
Monitoring cancer therapy
Improvement in the clinical outcome of many cancer 
types is likely to be achieved by giving patients a drug 
tailored to the genetic makeup of their tumor. One of the 
best documented examples is the breast cancer drug 
trastuzumab (Herceptin), a monoclonal antibody that 
blocks the human epidermal growth factor receptor 2 

(HER2) and is given to breast cancer patients whose 
tumors overexpress HER2 [1]. Th e recent surge in high-
throughput sequencing of cancer genomes is delivering 
cheaper and more accurate tumor genome information 
[2-5], and it can be anticipated that more predictive bio-
markers will be identifi ed and that patients will increas-
ingly be treated by focusing on the genetic architecture of 
their particular tumor rather than on the tumor’s location 
or histological features.

However, cancer genomes are unstable and prone to 
changes under selection pressures such as the application 
of therapies. Th us, molecularly targeted cancer therapies 
require serial monitoring of the tumor genome’s makeup 
to ensure that a given therapy is still ‘hitting the target’ or 
to detect whether new predictive biomarkers are 
emerging. However, serial biopsies of metastatic lesions 
cannot usually be performed because of their invasive 
nature. Furthermore, they frequently yield only sparse 
quantities of cytological material and therefore provide 
only limited information about the genetic content of 
cells. In fact, the inability to obtain adequate material for 
serial monitoring of tumor genotypes has been a major 
barrier to translating laboratory fi ndings into therapy.

Methods for rapid, cost-eff ective, and non-invasive 
moni toring of tumor genomes and for identifi cation of 
potential biomarkers at various time points during a 
disease course are needed. To this end, circulating tumor 
cells (CTCs) and circulating tumor DNA (ctDNA) off er a 
unique opportunity for serially monitoring tumor genomes 
in a non-invasive manner. As CTCs and ctDNAs are 
potential surrogates for the tumor itself, they are often 
referred to as ‘liquid biopsy’ [6-10].

CTCs are shed into the bloodstream from primary and 
metastatic tumor deposits. First observed in 1869 by the 
Australian physician Th omas Ashworth [11], the poten-
tial value of CTCs was not realized until the end of the 
1990s. An initial focus of research when it began in 
earnest in the early 1990s was the rare tumor cells found 
in the bone marrow at the time of diagnosis, long before 
metastasis was evident [8,9]. In contrast to CTCs (tumor 
cells in the circulation), these disseminated tumor cells 
may remain in a dormant state for many years at a site in 
the body, such as in the bone marrow, and may give rise 
to metastases years after complete resection of the 
primary tumor. For example, in patients with breast 
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cancer, several studies suggested that the presence of 
disseminated tumor cells in bone marrow is associated 
with a poorer prognosis [12,13]. However, frequent bone 
marrow biopsies are not practical, and therefore interest 
has shifted to CTCs, which can be obtained by a simple 
blood collection.

In fact, the isolation and characterization of CTCs has 
tremendous potential for providing new biological 
insights into the pivotal steps in metastases. Clinical 
applications include the identification of prognostic, 
predictive, and pharmacokinetic biomarkers [9,14,15] 
(Figure  1). Such ‘real time’ longitudinal monitoring of 
CTC-derived genotypes may provide a non-invasive 
approach to identifying drug-sensitivity- and resistance-
associated markers, guiding therapeutic decisions 
(Figure 1).

Although the isolation and analysis of CTC hold great 
promise for the early detection of invasive cancer and the 
management of advanced disease, technological hurdles 
such as finding them among millions of normal 
hematogenous cells have limited their broad clinical 
utility. Here we review recent developments in CTC 
capture and analysis tools, CTC monitoring strategies, 
and insights into their biology. In addition, we cover 
progress in ctDNA analysis, which may become a 
complementary or alternative liquid biopsy to CTCs.

CTC selection methods
A major hurdle in CTC analysis is that CTCs constitute 
as few as 1 cell per 1 × 109 normal blood cells in patients 
with metastatic cancer, and therefore it is difficult to 
identify and isolate them [9]. As a consequence, multiple 
CTC selection and capture approaches have been 
developed and recently extensively reviewed [6,9,10,​
16,17]. We refer the reader to these references for a 
complete overview of CTC selection technologies. Here, 
we focus only on some of the more commonly used CTC 
selection methods and on some recent microfluidics 
technologies, which were not covered in the afore
mentioned reviews.

The simplest CTC selection method is probably size-
based membrane filters. Such filters enrich cells larger 
than a certain diameter based on the assumption that 
CTCs are larger than blood cells [18,19]. However, a 
recent study reported a considerable size overlap between 
CTCs and leukocytes [20], so that size-based filter 
systems probably miss a proportion of CTCs.

At present the most widespread CTC detector is the 
CellSearch system (Veridex). This is a semi-automated 
system that enriches for cells expressing epithelial-cell 
adhesion molecules (EpCAMs) but lacking the leukocyte-
specific molecule CD45. Cells are further immunostained 
with fluorescent-labeled anti-keratin antibodies identify
ing, among others, cytokeratin (CK)8, CK18, and CK19 

[14,21,22]. Using the CellSearch system, CTCs were 
found in the peripheral blood of patients with all major 
carcinomas, but not in participants without malignant 
diseases [23]. With this system, baseline and follow-up 
CTC levels were reported to be strong predictors for 
progression-free and overall survival, which resulted in 
US Food and Drug Administration approval for monitor
ing patients with metastatic breast, prostate, and 
colorectal cancer [9].

To optimize the capture of CTCs, several microfluidic 
platforms have been developed (reviewed by Pratt et al. 
[24]). One is the CTC-chip, in which blood flows past 
EpCAM-coated microposts under precisely controlled 
laminar-flow conditions [15]. However, the difficulties in 
isolating these cells in this non-transparent three-dimen
sional array of microposts limited the options for 
subsequent single CTC analyses. Therefore, the same 
group developed this chip further, and instead of 
microposts the advanced chip uses surface ridges or 
herringbone grooves in the ceiling of the channel (it is 
thus dubbed the herringbone- or HBCTC-Chip). The 
grooves generate transverse flow, inducing microvortices, 
which direct cells toward the EpCAM-coated walls of the 
device [25,26]. Advantages include the use of transparent 
wells and less complex three-dimensional structures, 
facilitating analysis of captured cells.

Another microfluidic device for enhanced CTC capture 
is the micro-Hall detector, which detects the magnetic 
moments of cells in-flow after immunolabeling with 
magnetic nanoparticles. The detection of CTCs was 
achieved using a panel of immuno-magnetic nanoparticles 
against four markers, EpCAM, HER2/neu, epidermal 
growth factor receptor (EGFR), and mucin-1 (MUC1) [27].

However, devices depending on EpCAM for CTC 
capture have the drawback that they miss EpCAM-
negative CTCs, such as cells that have undergone an 
epithelial-to-mesenchymal transition (EMT), a process 
thought to facilitate the dissemination of tumor cells into 
the surrounding tissue and circulation [28]. Furthermore, 
the heterogeneity of EpCAM expression on the surface of 
CTCs can cause variation in the ability to detect them 
[23]. In addition, EpCAM methods cannot detect non-
epithelial cancers, such as sarcomas.

In part, these limitations can be addressed by using 
cocktails of antibodies or by negative filtration, which 
uses antibodies to remove blood cells from a sample and 
leaves behind tumor cells. A new, more sophisticated 
approach to distinguish epithelial from mesenchymal 
cancer cells used RNA in situ hybridization (RNA-ISH) 
to differentially stain cells according to the expression 
levels of epithelial and mesenchymal genes [29]. Another 
CTC capture platform, the CTC-iChip, is capable of 
isolating both EpCAM+ and EpCAM- CTCs using a series 
of steps: debulking (cytoreduction to remove red blood 
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cells, platelets, and plasma proteins, so that only 
nucleated cells, white blood cells, and CTCs are retained); 
inertial focusing (a microscale hydrodynamic pheno
menon used to position or focus randomly distributed 
cells  - for example, in a single central stream); and 
magnetic separation (separation of magnetically labeled 
cells from unlabeled cells). These steps allow strategies 
for CTC isolation that is either dependent on or 
independent of the tumor membrane epitope, making 
the CTC-iChip applicable to virtually all cancers, that is, 
to epithelial and non-epithelial cancers [20].

However, these new CTC microfluidic devices have not 
been validated to a comparable level as the CellSearch 

system with regard to their specificity, reproducibility, 
and clinical relevance so far, so it will be of interest to see 
which make it into the clinic. In any case, all separation 
strategies will probably miss some cancer cells, and a 
particular challenge will be to answer the question of 
whether the cells that are collected are the ones that can 
seed new tumors. To answer essential questions about 
CTC biology such as this, analysis tools as outlined below 
are needed.

CTC analysis
Currently the main clinical CTC application consists of 
enumeration of putative CTCs without further analyses. 

Figure 1. Monitoring of tumor genomes using CTCs and ctDNA. Cancer cells can disseminate from the primary site through the lymphatic 
system (not shown) or by hematogenous routes. In addition, tumor cells can release DNA into the circulation (illustrated as small DNA strands). The 
figure shows a tumor consisting of two clones, center, indicated in dark and light blue. In this example the light blue clone releases CTCs and DNA 
into the circulation at a given time. Analysis of CTCs and ctDNA can reveal tumor-specific copy number changes (chromosome 8 is included here 
as an example, and is depicted as an overrepresentation of the long arm) and mutations at the nucleotide level (illustrated as the allele fraction 
of mutations at the bottom). If the tumor genome is stable, repeated analyses would reveal no additional copy number changes or mutations. 
However, cells from one clone may decrease (left, the light blue clone) as a result of selection pressures associated with a given treatment, whereas 
cells from another (dark blue clone) increase so that CTCs and ctDNA from this clone may be preferentially released into the circulation. As the 
material in the circulation is now from a different clone, copy number changes (here illustrated as a loss of the entire chromosome 8) and the allele 
frequency of mutations may differ substantially from the previous analysis. Alternatively (right), the light blue clone could acquire a new mutation - 
for example, with increased resistance to a given therapy (shown as green cells) - and because they evolved directly from the light blue cells, 
copy numbers and mutations will be very similar to the earlier analysis. However, new mutations may be detected (indicated here as a high level 
amplification on 8q and a new mutation).
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However, counting cells barely makes use of the potential 
information residing in CTCs and does not reflect how 
oncologists want to use CTCs. In general, there are 
various approaches to studying CTCs and to analyzing 
their protein, RNA, and DNA content [9,10].

One protein-based analysis is the EPISPOT (EPithelial 
ImmunoSPOT) assay, which captures proteins secreted 
from CTCs during a 24 to 48 hour culture on a membrane 
coated with antibodies. This assay can distinguish between 
apoptotic and viable CTCs and has the potential to 
identify and differentiate between different proteins within 
CTCs (CTC protein fingerprinting) [6,30].

Another protein analysis approach uses quantitative 
immunofluorescence to simultaneously visualize differ
ently labeled targets within CTCs. For example, Miya
moto et al. [31] first selected prostate cancer-specific 
candidate gene products for which reliable antibodies 
were available: prostate-specific antigen (PSA; KLK3) and 
prostate-specific membrane antigen (PSMA; FOLH1). 
They then used antibodies against PSA and PSMA to 
distinguish CTCs from men with prostate cancer with 
activated and inactivated androgen receptor (AR) 
signaling using a quantitative immunofluorescence assay 
(see below).

There are also various ways to study RNA expression in 
CTCs. As mentioned before, one method is the quanti
fiable, dual-colorimetric RNA-ISH assay developed by Yu 
et al. [29], which uses the expression of seven pooled 
epithelial and three mesenchymal transcripts. By direct 
visualization of the hybridization pattern within cells, 
CTCs with epithelial and mesenchymal composition 
could be identified. Alternatively, RNA can be extracted 
and sequenced. For example, Stott et al. [26] detected the 
prostate cancer-specific TMPRSS2-ERG fusion in RNA 
extracted from CTCs from patients with metastatic 
prostate cancer. Microfluidic-based single cell expression 
analysis was reported in individual CTCs. This high-
dimensional gene expression measurement allowed 
transcriptional profiling of 87 cancer-associated and 
reference genes on a cell-by-cell basis [32].

Recently it has also been shown that CTC lines can be 
developed and kept in long-term culture [33,34]. Such 
CTC lines can be used for further CTC characterization 
and to investigate functional CTC properties, such as 
invasiveness or preferential sites for metastases when 
xenografted into nude mice.

The cytogenetic composition of CTCs can be assessed 
with interphase fluorescence in situ hybridization (FISH) 
[35,36]. However, interphase FISH allows assessment of 
the copy number changes only for genomic regions 
covered by the FISH probes. On a genome-wide level, 
copy number changes of the CTC genome can be studied 
after whole genome amplification (WGA) by array-
comparative genomic hybridization (array-CGH) either 

of single CTCs [37] or by pooling several CTCs [38,39] 
(Figure 2).

Several recent studies have suggested that high-
resolution single-cell DNA sequencing is feasible [37,40-
45]. However, all of these strategies depend on an initial 
WGA step, because a single diploid cell contains only 
6.6 pg of DNA, whereas micrograms of DNA are required 
for sequencing (Figure  2). As a consequence, single-cell 
sequencing is prone to artifacts, which may be introduced 
during either amplification or sequencing. We have 
recently published the first study that analyzed genome-
wide copy number changes and mutations in a panel of 
genes by next-generation sequencing (NGS) in single 
CTCs [37]. In our previous papers we explained why 
single-cell CTC sequencing differs from sequencing of 
other single cells [37,46]. First, somatic mutations in 
tumor cells include many changes at the nucleotide level 
and copy number of DNA segments [4]. However, the 
reliable and simultaneous detection of both copy number 
changes and mutations at the nucleotide level cannot be 
achieved by most recently published single-cell approaches 
[40,42-44]. A recent amplification method reported the 
genome-wide detection of single-nucleotide and copy 
number variations in single human cells [41,45]. This new 
WGA method, ‘multiple annealing and looping-based 
amplification cycles’ (MALBAC), uses five initial quasi-
linear pre-amplification cycles, which are intended to 
reduce the bias often observed with nonlinear ampli
fication. This is then followed by exponential amplifica
tion cycles. However, this new method has not yet been 
applied to CTCs, so it remains unclear whether it can be 
combined with any of the CTC capture procedures. 
Second, as CTCs are extremely rare, usually only a very 
limited number of cells are available for analysis. Hence, 
strategies such as calling mutations only if they are 
observed in a specified number of cells, which have been 
used by some single cell sequencing approaches [40,44], 
are not applicable to CTCs. Third, isolation of CTCs from 
millions of normal cells is a much more complex 
procedure than isolation of cells from a primary tumor or 
from another cell population. Fourth, no suitable material 
for comparison of CTC results is available. This is 
because CTCs may recur years after initial diagnosis of 
the primary tumor and may have acquired multiple, new 
changes since then. Fifth, CTCs may be released from 
various metastatic sites and their origin cannot usually be 
traced. Finally, CTCs have been reported to be hetero
geneous [47-49] and may therefore show tremendous 
cell-to-cell variability.

Nevertheless, the importance of a molecular charac
terization of CTCs is highlighted by the fact that in our 
study [37] the CellSearch system selected epithelial and 
CD45-negative cells, in which we did not find tumor-
specific mutations previously identified in the respective 
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primary tumors and which had each a balanced copy 
number profile. Instead of CTCs these cells could be 
circulating epithelial cells, which had recently been 
described in patients with benign colon diseases [50]. 
Thus, it is possible that not all epithelial, CD45-negative 
cells are CTCs.

Disease monitoring with CTCs
One of the most attractive goals of CTC analysis is 
disease monitoring. Indeed, even the presence of CTCs 
in peripheral blood is a prognostic biomarker and can be 
measured to track therapeutic response in patients with 
cancer [14,21,23,51-53]. However, monitoring has gone 
far beyond simple CTC counting. As cancer can develop 
resistance against a given therapy and may then recur or 
spread, the timely identification of secondary mutations 
is of utmost importance, so that patients who are unlikely 
to benefit from continuing the initial therapy are spared 
the side effects and the loss of time that could have been 
spent in pursuing more active agents.

For example, patients with non-small-cell lung cancer 
and somatic activating mutations in the EGFR gene are 
likely to benefit from treatment with selective EGFR 
kinase inhibitors. However, secondary EGFR mutations 
that inhibit the binding of tyrosine inhibitors and cause 
resistance to such drugs may emerge [54]. Using the 
CTC-chip, CTCs from patients with metastatic non-
small-cell lung cancer were subjected to serial EGFR 
mutation analysis. Indeed, by monitoring CTCs the 
acquisition of the recurrent T790M-EGFR drug resis
tance mutation became evident and coincided with the 
development of clinically refractory disease [55].

In contrast to this approach, which focused on muta
tion analysis for a specific, previously known resistance 
marker [55], genome-wide analysis strategies should, in 
theory, capture all possible mechanisms of resistance. For 
example, the results of our CTC analyses using array-
CGH and NGS [37] suggested that we can indeed 
elucidate relevant changes in the tumor genome that had 
either not been present or not been observed at the time 

Figure 2. Workflow of CTC analyses. (a) CTCs (light blue cell) are rare cells in the circulation; the vast majority of nucleated cells are normal blood 
cells (orange). (b) First, separation steps as outlined in the main text are necessary to isolate these rare cells. (c) After cell lysis, DNA is accessible for 
whole-genome amplification (WGA). The WGA products can be analyzed for copy number changes on an array platform by comparative genomic 
hybridization (array CGH). Alternatively, libraries can be prepared and subjected to next-generation sequencing (NGS). By NGS both copy number 
changes and mutations within genes can be detected.
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of initial diagnosis. Analysis of the genomes of the 
primary tumor and metastasis of one of our patients did 
not reveal changes that would have made her eligible for 
enrolment in a trial with a CDK inhibitor such as 
alvocidib. Yet the CTCs obtained 34 and 24 months after 
diagnosis of the primary tumor and liver metastasis, 
respectively, revealed a high level of amplification of 
CDK8, which had not been noted in the previous analyses 
[37]. Therefore, this amplification may be a viable target 
for CDK inhibitors, which are currently in clinical trials 
[56-58].

Miyamoto et al. [31] used the HBCTC-Chip and analyzed 
CTCs with the aforementioned PSA and PSMA quanti
tative immunofluorescence assay. PSA is upregulated 
following androgen receptor (AR) activation and PSMA 
is upregulated following AR suppression, so that PSA+ 
PSMA- CTCs indicate activated AR whereas CTCs with a 
reverse pattern, PSA- PSMA+, indicate suppressed AR. In 
untreated patients, single-CTC immunofluorescence 
analysis revealed predominantly the expected PSA+ 
PSMA- signatures. Initiation of first-line androgen depri
vation therapy switched this pattern to PSA- PSMA+. The 
presence of a mixed PSA+ PSMA+ pattern or CTCs with 
PSA+ PSMA- despite treatment was associated with an 
adverse treatment outcome. These data suggested that 
CTCs may help to guide therapy in prostate cancer [31].

In summary, CTC characterization might be a useful 
biomarker for treatment response and for monitoring 
changes in tumor genomes.

CTC biology
The other current area of CTC research addresses their 
biology to learn more about the process of metastasis [7]. 
The mechanisms that implicate CTCs in metastatic 
disease remain elusive, and a particular challenge is to 
answer the question of whether the cells that are 
collected with the aforementioned approaches have the 
potential to seed new tumors. To this end, mouse models 
are instrumental [59]. For example, mouse models 
revealed that metastasis is not a unidirectional process 
but a multidirectional one in which cancer cells do not 
seed only distant sites, but also the primary tumor itself. 
This latter process has been termed ‘self-seeding’ [60,61].

It has been hypothesized that CTCs include putative 
precursors that initiate distal metastases. However, the 
existence and phenotype of such putative metastasis-
initiating cells remains elusive.

Using an endogenous mouse pancreatic cancer model, 
single-molecule RNA sequencing from CTCs identified 
enriched expression of Wnt2. Indeed, expression of 
WNT2 in human pancreatic cancer cells was shown to 
increase metastatic propensity in vivo [62]. Another 
study used a xenograft assay to demonstrate that primary 
human luminal breast cancer CTCs contain cells that 

give rise to metastases in mice in various organs. These 
metastasis-competent CTC populations expressed 
EpCAM, CD44, CD47, and MET, and in a small cohort of 
patients with metastases it could be shown that the 
presence of CTCs with such an expression profile was 
correlated with lower overall survival and increased 
number of metastatic sites [63]. Thus, mouse models 
contribute to the identification of functional circulating 
metastasis-competent CTCs, and their molecular 
analysis has great potential to identify candidate 
therapeutic targets to prevent the distal spread of cancer.

Another exciting topic is the role of EMT in tumor 
metastasis. Yu et al. [29] measured the expression of 
mesenchymal and epithelial markers in CTCs from 
breast cancer patients. Serial CTC monitoring suggested 
an association of mesenchymal CTCs with disease 
progression. In one patient, reversible shifts between 
mesenchymal and epithelial cell fates were associated 
with response to therapy and disease progression [29]. 
Another recent study focused specifically on EpCAM- 
CTCs [33]. In patients with breast cancer, cell identi
fication was then based on protein detection by immuno
fluorescence or FISH to detect CTCs overexpressing 
EGFR, HPSE, a potent tumorigenic, angiogenic, and 
prometastatic molecule, and ALDH1, a tumor-initiating 
stem cell marker. The authors [29] also developed CTC 
lines from some of these patients and identified a 
potential expression signature of brain metastasis, which 
was, in addition to the overexpressed EGFR and HPSE, 
characterized by high expression of HER2 and Notch1 
[33].

In summary, studying CTC biology has the potential to 
elucidate the role of EMT and to discover processes 
instrumental for metastasis.

ctDNA as an alternative to CTC analysis
In addition to progress in CTC research, significant 
advancement has also been made with ctDNA. The 
presence of small amounts of tumor DNA in the plasma 
of cancer patients was demonstrated several decades ago 
[64-67]. Since then, multiple studies have investigated 
plasma DNA’s potential as a biomarker (for a detailed 
review see [68]). Initially the focus was on the identi
fication of known alterations previously found in the 
resected tumors from the same patients in plasma DNA 
for monitoring purposes [69-75]. Given that chromo
somal copy number changes occur frequently in human 
cancer, approaches allowing the mapping of tumor-
specific copy number changes from plasma DNA using 
array-CGH [76] or NGS of plasma DNA [77-81] had 
been developed. Recent studies have also demonstrated 
the simultaneous detection of genome-wide copy number 
changes and mutations at the nucleotide level [77,78,80]. 
The usual workflow for processing of ctDNA is illustrated 
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in Figure 3. Importantly, ctDNA does not depend on 
special equipment, unlike CTC capture. Instead, ctDNA 
is analyzed together with plasma DNA from normal cells, 
which is always present in the circulation (Figure 3). 
Current NGS technologies are sensitive enough to detect 
tumor-specific somatic mutations, even if the ctDNA 
fragments represent only a minority of all DNA frag
ments in the circulation. Furthermore, ctDNA analyses 
are independent of EpCAM markers, unlike most CTC 
capturing systems. On the other hand, CTCs yield 
information on a cellular level and thus clonality, whereas 
ctDNA reflects an average of all tumor cells releasing 
DNA into the circulation. Despite these differences, CTC 
and ctDNA analyses may reveal surprisingly congruent 
results. For example, Figure 4 depicts array-CGH analyses 
from a CTC and plasma DNA from the same patient with 

colon cancer from our previous studies [37,76]. Differ
ences between CTC and plasma DNA or ctDNA analyses 
are summarized in Table 1.

So far, recent ctDNA publications have focused on 
cancer patients with very advanced diseases and there
fore very high concentrations of ctDNA [69,70,74,76-82]. 
Detailed experiences with early stage cancer and low 
concentrations of ctDNA are lacking. Furthermore, 
normal DNA always dilutes the ctDNA (Figure 3), which 
may be aggravated during inflammation and injury when 
very high amounts of normal DNA are released into the 
circulation. However, receiver operating characteristic 
analyses suggested that even tumor DNA concentrations 
at very low levels should be detectable in the circulation 
of patients with cancer [78,79]. If this can be verified in 
appropriate clinical studies, ctDNA appears to be 

Figure 3. Workflow of ctDNA analyses. (a) ctDNA (light blue DNA fragments) are present in the circulation of cancer patients together with DNA 
fragments released from non-malignant cells (most frequently from cells of the hematogenous system, orange). The latter are often the majority, 
and the percentage of ctDNA may vary depending on various parameters, such as the tumor burden. (b) The entire DNA is isolated from plasma 
and can be subjected directly to an array for copy number analysis, or a library can be prepared for NGS, allowing assessment of both copy number 
changes and mutations at the nucleotide level. (c) After alignment, DNA fragments (here shown for one chromosome) are counted relative to their 
position in the genome. In theory, DNA fragments from normal cells should be present in identical numbers across the entire genome, as indicated 
by the equal number of orange fragments. In contrast, tumor-specific fragments may vary and reflect the status of copy number changes of cells 
releasing material into the circulation at the time of analysis, illustrated by the variable number of blue fragments. Using bioinformatics tools, the 
number of different fragments at a given locus is converted to a copy number (blue line). Similarly, the percentage of ctDNA determines the allele 
fraction for the identification of tumor-specific somatic mutations.
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attractive as a diagnostic tool because of the ease with 
which it can be obtained. In contrast, CTCs may in 
addition provide more insights into tumor biology 
(Table 1). However, the sensitivity of CTC versus plasma 
DNA as predictive and prognostic biomarkers still needs 
to be explored in detail in future studies.

Conclusions and future perspectives
Both CTCs and ctDNA provide snapshots of genomic 
alterations in primary tumors and metastases at various 

stages during the course of disease. Recent years have 
witnessed tremendous progress in the identifi cation, 
capturing, and analysis of CTCs. Th e advantages of CTC 
analyses include that - provided they were selected with 
highly specifi c approaches as discussed above  - they 
represent a pure tumor cell population. Together with 
new WGA approaches and NGS, these analyses mean 
that unique insights into clonal heterogeneity and 
evolution at various disease stages can be obtained. CTCs 
provide new options to study metastasis and to monitor 

Figure 4. Analysis of ctDNA and CTC from a patient with colon cancer using array-CGH [37,76]. Green indicates overrepresented, red 
underrepresented and black balanced regions. (a) Plasma DNA ratio profi le demonstrates losses on chromosomes 3, 4, 5, 8p, and 18 and gains on 
chromosomes 7p, 17q, and 20. (b) The CTC had almost identical copy number changes with those observed with the plasma DNA.
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Table 1. Diff erences between CTC and ctDNA analyses

 CTC ctDNA

Equipment Special instrumentation for cell identifi cation needed None, simple blood collection

Isolation of CTC or ctDNA Complex CTC isolation out of thousands of cells and  No isolation of ctDNA required; instead, standard
 complex single-cell transfer for further processing  preparation of plasma DNA

WGA required for DNA analysis Yes No

Information on heterogeneity  Yes, if enough CTCs are captured and successfully No, results represent an average from all cells shedding
and clonality analyzed tumor DNA into the circulation

Dependence on EpCAM markers Yes, for most CTC capture systems, such as the  Independent of any marker
 CellSearch system. EpCAM-independent CTC capture 
 systems exist but await validation in clinical studies

Applicability for basic metastasis  Instrumental, as it enables cell-by-cell analyses,  Provides only a snapshot of the current status of the
research generation of cell lines and analyses in animal models tumor genome

Applicability for diagnostic or  Established for CTC enumeration; advancements Appears to be very attractive because of the simplicity of
monitoring purposes will depend on improvements in CTC capturing,  obtaining plasma DNA; needs to be determined in
 analysis tools and associated costs clinical studies
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the evolution of tumor genomes with high resolution. As 
CTCs are very rare cells, capturing them depends on 
rather sophisticated equipment, which is a limitation. In 
contrast, plasma DNA is easily obtained; however, tumor 
DNA fragments are diluted with various amounts of 
DNA from normal cells, which may hamper analysis.

Most CTC and ctDNA studies were done with patients 
with metastatic disease. At present, there are not enough 
data available to judge whether these CTC and ctDNA 
analyses are sensitive enough to detect a person’s initial 
tumor early in its development. Furthermore, it is un
known whether they are suitable for screening purposes 
in individuals with an increased risk of developing a 
tumor.

However, despite the remarkable progress in recent 
years, several challenges remain. Better CTC detectors 
recognizing both EpCAM+ and EpCAM- cells at high 
speed with confidence are needed for clinical use. A 
current problem of all CTC detectors is the secure and 
automated transfer of single CTCs for further processing. 
At present, this is usually done by manual micromanipu
lation approaches, which require expertise and skilled 
personnel and which can be time consuming. This may 
change in the near future, as automated cell sorting and 
recovery devices are becoming available. For example, 
the DepArray system uses a non-uniform electric field, 
which can be used to move cells and to eventually recover 
cell populations in an automated way. First reports des
cribing the isolation of a pure CTC population with this 
device and their subsequent comprehensive analyses 
were indeed promising [83,84].

Furthermore, technologies isolating sufficient numbers 
of living CTCs, which can be expanded in culture or 
directly used for functional studies, are needed. To this 
end, appropriate culturing conditions for both epithelial 
and mesenchymal CTCs need to be established. An 
important question is whether the cells we are capturing 
are the seeds for new tumors. To this end, the 
involvement of the EMT process or of stem cell markers 
in CTCs needs to be further elucidated. If the details of 
these cells reveal how human cancers spread, they may 
offer new treatment options for stopping it at an early 
stage. At present, the characterization of the phenotype 
of metastasis-initiating cells among CTCs is still in its 
early infancy [63]. Identification of such precursors may 
identify cellular pathways contributing to both the blood-
borne dissemination of cancer and processes involved in 
metastatic colonization.

The technologies we describe here represent funda
mental steps towards the identification of predictive and 
prognostic biomarkers. There is no doubt that they will 
evolve to new non-invasive diagnostic tests that are 
amenable to routine clinical use in terms of sensitivity 
and cost. Accordingly, they will change the management 

of patients with cancer as they will allow the non-invasive 
monitoring of tumor genomes, which presents another 
step towards personalized medicine.
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