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We report a sensitive PCR-based assay called Repetitive Element
AneuplLoidy Sequencing System (RealSeqS) that can detect aneu-
ploidy in samples containing as little as 3 pg of DNA. Using a single
primer pair, we amplified ~350,000 amplicons distributed through-
out the genome. Aneuploidy was detected in 49% of liquid biop-
sies from a total of 883 nonmetastatic, clinically detected cancers
of the colorectum, esophagus, liver, lung, ovary, pancreas, breast,
or stomach. Combining aneuploidy with somatic mutation detec-
tion and eight standard protein biomarkers yielded a median sen-
sitivity of 80% in these eight cancer types, while only 1% of 812
healthy controls scored positive.
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As a result of drastic reductions in costs, whole-genome se-
quencing (WGS) is now commonly used to detect chromo-
some copy number variations, also known as aneuploidy (1).
Identifying the presence of aneuploidy has a broad range of di-
agnostic applications, including noninvasive prenatal testing
(NIPT) (2), preimplantation genetic diagnosis (3), evaluation of
congenital abnormalities (4), and cancer diagnostics (5).

Shallow (0.1 to 1x) WGS is used for aneuploidy detection in a
large number of commercially available tests (6). WGS is typi-
cally used in NIPT, where a relatively high fraction (5 to 25%) of
the total DNA is derived from the fetus (7). A companion di-
agnostic is frequently used to estimate the fetal fraction, and
NIPT is often not performed when the fraction of fetal DNA is
less than 4% (8, 9). Sequencing depth becomes a major issue for
the assessment of aneuploidy in cell-free DNA (cfDNA) from
patients with cancer, where the fraction of DNA derived from
cancer cells is often much less than 1% of the total input DNA (10).

Amplicon-based methods using sequence-specific primers
have been proposed as an alternative to WGS for the assessment
of aneuploidy (11-13). Amplicon-based protocols offer many
advantages over WGS (or exome sequencing), including a simpler
workflow that does not require library construction, a reduced
requirement for input DNA, and a simplified computational
analysis. Here, we report a substantially improved amplicon-based
approach to detect the presence of aneuploidy named the Re-
petitive Element AneupLoidy Sequencing System (RealSeqS).
Using a single PCR primer pair, RealSeqS amplifies ~350,000
genomic loci with an average size of 43 bp spread throughout the
genome (Fig. 1).
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Results and Discussion

Primer Development. The FAST-SeqS approach described in
Kinde et al. (11) was the first aneuploidy detection method to

Significance

Reliably detecting the presence of aneuploidy in clinical samples
has implications for a broad range of diagnostic applications, in-
cluding noninvasive prenatal testing, preimplantation genetic di-
agnosis, the evaluation of congenital abnormalities, and cancer
diagnostics. Next generation sequencing protocols, such as whole-
genome sequencing, are typically used to detect aneuploidy, but
amplicon-based protocols achieve high coverage depth at rela-
tively low cost and can be used when only tiny amounts of DNA
are available. In this paper, we describe a simple PCR-based ap-
proach to detect the presence of aneuploidy in liquid biopsies,
even when only small amounts of blood are available for assay.
This approach detected cancers in 49% of 883 nonmetastatic pa-
tients with cancer but in less than 1% of 812 healthy controls.
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Amplify ~350,000
repetitive elements using a single primer pair
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Fig. 1. Overview of RealSeqs.

use a single primer pair to amplify numerous repetitive long
interspersed nucleotide elements spread throughout the genome.
However, due to the low genomic density of these amplicons (a
total of 38,000 across the entire genome), its power to detect
focal amplifications and deletions (<5 Mb) was limited. Addi-
tionally, FAST-SeqS amplicons ranged in size from 120 to 145
bp; this was suboptimal for assessing cfDNA, which has an
average size of ~140 bp. Accordingly, FAST-SeqS was only
able to detect aneuploidy in 22% of liquid biopsy samples con-
taining more than 1% of tumor-derived DNA (14).

Based on the limitations described above, we attempted to
identify a single primer pair that could amplify far more than
38,000 amplicons of a size far less than 120 to 145 bp. To gen-
erate a list of candidate primers, we first calculated the frequency
of all possible 6-mers (4° = 4,096) within the RepeatMasker
track of h§19. Next, we calculated the frequency of all possible
4-mers (4" = 256) within 75 bp upstream or downstream of the
6-mers. Joining the 6-mers with the 4-mers (SI Appendix, Fig. S1)
generated 2,097,152 candidate pairs. We narrowed these pairs
based on the number of unique genomic loci expected from their
PCR-mediated amplification, the average size between the 6-mer
and its corresponding 4-mers, and the distribution of these sizes,
aiming for a unimodal distribution. These filtering criteria gen-
erated seven potential k-mer pairs, leading to the design of seven
primer pairs that incorporated these k-mer pairs at their 3 ends (S/
Appendix, Table S1). Two of these primer pairs (REAL1 and
REAL?2) outperformed the remaining five primers when exper-
imentally assessed by the number of unique loci that were am-
plified and the size distribution of the amplicons. After further
experimental testing of REAL1 and REAL2 on 100 euploid
peripheral blood samples, the REALla primer pair was chosen
for the experiments reported herein (SI Appendix, Fig. S1). REALla
amplifies up to 745,154 unique amplicons residing within various
repetitive elements defined by the RepeatMasker track (Dataset
S1). Off-target amplicons outside the predefined regions were not
analyzed. The average amplicon size of REAL1 was 43 bp, not
including the length of the forward and reverse primers (SI Ap-
pendix, Fig. S2). The average number of amplicons observed in
cfDNA was ~350,000 (S Appendix, Fig. S3). Details of the
primer selection methods, experimental procedures, and analytic
techniques are described in SI Appendix, SI Materials and Methods
and Figs. S3-S5.

Comparison with Other Next Generation Sequencing Technologies. In
the most common form of NIPT, detection of a gain or loss of
a chromosome (e.g., chromosome 21 in Down syndrome) is the
goal. We used WGS (SI Appendix, Table S2), FAST-SeqS (SI Ap-
pendix, Table S3), and RealSeqS (SI Appendix, Table S4) to assess
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performance on samples for DNA admixtures typically encountered
in NIPT (i.e., when the fraction of fetal DNA was 5%). For this
purpose, we used actual data obtained with the three methods and
then added a defined number of reads from various chromosome
regions from the same samples to simulate what would happen if
there was aneuploidy in these regions. The pseudocode used to
generate these in silico-simulated samples is described in SI Ap-
pendix, Figs. S6 and S7. We calculated performance using a fre-
quently used z score that compares the observed fraction of reads on
a particular chromosome arm with the average fraction of reads
from a normal panel divided by the SD in the normal panel (57
Appendix, SI Materials and Methods). We reported results in total
reads needed for all three approaches assuming single-end 100-bp
reads and accounting for differences in alignment rates and filtering
criteria typically used (SI Appendix, Tables S2-S4). While this ap-
proach relies on numerous assumptions, RealSeqS consistently
achieved higher sensitivity at lower amounts of sequencing. For
example, RealSeqS had 99% sensitivity (at 99% specificity) for
monosomies and trisomies at a 5% cell fraction, while WGS and
FAST-SeqS had 94 and 81% sensitivities, respectively (Fig. 24).

Another important aspect of assays for copy number variation
is the detection of relatively small regions which are deleted or
amplified. For example, DiGeorge syndrome deletions are often
as small as 1.5 Mb (15). For data simulating a 5% deletion-
containing cell fraction, RealSeqS had 75.0% sensitivity for the
1.5-Mb DiGeorge deletion (at 99% specificity), while WGS and
FAST-SeqS had 19.0 and 29.0% sensitivity, respectively (Fig. 2B;
example in Fig. 3 4 and B).

The detection of amplifications, such as those on ERBB2 in
breast cancer, is critical for deciding whether patients should be
treated with trastuzumab or other targeted therapies. Following
the same strategy described above, we generated in silico-simulated
samples with focal amplifications of the ~42-kb ERBB2 gene (20
copies) for WGS, FAST-SeqS, and RealSeqS. RealSeqS could
detect such amplifications in the in silico-simulated samples with
significantly less sequencing than could WGS or Fast-SeqS. For a
1% cell fraction, RealSeqS had a 91.0% sensitivity, while WGS
had 50.0% (Fig. 2C; example in Fig. 3 C and D). FAST-SeqS did
not have enough spatial coverage in this genomic region to detect
ERBB?2 amplifications.

Reduced Input DNA. Reliably detecting aneuploidy in only a few
picograms of DNA is necessary for preimplantation diagnostics
as well as forensic applications. In preimplantation diagnosis, a
few cells picked from a blastocyst are used to assess copy number
variations, such as those responsible for Down syndrome. To test
the limit of detection of RealSeqS with respect to input DNA, we
analyzed genomic DNA (gDNA) from 10 trisomy 21 samples at
input DNA concentrations ranging from 3 to 34 pg (Dataset S2)
and 6 euploid controls. Trisomy 21 was detected in all of these
samples, even those from 3 pg of DNA, representing half of a
diploid cell. No chromosome arms other than chromosome 21
were found to be aneuploid in the trisomy 21 samples. Addi-
tionally, no chromosome arms, including chromosome 21, were
found to be aneuploid in the euploid controls used in these ex-
periments. The reduced requirement for input DNA also enables
retrospective testing of samples from biobanks for either aneu-
ploidy or identification purposes (using single-nucleotide poly-
morphisms within the amplified repeated sequences) (SI
Appendix, SI Materials and Methods).

Detection of an Admixture of Cellular DNA with cfDNA. DNA that
has leaked out of leukocytes, either during phlebotomy or
preparation of plasma DNA, can “contaminate” cfDNA. Plasma
“cell-free” DNA is relatively short, with the vast majority less
than 200 bp in size (16, 17). In contrast, lysed “cellular DNA”
from leukocytes is much longer than 200 bp and can complicate
the interpretation of any cfDNA analysis, including the analysis
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Fig. 2. Detection of aneuploidy using next generation sequencing technologies. Sensitivities were calculated at 99% specificity. Error bars represent 95% Cls.
(A) Comparison of sensitivity for monosomies and trisomies across all 39 nonacrocentric chromosome arms at 5% cell fraction. (B) Comparison of sensitivity for
the 1.5-Mb DiGeorge deletion on 22q at 5% cell fraction. (C) Comparison of sensitivity for a 20-copy ERBB2 focal amplification at 1% cell fraction.

of aneuploidy. For example, it can mask aneuploidy, particularly
when the contribution of DNA from the tumor is minor com-
pared with the fraction derived from other sources of cfDNA.
RealSeqS enables the detection of leukocyte DNA contamination
by virtue of the differently sized amplicons generated with REALL1
primers. This led to two simple methods to detect contaminating
leukocyte DNA. We first calculated the fraction of reads within
amplicons >50 bp in size. If this fraction was >8.15%, we
considered it contaminated with leukocyte DNA (SI Appendix,
SI Materials and Methods and Fig. S4). For a more sensitive
analysis of gDNA contamination, we identified 1,241 amplicons
typically present in gDNA but not in cfDNA (Dataset S3). Reads
at these amplicons thereby indicated leukocyte contamination in
plasma samples (Dataset S3). Through experimental mixing of
leukocyte DNA with cell-free plasma DNA from the same indi-
vidual, we were able to demonstrate that samples containing >4%
of leukocyte DNA could be detected by this metric (S Appendix,
Table S5). For validation of this result, we also evaluated an in-
dependent set of 457 peripheral blood samples (leukocyte DNA)
and 2,181 plasma samples (cfDNA). All 457 leukocyte DNA
samples had higher coverages of the 1,241 amplicons than the
2,181 cfDNA samples.

>

Detection of Aneuploidy in Liquid Biopsies. DNA from cancer cells
is shed into the bloodstream, fostering the analysis of cfDNA in
plasma (“liquid biopsies™) to detect the presence of cancers. Several
features of cancer DNA, including point mutations, aberrant DNA
methylation, and aneuploidy, have been used to assess liquid
biopsies (10, 18-20). Because aneuploidy is a feature of virtually
every cancer type (>90%), it is well suited for this purpose (14, 21).

In preliminary experiments with plasma or peripheral white
blood cells (WBC) DNA from normal individuals prior to the
evaluation of any samples reported in this paper, we noticed that
certain chromosome arms were heavily enriched for the type of
amplicons that were most variable among patients. The pro-
portional representation of these chromosome arms was highly
correlated (SI Appendix, Table S7). We therefore designed a
quality control (QC) metric that could be used to identify outlier
samples (explicitly represented in SI Appendix, Fig. S5). We then
applied this prespecified QC metric (Fig. S5) as well as the
prespecified length metric (Fig. S4) to the 2,319 plasma samples
analyzed in this work. This resulted in exclusion of 88 samples
(45 samples or 3.2% of the 1,393 samples from normal controls
and 43 samples or 4.6% of 926 samples from patients harboring
surgically resected cancers). Aneuploidy was assessed in the
remaining 2,231 samples.
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Examples of plasma samples with focal deletions or amplifications. (A) RealSeqS data on a plasma sample from a normal individual with an ~3-Mb

deletion of chromosome 22, characteristic of DiGeorge syndrome. Note that many patients with microdeletions at this locus have mild signs and symptoms
and are clinically undetected. (B) RealSeqS data on a typical plasma sample from a normal individual, showing no deletion at the DiGeorge locus. (C) RealSeqS
data on a plasma sample from a patient with cancer showing a 2.5-Mb focal amplification that includes the ERBB2 locus on chromosome 17q. (D) RealSeqS
data on a typical plasma sample from a normal individual, showing no amplification at the ERBB2 locus.
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RealSeqS was used to detect aneuploidy in cell-free plasma
DNA from the 883 patients harboring cancers of eight different
cancer types: ovary, colorectum, esophagus, liver, lung, pancreas,
stomach, and breast (Table 1). Each plasma sample was given a
RealSeqS score based on a machine learning-based algorithm
described in SI Appendix, SI Materials and Methods. Machine
learning scores were generated using 10-fold cross-validation (S
Appendix, SI Materials and Methods) so that all 2,231 samples had
a corresponding genome-wide aneuploidy score. Aneuploidy was
scored in the samples from cancer patients at a threshold of 99%
specificity derived from the analysis of the 1,348 plasma samples
from healthy individuals (Datasets S4 and S5). The plasma
samples from cancer patients had previously been analyzed for
somatic point mutations and small insertions or deletions using a
sensitive mutation detection technique based on 61 genomic
regions that are frequently altered in cancer (10). Mutations in
the plasma samples were also scored at a threshold of 99%
specificity.

Overall, we found that aneuploidy was detected more com-
monly than mutations in plasma samples from cancer patients
(49 and 34% of 883 samples, respectively; P < 107>, one-sided
binomial test) (Fig. 44). With respect to tissue type, aneuploidy
was detected more commonly than mutations in samples from
patients with cancers of the esophagus, colorectum, pancreas, lung,
stomach, and breast (all P values < 0.01); less commonly in ovary
(P = 0.048); and equally commonly in liver cancer (Fig. 44).
With respect to stage, aneuploidy was detected more commonly
than mutations in all stages, especially stages I and II (Fig. 4B)
(P values < 1077).

We then assessed whether the sensitivity for detecting aneu-
ploidy was higher in samples that had a higher concentration of
tumor-derived DNA. We considered this as an important “sanity
check” as any type of liquid biopsy metric should reflect the
amount of tumor-derived DNA in the plasma. There were 302
samples in which the mutant allele fraction had been determined
by the analysis of mutations that were present in plasma (10).
Aneuploidy was detected in 92% of 65 samples that had mutant
allele fraction >2%, 71% of 65 samples with mutant allele frac-
tions of 0.5 to 2%, and 49% of 172 samples with mutant allele
frequencies ranging from 0.01 to 0.5% (Fig. 4C). The differences
in aneuploidy among these three classes of samples were signifi-
cant (P < 107>, one-sided binomial test). The expectation that
aneuploidy should be related to an orthogonal measure of circu-
lating tumor DNA was thus confirmed.

Mutations in the plasma originating from clonal hematopoi-
esis of indeterminant potential (CHIP), rather than from cancer
cells, have confounded previous analyses of mutations in cfDNA.
This confounder was mitigated with aneuploidy detection; 0 of 17
samples that harbored CHIP mutations in both plasma and
leukocytes scored positively for aneuploidy via RealSeqS. We also
tested leukocyte DNA from 18 patients whose plasma samples
scored positive for aneuploidy with RealSeqS. Only one of these
leukocyte samples was aneuploid as assessed by RealSeqS.

We then scored the set of 88 samples that failed quality con-
trol. The rate of aneuploidy was much higher in this cohort for
both the normal controls as well as the patients with cancers. In
this cohort, 8 of 45 normal controls and 31 of 43 patients with
cancers were called aneuploid using the 99% specific threshold
defined above (Dataset S5).

Combining Tests. Aneuploidy was detected in 242 (42%) of the
plasma samples in which no mutations were detected in the study
of Cohen et al. (10). Conversely, mutations were detected in 112
(25%) of the plasma samples in which aneuploidy was not de-
tected. In combination, either aneuploidy or mutations could be
detected in 525 (61%) of the 883 plasma samples while still
maintaining 99% specificity in the normal samples (Fig. 54).
Further increases in sensitivity could be achieved by combining
aneuploidy with elevated levels of protein biomarkers. For this
purpose, eight standard protein biomarkers were evaluated in
the 883 cancer samples and 812 normal samples as described in
ref. 10. We scored all plasma samples using 10 iterations of 10-
fold cross-validation using the logistic regression model. Due to
multiple iterations of cross-validation, we maintained an aggregate
specificity of 99% (i.e., no more than 1% of the 8,120 normal
samples [812 normal samples repeated in 10 different iterations]
were scored positive in the combination assay) (Datasets S6—
S8 and SI Appendix, Table S6). In the plasma samples of pa-
tients harboring cancers of seven tissue types (liver, ovary, pan-
creas, esophagus, stomach, colorectal, and lung), the sensitivity
ranged from 77 to 97%, while in breast cancers, it was lower
(38%) (Fig. 5).

Screening tests do not exist for five of the eight cancer types shown
in Fig. 5. Our results show that more than 75% of these cancer cases
could be detected using a combination test incorporating aneuploidy,
mutations, and protein biomarkers. This performance is likely an
underestimate of the maximum possible sensitivity: more mutations
might have been detected if more amplicons were sequenced, and
additional aneuploidy might have been identified at a greater se-
quencing depth. However, in practice there must be a balance be-
tween sensitivity and cost, thus limiting the amount of sequencing
that can be performed in a screening setting.

Several limitations of our study should be acknowledged. The
study does not compare RealSeqS against WGS and FAST-SeqS
on the identical samples. Comparison of each of these technol-
ogies is challenging due to differences in input DNA require-
ments, sequence coverage requirements, statistical methods used
to evaluate the sequencing data, and algorithms used to integrate
chromosomal aneuploidies into a single predictive score. Due to
the large number of samples in this study, the cost required to
analyze all 2,231 samples with the three next generation sequencing
(NGS) technologies was prohibitive. However, we performed
RealSeqS on 21 highly aneuploid plasma samples from cancer
patients and 173 plasma samples from normal individuals who had
previously been analyzed by FAST-SeqS. RealSeqS and FAST-
SeqS had high concordance among these 193 samples (Dataset S9).
RealSeqS scored all 21 cancer samples as aneuploid and 171 of 173
normal samples as euploid. FAST-SeqS scored all 21 cancer sam-
ples as aneuploid and 172 of 173 normal samples as euploid. Be-
cause the amplicons evaluated by RealSeqS were nearly completely
distinct from those amplified by FASTSeqS, this concordance
provides an orthogonal measure of reliability of both assays.

To further confirm that the chromosome arms scored as an-
euploid by RealSeqS were indeed aneuploid, we compared
chromosomal gains or losses in the plasma with those observed
in primary tumors from the same patients. If RealSeqS data
indicating aneuploidy were “real,” one would expect that those
chromosome arms exhibiting gains in plasma would also exhibit
gains in the corresponding primary tumors. Similarly, one would

Table 1. Description of the cancer samples evaluated with RealSeqS

Breast Colorectum Esophagus Liver Lung Ovary Pancreas Stomach
Stage | 27 71 5 5 41 9 4 18
Stage Il 96 174 27 15 26 3 72 26
Stage llI 51 101 9 18 27 36 6 16
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Fig. 4. Detection of cancer in liquid biopsies from samples with nonmetastatic cancers of eight different types. Sensitivities were calculated at 99% specificity
during cross-validation. Error bars represent 95% Cls. (A) Comparison of aneuploidy status as assessed by RealSeqS with somatic mutations status with respect
to tumor type. (B) Comparison of aneuploidy status as calculated by RealSeqS with somatic mutations status with respect to cancer stage. (C) RealSeqS
sensitivity for plasma samples containing various amounts of tumor-derived DNA. The amount of tumor-derived DNA was estimated by the mutant allele

frequency of driver gene mutations present in the plasma sample and indicated on the x axis (10).

expect that those chromosome arms exhibiting losses in the plasma
would also exhibit losses in the corresponding primary tumors. We
were able to perform this analysis in 243 instances (214 patients)
in which chromosome arm losses or gains were significant (z
scores: z > 4 or z < —4) in plasma DNA (SI Appendix, SI Materials
and Methods). Of these 243, 188 (77%) were found to be con-
cordant in their respective tumors (SI Appendix and Dataset S10).
Note that concordance was directional; if a gain of a chromosome
arm was found in the plasma, a gain (rather than a loss) had to be
identified in the primary tumor and vice versa.

Even though no patients had metastatic disease on study entry,
most individuals were diagnosed on the basis of symptoms. In a
true screening setting, patients would likely have less advanced
disease resulting in reduced sensitivity. Our healthy controls were not

age or gender matched. When moving to an age-matched screening
setting, a small number of individuals without cancer might have
inflammatory or other diseases that could decrease the reported
specificity. Though cross-validation is frequently used to assess robust
performance, cross-validation is not as reliable as a completely in-
dependent validation set; we did not use a completely independent
validation set. Additionally, the RealSeqS inclusion criteria for
quality control were based on preliminary pilot experiments from a
small number of plasma and WBC samples. Future studies may
determine that our criteria are too restrictive and could be relaxed to
analyze samples with gDNA contamination. Last, the proportion of
cancers of each type in our cohort was purposefully not represen-
tative of those in the United States as a whole so as to be able to
assess a reasonable number of each of the eight cancer types given
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Fig. 5. Multianalyte tests including RealSeqsS. (A) The sensitivity of a test incorporating aneuploidy, mutations, and abnormally high levels of eight proteins was
compared with that of a test comparing only aneuploidy + proteins or only mutations and proteins. All sensitivities were calculated at an aggregate of 99%
specificity (i.e., only 1% of the plasma samples were positive for aneuploidy, mutations, or proteins in the test incorporating aneuploidy, mutations, and proteins
using 10 iterations of 10-fold cross-validation). (B) Receiver operating characteristic (ROC) curves for the various single-analyte and multianalyte tests.
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the resources that we had available. To actually establish the clinical
utility of RealSeqS and to demonstrate that it can save lives, pro-
spective studies of all incident cancer types in a large population will
be required.

In summary, RealSeqS is exceedingly simple to perform, re-
quires only a single primer pair, and is relatively sensitive and
cost effective (~$100 per assay). We anticipate that it will be
used to assess aneuploidy in a variety of clinical contexts.

Materials and Methods

Detailed materials and methods are available in S/ Appendix, S| Materials and
Methods. Plasma was purified from healthy individuals and patients with
cancer using Qiagen kit catalog #937556 (QIAsymphony DSP Circulating DNA
Kit) or Biochain kit catalog #K5011625MA. All individuals participating in the
study provided written informed consent after approval by the institu-
tional review board (IRB) at the patients’ participating institutions. Their
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