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Liquid biopsies, i.e. the analysis of circulating tumor cells (CTCs) or circulating tumor DNA
(ctDNA), are evolving into promising clinical tools. Indeed, a plethora of liquid biopsy tech-
nologies to deduce non-invasively characteristics of the tumor genome from the peripheral
blood have been developed over the last few years. For example, liquid biopsies have been
used to assess the tumor burden, to monitor the evolution of tumor genomes, to unravel
mechanisms of resistance, to establish the tumor heterogeneity, and for the identification
of prognostic and predictive markers. In this review we focus on methods to establish
genome-wide profiles of somatic copy number alterations (SCNAs) from plasma DNA
and show how they provide novel insights into the biology of cancer and their impact on
the management of patients.
© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.

1. Introduction

To this end, considerable progress has recently been
achieved with the analyses of circulating tumor cells (CTCs)

Cancer cells harbor a plethora of somatic alterations in their
tumor genomes, such as base substitutions, insertions or de-
letions of small DNA segments (indels), copy number changes
of large chromosomal regions, structural rearrangements,
such as translocations, and epigenetic changes which alter
chromatin structure and gene expression (Stratton et al.,
2009; Vogelstein et al., 2013). Furthermore, cancer genomes
are often unstable and accumulate new changes depending
on exerted selection pressures. Therefore, tools allowing the
monitoring of tumor genomes with easy means should be of
great importance.

and plasma DNA. The cell-free fraction of blood consists in pa-
tients with cancer of circulating tumor DNA (ctDNA) and DNA
fragments released from normal cells in variable proportions
(Crowley et al., 2013; Diaz and Bardelli, 2014; Heitzer et al.,
2013c, 2015; Schwarzenbach et al., 2011). The variable allele
fraction of mutant DNA fragments may reflect tumor dy-
namics (Diehl et al., 2005) and has an impact on the selection
of methods for their subsequent analyses (Belic et al., 2015;
Heitzer et al., 2015).

A specific biomarker of disease burden are mutations
which have previously been identified in the primary tumor,
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and several studies have focused on the detection of such spe-
cific and predetermined mutations in corresponding periph-
eral blood from the same patient (Diehl et al., 2005, 2008a,
2008b; Leary et al., 2010; McBride et al., 2010; Nawroz et al.,
1996; Yung et al., 2009). Tumor-specific structural chromo-
somal rearrangements, i.e. breakpoints, identified by whole-
genome sequencing of primary tumors, which are then subse-
quently used to monitor in plasma of the respective patients
minimal residual disease (MRD) by high-sensitive PCR ap-
proaches have a particularly high specificity (Leary et al,
2010; McBride et al., 2010; Olsson et al., 2015). Various ap-
proaches for the non-invasive identification of somatic muta-
tions in blood at high resolution have been developed
(Bettegowda et al., 2014; Dawson et al., 2013; Forshew et al.,
2012; Misale et al., 2012; Murtaza et al., 2013; Newman et al.,
2014; Thierry et al., 2014). Mutation analyses assisted in the
elucidation of resistance mechanisms (Diaz et al., 2012;
Misale et al., 2014, 2012; Murtaza et al., 2013; Siravegna et al.,
2015), for the assessment of tumor heterogeneity (Reinert
et al, 2015), and establishment of methylation patterns
(Chan et al., 2013a; Sun et al., 2015). Furthermore, we and
others explored approaches for analyses of somatic copy
number alterations (SCNAs) at a genome-wide scale (Chan
et al.,, 2013b; Heitzer et al., 2013b; Heitzer et al., 2013d; Leary
et al,, 2012; Murtaza et al., 2013).

Indeed, among the outstanding characteristics of cancer
genomes are their frequent SCNAs and often extensive aneu-
ploidies (Stratton et al., 2009; Vogelstein et al., 2013). Their
identification and characterization are of utmost importance
for basic research, understanding disease mechanisms, and
tumor classification. Furthermore, they may contribute to
the identification of prognostic and predictive tumor markers,
which is of significance for personalized medicine, or “biolog-
ically personalized therapeutics” (Cherny et al., 2014). Here,
we review methods and strategies for copy number detection
and interpretation as well as their advantages and limitations.

1.1. Relevance and biology of somatic copy number
alterations in cancer

90% of solid tumors and 50% of blood-related cancers are
aneuploid and have SCNAs (Mitelman Database of Chromo-
some Aberrations and Gene Fusions in Cancer; http://cgap.n-
ci.nih.gov/Chromosomes/Mitelman; (Beroukhim et al., 2010)).
SCNAs alter a larger percentage of the genome than any other
somatic genetic alterations (Beroukhim et al., 2010; Stratton
et al., 2009; Vogelstein et al., 2013). SCNAs comprise losses
(i.e. deletions), gains (e.g. duplications), and high-level ampli-
fications (Figure 1). In principle, gains and losses are copy
number changes of any length and amplitude. However, a
“gain” is usually a relatively moderate copy number increase
(e.g. trisomy or tetrasomy), whereas an “amplification” is a
high level gain with sometimes up to several hundred copies
(Stratton et al., 2009), frequently occurring of only a restricted
size. There is no exact definition for an upper size limit of a
focal amplification and previous studies have analyzed focal
SCNAs with a size of up to 85 Mb (Beroukhim et al., 2010) or
shorter than the chromosome arm (Zack et al.,, 2013). Simi-
larly, homozygous deletions are usually also only observed
for relatively small regions and accordingly a correlation

between amplitude and size for both high-level amplifications
and homozygous deletions has been reported (Beroukhim
et al., 2010).

SCNAs may affect activation of oncogenes (OGs) or inacti-
vation of tumor suppressor genes (TSGs) (Beroukhim et al,,
2010; Stratton et al., 2009; Vogelstein et al., 2013). The loss of
TSGs and gain of OGs may propel further karyotype changes,
including whole or partial chromosome gains and losses.
This may result in clonal aneuploidy karyotype patterns,
which are frequently characteristic of a specific cancer
(Davoli et al., 2013; Santaguida and Amon, 2015).

When applying novel parameters for predicting TSGs and
OGs, TSGs were found to be enriched in recurring focal dele-
tions, whereas OGs were enriched in amplifications and
depleted from focal deletions. Hence, recurrent focal deletions
and amplifications both may represent “Cancer Gene Islands”,
which are characterized by particular densities of TSGs and
OGs (Solimini et al., 2012) (Figure 2a).

However, gaining or losing large chromosomal regions or
even whole chromosomes affects not specifically TSGs and
OGs, but results frequently yet not universally in expression
changes of large numbers of genes. Indeed, recent large-
scale integrated analyses of copy number and gene expression
have found that SCNAs comprise a major mechanism driving
carcinogenesis in epithelial cancers, such as breast and pros-
tate carcinoma (Curtis et al., 2012; Grasso et al., 2012; Taylor
et al., 2010). A study of 2000 primary breast tumors has re-
ported that the expression landscape was dominated by cis-
and trans-acting acquired SCNAs and the patterns of salient
SCNAs even allowed the definition of new breast-cancer sub-
types (Curtis et al., 2012). In prostate cancer genome-wide
comprehensive analyses have revealed that outlying expres-
sion coincided with copy number events (Grasso et al., 2012;
Taylor et al., 2010). Hence, the phenotypes of aneuploidy cells
are caused by gene imbalances and by simultaneous changes
in the gene dosage of many genes (Santaguida and Amon,
2015).

Indeed, the distribution and potency of TSGs and OGs on
chromosomes was shown to influence the frequency of
whole-chromosome arm SCNAs in cancer. Applying a newly
developed score that measures positive and negative growth
and survival potential that wild-type OGs or TSGs normally
impart to the respective chromosome arm it was calculated
how SCNAs might impact cancer evolution by altering this
balance (Davoli et al., 2013).

Importantly, Davoli et al., (2013) suggested the existence of
two classes for both TSGs and OGs. One TSG class is haploin-
sufficient (Haploinsufficiency: loss of one copy of a gene
causes in a diploid organism a phenotype) and contributes
to sporadic cancer, whereas the other class is haplosufficient
without significant contribution to cancer. In case of the first
class TSGs cancer may occur by loss of one functional allele,
which may produce a selectable phenotype, whereas the
latter class refers to the familial TSGs and the two-hit model
of tumorigenesis (Knudson, 2001). Estimates suggest ~30%
haploinsufficiency overall among human genes (Davoli et al.,,
2013). In fact, the vast majority, if not all, of sporadic TSGs
are likely to be haploinsufficient, and these genes cannot be
identified by mutation analyses but rather by systematic map-
ping of recurrently deleted chromosomal regions (Davoli et al.,
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Figure 1 — Copy number alterations detectable with plasma-Seq. Schematic representation of frequently occurring SCNAs in tumor cells (depicted

as chromosomes), sequence reads (coverage; illustrated as short black lines), and resulting copy number profile (CN profile; the green dotted line

represents the balanced status, the blue line the copy number profile) for a balanced chromosome, chromosome arm gain; high-level amplification

(may be caused by double minutes (DM), homogenously staining regions (HSR), or amplifications where the amplified region is scattered

throughout the genome as small insertions (distributed insertions, DI)), chromosome arm deletion, and smaller focal deletion, e.g. homozygous

deletion. In contrast, structural rearrangements, which do not result in copy number changes, e.g. balanced translocations, are not detected by

plasma-Seq. Due to the shallow sequencing read depth the number of reads spanning breakpoints is too low for a reliable detection.

2013). Hence, a “gene dosage balance model” for the prediction
of aneuploidy patterns was developed (Figure 2b).

Likewise, one OG class are oncogenes which are frequently
activated by mutations (e.g. KRAS ), whereas another OG class
shows triplosensitivity (Triplosensitivity: an additional copy
of a gene causes a phenotype). The latter OG class must not
show specific mutational signatures and often correlates
with amplifications (e.g. CCND1) (Davoli et al., 2013).

This model supports a view that chromosomal arm and
whole-chromosome SCNAs are selected for by the relative
densities and potencies of positively and negatively acting
cancer drivers on a particular chromosome (Davoli et al.,
2013). Hence, cumulative haploinsufficiency for deletions
and cumulative triplosensitivity for amplifications are impor-
tant contributors to tumorigenesis. Hence, systematic map-
ping of SCNAs will reveal the distribution of such TSGs and
OGs on chromosomes and will allow explaining of copy num-
ber changes on chromosomal regions through a process of cu-
mulative haploinsufficiency and triplosensitivity (Davoli et al.,
2013) (Figure 2b).

This is also likely a reason why many cancer cells have an
increased ploidy, because polyploidy attenuates aneuploidy-
associated phenotypes. Polyploidy helps in tolerating gains
and losses of large chromosomal regions and may facilitate
utilization of potentially beneficial traits occurring as conse-
quence of altered dosages of specific cancer driver genes
(Santaguida and Amon, 2015).

Furthermore, tumor genomes are characterized by various
forms of instability and a common instability is chromosomal
instability (CIN) (Geigl et al., 2008), where the chromosomal
composition of tumor cells constantly changes. The temporal

ordering of SCNAs is greatly unknown and genome-wide copy
number screens of plasma during a disease course may
contribute to an improved understanding. In addition, SCNA
mapping may have clinical relevance, as increased SCNAs
have been linked to poor prognosis in several cancer types
(Carter et al., 2006; Zack et al., 2013).

1.2 Whole-genome copy number analyses approaches

Hence, there is growing evidence that aneuploidy contributes
to promote tumorigenesis. However, our current knowledge
how certain karyotypes may promote tumorigenesis is
limited, due to lack of data how aneuploidy may change and
its plasticity during tumor evolution. To this end, liquid bi-
opsies offer novel opportunities to address this issue.

A genome-wide screen for copy number changes has the
advantage that it is an untargeted approach, which does not
require any prior knowledge about characteristics of the pri-
mary tumor genome or its metastatic deposits.

To this end, one of the first studies employed Affymetrix
Genome-Wide Human SNP 6.0 arrays for the analysis of
plasma DNA from patients with breast cancer and this
approach allowed mainly the detection of high-level amplifi-
cations (Shaw et al., 2012).

In our first plasma DNA study we generated random DNA
libraries by converting the plasma DNA fragments into PCR-
amplifiable OmniPlex Library molecules flanked by universal
priming sites for whole-genome amplification (WGA) and sub-
jected the WGA products to array CGH on a 60 K microarray
platform (i.e. 55,077 oligonucleotides). Subsequently, we
calculated for each of these oligonucleotides whether the ratio
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Figure 2 — Models for the selection of SCNAs. (a) The “cancer gene
island model” (Solimini et al., 2012) for focal SCNAs suggests that
focal deletions are mainly enriched for tumor suppressor genes
(T'SGs), whereas focal amplifications are mainly enriched for
oncogenes (OGs) to exert a negative or positive phenotypic effect on
tumorigenesis. (b) The “gene dosage balance model” (Davoli et al.,
2013) for larger SCNAs predicts that patterns of aneuploidy are
determined by cumulative gene dosage: deletions frequently harbor
TSGs and only rarely OGs and the reverse pattern is present in

gained regions.

values were decreased, balanced, or increased (Heitzer et al.,
2013b). In a subset of 32 patients (34.4%) with stage IV colo-
rectal carcinoma we were able to establish genome-wide tu-
mor-specific copy number alterations directly from plasma
DNA (Heitzer et al., 2013b). The copy number changes, which
we deduced from plasma, displayed a high correlation to
those observed in the respective primary tumors and also to
those in CTCs, which were collected at the same time
(Heitzer et al., 2013a, 2013c).

As massively parallel sequencing of plasma DNA from the
maternal circulation was emerging to a clinical tool for the
routine detection of fetal aneuploidy (Chiu et al., 2008; Chiu
and Lo, 2012; Fan et al., 2008) the essentially same approach,
i.e. next-generation sequencing from plasma, was used for
the detection of chromosomal alterations in the circulation
of 3 patients with hepatocellular carcinoma and 1 patient
with both breast and ovarian cancer (Chan et al., 2013b) and
from 10 patients with colorectal and breast cancer (Leary
et al., 2012). This approach is based on sequencing and
enumerating genomic DNA tags, similar to the previously
described digital karyotyping (Wang et al., 2002). The genome
is divided into windows or bins of a certain size, and a GC-
corrected read count for each of these windows is then used
to determine if the respective region is increased or decreased.
In order to establish z-scores a statistical means for the

presence of an SCNA the read counts can be compared to a
reference group (Chan et al., 2013b; Heitzer et al., 2013d;
Leary et al, 2012). Due to the relative high coverage (i.e.
>10x (Leary et al., 2012) and >15x (Chan et al., 2013b)), these
plasma sequencing analyses were time-consuming and the
costs were prohibitive for routine clinical implementation.
As it had been previously shown that whole-genome
sequencing with a shallow sequencing depth of about 0.1x
is sufficient for a robust and reliable analysis of copy number
changes from single cells (Navin et al., 2011), we developed a
whole-genome plasma sequencing approach employing also
such a shallow sequencing depth. Using a benchtop high-
throughput sequencing instrument (i.e. the Illumina MiSeq)
we performed whole-genome sequencing from plasma DNA
and measured copy number from sequence read depth. We
refer to this approach as plasma-Seq (Heitzer et al., 2013d).
In addition, we sequence a panel of high-interest genes with
high coverage for mutation analyses. Up to date, we have
used plasma-Seq to analyze blood from patients with prostate
(Heitzer et al., 2013d), colon (Mohan et al., 2014), and breast
(Heidary et al., 2014) cancer, an example is outlined in the
next section and in Figure 3. A distinct advantage of this
approach is the speed, as it allows generation of results in
“real time” (<48 h). Furthermore the costs are low, making it
an affordable tool, which is an important prerequisite for
implementing this technique in the clinic.

A similar approach has been applied by others for SCNAs
analysis in blood from patients with prostate cancer (Xia
et al., 2015). Furthermore, whole-exome sequencing data has
also been used to assess SCNAs in plasma (Murtaza et al,,
2013).

Assessment of SCNAs can be performed with CTCs as well.
All available single-cell strategies depend on initial whole-
genome amplification (WGA), of which several commonly
used single-cell WGA techniques exist (Fiegler et al., 2007;
Garvin et al, 2015; Geigl et al.,, 2009; Geigl and Speicher,
2007). After WGA, SCNA analyses by array-CGH of single
CTCs (Heitzer et al.,, 2013a; Mohlendick et al., 2013; Neves
et al., 2014; Polzer et al., 2014; Steinert et al., 2014), several
CTCs (Magbanua et al., 2013), or SNP arrays (Chiu et al., 2014)
have been reported. Due to the aforementioned observation
that SCNA determination from single cells requires only
sparse sequence coverage (Baslan et al.,, 2012, 2015; Navin
et al,, 2011), others and we used this approach to establish
SCNA profiles from CTCs (Heidary et al., 2014; Ni et al., 2013).

1.3. Comparison of SCNA profiling by ctDNA and CTCs

Both ctDNA and CTCs are powerful resources to deduce SCNA
profiles from peripheral blood. However, differences in acqui-
sition of the material, the need for WGA, and purity of tumor
DNA exist.

Although CTC capture methods have been improved, CTCs
remain difficult to isolate, as they constitute only few cells in
the background of a million mononuclear cells (Alix-
Panabieres and Pantel, 2014; Pantel and Speicher, 2015). In
contrast, acquiring samples for ctDNA analyses implies just
a simple blood draw. Furthermore, plasma DNA analysis
does not require WGA. The dependence on initial WGA for sin-
gle CTC analysis is problematic, as yields of amplified DNA
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Figure 3 — Scenarios and outcomes observable with plasma-Seq. (a) Plasma-Seq copy number profiles represent an average of all cells releasing

DNA into the circulation, e.g. from different clones within a tumor lesion (PT) or from various tumor lesions, i.e. metastatic deposits (M1—M3)
(designated as a, b, and c). If all lesions have the same SCNAs they are visible with large amplitude (bottom), the amplitude decreases, if the SCNA

is present in a subset of lesions only (center). If the SCNA pattern varies in different lesions they may even not be visible at all (top). (b) Copy

number analyses of a primary tumor (PT2) and two plasma analyses (P2_1, 27 months after diagnosis of the primary tumor; P2_3, 6 months after
P2_1) from the same patient. The X- and Y-axes indicate the chromosome and the log2-ratios, respectively. The locations of the EGFR, ERBB2
and KRAS genes are indicted in PT2 or P2_3. The profiles were taken from one of our previous studies (Mohan et al., 2014).

may vary among CTCs, WGA introduces amplification bias,
and the commonly used single-cell WGA techniques differ in
their suitability for SCNA analysis (Garvin et al., 2015).

However, CTC analyses provide highly specific approaches,
as they represent a pure tumor cell population and yield infor-
mation on a cellular level, whereas ctDNA reflects an average
of all tumor cells releasing DNA into the circulation as dis-
cussed in the next section. Furthermore, ctDNA is derived
from apoptotic and necrotic cells, whereas tumor DNA can
be obtained from intact viable CTC, which may justify the
increased effort to capture CTCs (Pantel and Speicher, 2015).
Moreover, it is possible to analyze the DNA of CTCs with a
particular phenotype, for example CTCs expressing stem cell
markers or immune checkpoint molecules like PDL1 (Mazel
et al., 2015).

1.4. Stability assessment of aneuploid karyotypes by
liquid biopsies

SCNAs in plasma are averages from various tumor sites,
which release tumor DNA into the circulation and which

may reflect either different clones within a heterogeneous pri-
mary tumor or represent different metastatic deposits
(Figure 3a). As such they may blur copy number alterations
occurring in only a subset of cells; however, they reliably
reflect the most prominent copy number alterations and allow
conclusions about tumor biology. For example, in one of our
previous studies we analyzed patients with colorectal cancer
receiving anti-EGFR therapy (Mohan et al., 2014). In one of
these patients (i.e. #2) we analyzed a first plasma sample after
a disease course of 2 years and 3 months and observed that
the copy number alterations in the plasma sample were
almost identical to those of the primary tumor (Figure 3b).
This stability of the SCNA pattern — despite the long time in-
terval and despite intensive treatment in between — confirms
the existence of selected, stable aneuploidy karyotypes that
have evolved to support maximal proliferation and in which
the stresses caused by aneuploidy karyotypes are suppressed
(Santaguida and Amon, 2015). Furthermore, this example il-
lustrates that aneuploidy cannot be equated with CIN (Geigl
etal., 2008). However, within 6 months of treatment with pan-
itumumab, this stable aneuploid karyotype developed a novel
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change, i.e. a KRAS amplification (Figure 3b; (Mohan et al,,
2014)), which is an established resistance marker against
anti-EGFR therapy (Misale et al., 2012; Valtorta et al., 2013).

Hence, plasma-Seq may reveal highly stable aneuploid
karyotypes, which withstand selection pressures over long
periods of time, or new small changes, such as novel focal
amplifications, which may have a great impact on the dis-
ease course. Importantly, plasma-Seq may also reveal the
emergence of tremendous clonal shifts or even the occur-
rence of new clones (Ulz et al.; manuscript submitted).
Thus, the cancer genome may also be characterized by
continuously changing karyotypes, indicating that aneu-
ploidy has suboptimal impact on cellular fitness and these
important features can now be unraveled by appropriate
liquid biopsy approaches.

1.5. Limitations to confirm liquid biopsy findings with
tissue biopsies

All plasma DNA analyses have some important limitations in
common. A vital question is the confirmation of plasma re-
sults by another approach. An option could be to biopsy a
metastasis at the same time of the blood collection. However,
metastases may be inaccessible and in many instances this
should be only applicable if there is a medical reason to biopsy
or remove metastases, otherwise there are important ethical
issues to consider. Furthermore, a biopsy in metastatic dis-
ease is just a random, relatively small sample of the entire tu-
mor events, which might not be representative and might not
be a major source of ctDNA into the circulation. Hence, beside
rigorously testing and verifying the liquid biopsy methods, a
relatively easy confirmation may be achieved by comparing
ctDNA results with those obtained from CTCs collected at
the same time (Heitzer et al., 2013a, 2013b, 2013c). Indeed,
recent studies have suggested that SCNAs of CTCs are often
highly similar and shared between CTCs, the primary, and
the metastatic tumor cells (Heitzer et al., 2013a; Ni et al., 2013).
Furthermore, one should bear in mind that plasma copy
number analyses reveal only relative copy number changes,
which neither allow to establish the ploidy level of tumors
cells, nor the exact prediction of the absolute copy number
due to the dilution effects with DNA from normal cells.
Reliable copy number analyses require a relatively high
allele frequency of ctDNA estimated to be at least 5-10% of
plasma DNA (Belic et al., 2015; Carreira et al., 2014; Heitzer
et al., 2013d). Considering that ctDNA is detected with lesser
frequency in localized than in metastasized tumor disease
(Bettegowda et al., 2014), this approach may be less suited
for the detection of MRD or for screening of at-risk popula-
tions. However, to this end there is another very interesting
aspect from the aforementioned non-invasive prenatal
testing for fetal aneuploidies using maternal plasma DNA.
As this approach has rapidly evolved to a frequently used
test, there is by now an enormous data set of plasma DNA
sequencing data from healthy, relatively young individuals
where whole-genome plasma sequencing was performed
not within the context of cancer. Nevertheless, this prenatal
testing resulted in the incidental detection of occult maternal
malignancies in 10 of 125,426 (Bianchi et al., 2015) and 3 of 4000
(Amant et al., 2015) noninvasive prenatal testing cases. Hence,

it may be interesting to screen an older population (e.g. above
60 years of age) to test how many occult tumors may be
detected. The disadvantage that the ctDNA content must be
relatively high is compensated by the fact that copy number
screening is untargeted and that it does not depend on the
previous identification of highly specific somatic mutations.
Furthermore, using appropriate prescreening tools (Belic
et al.,, 2015), the costs for such a population screening would
be in a moderate range.

2. Conclusions

At present, our knowledge how certain karyotypes contribute
to tumorigenesis is very limited. The identification of cancer
driver genes, either oncogenes or tumor suppressor genes,
which contribute to tumorigenesis often by haplo- or triploin-
sufficiency if their copy number is changed, is incomplete.

Analyses of ctDNA offer a new and exciting possibility to
study the role of aneuploidy in tumorigenesis, in particular
in advanced stage cancer. As aneuploidy is a hallmark of can-
cer but rare in normal cells, therapeutics targeting the aneu-
ploidy state may provide ideal therapeutic properties.

Of course, mutation analyses should accompany SCNAs
studies, as they complement each other. Expression analyses
and other markers may get added. Furthermore, methylation
changes of plasma DNA, which may even allow the identifica-
tion of the cell of origin (Sun et al., 2015), could broaden our
knowledge. Hence, future studies should comprehensively
cover as many parameters as possible, so that liquid biopsies
evolve to an indispensable clinical tool which improves the
management of patients.
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