanning any base in a haploid genome assuming a 165-bp frag-

paired reads correspond to read pairs having unique genomic start ment size.
Sample Patient Sample Total bases Total distinct Sequence Physical
name diagnosis origin sequenced paired reads coverage coverage

CRC11 Colorectal cancer Plasma 24,728,144,682 216,092,204 8.2 1.9
CRC12 Colorectal cancer Plasma 25,707,029,400 221,881,499 8.6 12.2
CRC12-PT Colorectal cancer Tumor 14,984,097,228 113,414,859 5.0 6.2
CRC13 Colorectal cancer Plasma 24,033,905,652 206,926,843 8.0 114
CRC14 Colorectal cancer Plasma 23,774,411,124 201,571,426 79 1.1
CRC14-0 Colorectal cancer Plasma 3,113,755,960 17,297,631 1.0 1.0
CRC14-4 Colorectal cancer Plasma 3,755,921,750 21,193,176 1.3 1.2
CRC14-PT Colorectal cancer Tumor 7,156,542,105 55,882,387 24 3.1
CRC15 Colorectal cancer Plasma 34,216,224,513 299,895,779 114 16.5
CRC15-PT Colorectal cancer Tumor 12,466,375,200 102,193,630 42 5.6
CRC16 Colorectal cancer Plasma 32,670,584,037 284,131,684 10.9 15.6
CRC16-PT Colorectal cancer Tumor 6,199,959,150 41,700,493 2.1 23
CRC17 Colorectal cancer Plasma 33,060,006,522 286,524,067 11.0 15.8
BR1 Breast cancer Plasma 34,918,959,429 304,798,840 11.6 16.8
BR2 Breast cancer Plasma 30,171,911,865 240,263,505 10.1 13.2
BR3 Breast cancer Plasma 31,294,294,671 259,443,659 104 143
N1 Normal Plasma 26,918,560,359 231,520,314 9.0 12.7
N2 Normal Plasma 25,928,759,499 224,708,017 8.6 124
N3 Normal Plasma 21,331,401,576 161,874,934 7.1 8.9
N4 Normal Plasma 25,735,971,696 223,342,309 8.6 12.3
N5 Normal Plasma 33,535,967,796 288,318,721 11.2 15.9
N6 Normal Plasma 32,892,667,872 285,785,107 11.0 15.7
N7 Normal Plasma 27,558,615,816 226,653,076 9.2 12.5
N8 Normal Plasma 32,472,392,886 279,224,469 10.8 15.4
N9 Normal Plasma 30,058,183,548 257,431,312 10.0 14.2
N10 Normal Plasma 33,068,060,850 287,180,675 11.0 15.8

circulating DNA from the plasma of pregnant women carrying eu-
ploid fetuses (8, 9). In contrast, the normalized proportions of chro-
mosomal arm sequences in the plasma of cancer patients were much
more variable, ranging from 0.61- to 1.97-fold of the average found in
the plasma of normal individuals (table S2).

To determine whether sequenced reads for an individual patient
sample deviate from patterns in normal samples, we used the fraction
of reads that mapped to each arm to calculate a z score. For each arm,
the z score was calculated as the number of SDs from the mean of the
reference plasma samples (N1 to N10). After Bonferroni correction for
multiple comparisons of the 39 chromosomal arms, an absolute z
score of >11.88 was determined to represent a statistically significant
gain or loss of a chromosomal arm (P < 0.05, Student’s ¢ test). All
chromosome arms of the 10 normal plasma samples had absolute z

scores of less than 2.62. In contrast, plasma samples from all 10 of the
cancer natiente chawed evidence of canv niimher gaine ar laceee writh
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the highest absolute z score in each sample ranging from 13.3 to 434.4
(Fig. 2A).

Although such analyses could be used to evaluate specific chromo-
somal arms, a statistical approach that uses a combination of the
most markedly altered chromosome arms in each sample would be
expected to provide a more sensitive measure of circulating tumor
DNA. We analyzed previously obtained genome-wide copy number
alterations detected from single-nucleotide polymorphism (SNP) ar-
rays of 36 colorectal cancer samples (25) to determine how frequently
tumors lost multiple chromosome arms. As shown in fig. S2, we found
that the mean number of chromosome arms altered in these colorectal
cancers was 21 and ranged from 5 to 35. Accordingly, we constructed
a log-scale plasma aneuploidy score (PA score) based on the five chro-
mosomes whose arms had the highest absolute z scores (see Materials
and Methods). The PA score from the plasma of healthy individuals

ranged from 01 ta 2 4 _and we calenlated that a threchald PA ccare of
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5.84 would provide a specificity of >99% (Student’s ¢ distribution) for  not in the matched normal DNA. Independent sequencing of the rear-
indicating aneuploidy (Fig. 2B). All plasma samples from the colorec-  ranged regions identified the expected rearrangement junctions in all
tal and breast cancer patients had PA scores above this threshold, rang-  nine cases analyzed. We further evaluated the specificity of the approach
ing from 11.9 to 41.5 (Fig. 2B and tables S1 and S2). The two plasma by analyzing more than 5.6 billion paired-end Illumina reads of normal

samples with the lowest PA scores represented
those with the lowest amounts of circulating tu-
mor DNA, and the PA score generally correlated
with tumor burden (R* = 0.53; P = 0.017, Pearson
correlation) (Fig. 2B, table S2, and Materials and
Methods).

Analysis of rearrangements

The chromosomal instability that underlies large
chromosomal gains and losses in tumorigenesis
is associated with genomic rearrangements. Such
somatic rearrangements are not present in nor-
mal cells in a clonal fashion and would therefore
be expected to provide a highly sensitive and spe-
cific marker for the presence of clonal tumor-
specific genetic alterations. We previously developed
a technique, personalized analysis of rearranged
ends (PARE), to identify rearranged breakpoints
from tumor DNA for individual patients (see Ma-
terials and Methods). A challenge in adapting PARE
to detection of rearrangements directly from plas-
ma DNA is distinguishing the relatively few so-
matic rearrangements present in circulating tumor
DNA from the much larger number of structural
variants resulting from copy number variations
in the germline of all individuals. To overcome
this obstacle, we used bioinformatic filters that
enriched for high-confidence somatic structural
alterations while removing germline and artifactual
changes. These filters included selecting paired-
end reads that (i) mapped to different chromosomes
or to the same chromosome but at large distances
(=30 kb) apart, (ii) spanned rearrangement junc-
tions that were observed in multiple reads, (iii)
contained sequenced rearrangement breakpoints,
and (iv) mapped to genomic regions that did not
contain known germline copy number variants or
repeated sequences (26, 27) (fig. S1).

Paired-end Illumina sequence data for DNA
in plasma samples from the 10 cancer patients
and 10 healthy individuals (table S1) revealed a
total of 65,402,563 aberrantly mapped paired-
end reads, most of which were expected to result
from either germline changes or mapping arti-
facts (26, 27). Application of the criteria described
above identified 14 candidate rearrangements in
9 of the 10 plasma samples from cancer patients
but none in the plasma samples from healthy in-
dividuals (Fig. 3). These rearranged sequences
were evaluated further by polymerase chain re-
action (PCR) amplifications across the rearrange-
ment junctions in tumor and normal DNA from

the same nine cancer patients, and all were con-
firmed ta_he nrecent in_the tnmar camnlec hut
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Fig. 2. Copy number analysis of plasma samples. (A) The z scores for each chromosome arm
indicate the number of SDs from the mean of the mapped read fraction of the plasma DNA from
unaffected individuals (N1 to N10). Positive z scores indicate chromosome gains, whereas negative
z scores indicate chromosome losses. Significant chromosome arm gains and losses were ob-
served only in plasma samples from patients with cancer (CRC11 to CRC17 and BR1 to BR3).
(B) The PA score was calculated as the number of SDs from the mean of the sum of the —log
of the P values for the top five chromosome z scores of the 10 reference samples (N1 to N10). A PA

score of 5.84 (horizontal line) was estimated to indicate aneuploidy in the plasma sample at a
cnecificihy_areater than 0904 (Stiident’s t dictribiition) (cee Materiale and Meathad<)
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Plasma tumor Breakpoint Breakpoint Bene(s) a.ssomated Breakpoint
Sample . Rearrangement type Chr1 . Chr2 . with L.
fraction (%) position 1 position 2 description*
rearrangement*
CRC11 41.3 Intrachromosomal, inversion 21 32,610,787 21 34,189,321 URB1 Intragenic
Intrachromosomal, deletion 21 33,757,071 21 35,045,637 TMEMS50B Intragenic
Intrachromosomal, deletion 21 35,145,207 21 36,324,769 RUNX1 Intragenic
CRC12 14 Intrachromosomal, inversion 4 81,213,132 4 155,549,875 ANTXR2, DCHS2 Intragenic
Intrachromosomal, deletion 6 58,080,933 6 67,229,823 - Intergenic
Intrachromosomal, deletion 6 82,048,796 6 93,604,709 - Intergenic
CRC13 4.7 Interchromosomal 11 68,718,966 4 180,111,536 - Intergenic
CRC14 43.8 Intrachromosomal, duplication 8 141,375,810 8 141,405,769 TRAPPC9 Intragenic
CRC15 10.3 Intrachromosomal, inversion 20 1,249,342 20 11,067,778 SDCBP2 Intragenic
CRC16 29.9 Intrachromosomal, inversion 17 35,163,714 17 35,277,642 ERBB2 Amplification (10.5-fold)
CRC17 5.2 Intrachromosomal, inversion 6 3,938,060 6 28,043,040 - Intergenic
BR1 47.9 Intrachromosomal, deletion 1 202,785,323 1 203,144,644 MDM4, NFASC Intragenic
Intrachromosomal, inversion 1 207,834,294 1 218,544,458 CAMKI1G Intragenic
Interchromosomal 7 86,870,718 12 3,842,273 CDK6 Amplification (6.5-fold)
Intrachromosomal, deletion 7 87,201,404 7 90,916,826 CDK6 Amplification (6.5-fold)
BR2 21.5 Intrachromosomal, deletion 11 24,064,863 11 34,400,397 - Intergenic
BR3 11.0 Intrachromosomal, inversion 13 97,936,019 13 109,030,866 STK24 Intragenic

*The gene disrupted by the rearrangement breakpoint is indicated. If the rearrangement is associated with a focal amplification within
1.5 Mb of the target gene, then the presumed target of the amplification is indicated.

Fig. 3. Detection of tumor-specific rearrangements in plasma samples. The
Circos plot at the top indicates the rearrangements identified in plasma
samples from cancer patients (CRC11 to CRC17 and BR1 to BR3). The type

and individuial haiindaries of the rearrannementc are indicated in the lawer
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table. No rearrangements were identified in plasma samples from unaffected
individuals (N1 to N10). Rearrangements listed for sample CRC12 were iden-
tified in tumor DNA and confirmed in patient plasma, whereas those listed
for all ather camnlec were identified direcths from natient nlasma
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