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INTRODUCTION
The liquid biopsy concept was introduced for circulating 

tumor cells (CTC) 10 years ago (1) and rapidly extended to 
circulating tumor DNA (ctDNA; ref. 2) and other tumor-
derived products such as circulating cell-free RNA (noncod-
ing and messenger RNA; ref. 3), extracellular vesicles (4), or 
tumor-educated platelets (ref. 5; Fig. 1). Research on the two 
key components of liquid biopsy assays, CTCs and ctDNA, 
is a very active field, with more than 26,070 publications 
listed under the key phrase “CTC” and more than 5,720 for 
“ctDNA” in PubMed in September 2020 (i.e., on average  
30 to 40 new publications each week for CTCs in 2020). These 
liquid biomarkers are used in more than 557 clinical trials 
registered at the NCI website (http://clinicaltrials.gov; 325 
for CTCs and 232 for ctDNA; among them, 7 involving both 
biomarkers). Strong evidence for CTCs and ctDNA as prog-

abstract Over the past 10 years, circulating tumor cells (CTC) and circulating tumor DNA 
(ctDNA) have received enormous attention as new biomarkers and subjects of 

translational research. Although both biomarkers are already used in numerous clinical trials, their 
clinical utility is still under investigation with promising first results. Clinical applications include early 
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peutic efficacy, and detection of therapeutic targets and resistance mechanisms. Here, we propose a 
conceptual framework of CTC and ctDNA assays and point out current challenges of CTC and ctDNA 
research, which might structure this dynamic field of translational cancer research.

Significance: The analysis of blood for CTCs or cell-free nucleic acids called “liquid biopsy” has opened 
new avenues for cancer diagnostics, including early detection of tumors, improved risk assessment and 
staging, as well as early detection of relapse and monitoring of tumor evolution in the context of cancer 
therapies.

nostic markers has been documented in many tumor entities 
including breast, prostate, lung, and colorectal cancers (6–
10). In ongoing interventional studies, the clinical utility of 
CTCs and ctDNA for treatment decisions is being evaluated 
(11). In particular, the use of CTCs and ctDNA as real-time 
liquid biopsy has received attention over the past years (12).

However, the diversity of published assays using different 
principles for detection and characterization of CTCs and 
ctDNA is confusing to the cancer research community. Both 
CTCs and ctDNA occur at very low concentrations in the 
peripheral blood, which poses a serious challenge for any ana-
lytic system. This review will focus on the current clinical appli-
cations of both liquid biomarkers in patients with solid tumors 
and will discuss the unresolved issues in CTC and ctDNA 
research. In this review, we focus on studies using blood for 
CTC and ctDNA analyses, but the liquid biopsy concept can be 
expanded to other body fluids, including urine, cerebrospinal 
fluid (CSF), bone marrow, saliva, or sputum (Fig. 2).

Technologies for CTC  
and ctDNA Detection

Several recent articles have reviewed the technologies used for 
CTC and ctDNA analyses (13–15). We will therefore only briefly 
describe the principles of CTC and ctDNA assays (Fig. 3).

CTCs
Various devices have been developed to enrich and detect 

CTCs, with a focus on devices able to select and detect CTCs 
that underwent epithelial–mesenchymal transition (EMT) 
and lack expression of EpCAM as the most frequently used 
cell surface protein used for CTC enrichment of blood from 
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patients with carcinoma (16). However, EpCAM stays in the 
race, as EPCAM-based enrichment for CTC detection has 
provided a reliable prognostic tool in different cancers (17). 
Different subsets of CTCs have various transcriptional pro-
grams that can be revealed at the single-cell level by current 
advances in single-cell sequencing technologies, in particular 
RNA sequencing (RNA-seq; refs. 18, 19). This technology is 
crucial to clarify the biology of CTCs. RNA-seq of single CTCs 
has been used in prostate cancer (20), breast cancer (21, 22), 
and pancreatic cancer (23) and led to the identification of 
prognostic signatures, metastatic drivers, and drug target and 
resistance mechanisms.

CTC assays start with an enrichment step that increases 
the concentration of CTCs by several log units and enables 
an easier detection of single tumor cells (13). CTC can be 
enriched on the basis of biological properties (i.e., expres-
sion of protein markers) or physical properties (i.e., size, 
density, deformability, or electric charges), and these enrich-
ment principles can be combined to optimize the yield of 
CTCs. After enrichment, an identification step is required to 
detect CTCs surrounded by the remaining leukocytes at the 
single-cell level using immunologic, molecular, or functional 
assays (24). During the past years, research teams have estab-
lished CTC cultures, CTC lines (25–27), and CTC xenografts 
(28–30) as models for functional tests (31–33). These in vitro 
and in vivo models can be used to test drug susceptibility (34). 
However, to contribute to personalized medicine, the efficacy 
of establishing CTC cultures and xenografts needs to be 
enhanced. So far, hundreds of CTCs are needed to establish 

a cell line or xenograft, which limits this approach to a few 
patients with advanced disease.

New technical developments will lead to integrated plat-
forms for a combined enrichment, detection, and characteri-
zation of CTCs. Moreover, new devices for the in vivo detection 
and/or capture of CTCs (35–37) have opened a new avenue 
for CTC research, which may overcome the limitation of low 
CTC counts present in a usual 7.5-mL blood tube. Besides the 
FDA-cleared CELLSEARCH system that uses EPCAM-coated 
magnetic particles for CTC enrichment, these new devices 
include, for example, assays for label-independent size-based 
enrichment (38) and photoacoustic detection (35), as well as 
a temporary indwelling intravascular aphaeretic system (36) 
and an EPCAM-coated in vivo capture wire (37).

Finally, the epithelial ImmunoSPOT (EPISPOT) assay has 
been used for CTC detection in blood and bone marrow 
samples for 19 years and has been validated at the clinical 
level for several different cancers, including breast (39), colon 
(10), prostate (37), and head and neck (40) cancers as well as 
melanoma (41). This test is currently being further developed 
into a more sensitive liquid microdroplet format [known as 
EPISPOT in a DROP (EPIDROP)] that enables the detection 
of CTCs at the single-cell level (13).

With the EPIDROP, CTCs are immunostained before indi-
vidual encapsulation in fluid microdroplets, and therefore 
the total number of CTCs (EPCAM+ or EPCAM−) and the 
functional CTCs can be enumerated. Indeed, viable CTCs can 
be distinguished from apoptotic CTCs, and EPCAM+ versus 
EPCAM− CTCs, enabling the assessment of EMT status. In 
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Figure 1. Circulating biomarkers as liquid biopsy 
for precision medicine. The drop of blood symbolizes 
the blood sample from which after centrifugation 
the plasma/serum (yellow, top) fraction is separated  
from the cellular fraction (red, bottom). In a non-
invasive blood sample, different complementary 
circulating biomarkers can be detected, isolated, 
and characterized. In the plasma or serum (top), EVs 
(such as exosomes), proteins, circulating cell-free 
RNA (noncoding and messenger RNA), ctDNA, 
and TEPs can be detected. In the cellular fraction 
(bottom), we can detect (i) the tumor cell fraction 
with CTCs (single CTCs and CTC clusters constituted 
with only CTCs or with CTCs escorted by immune 
cells, such as neutrophils) and the (ii) the nontumor 
cell fraction (immune cells, CECs, or CA fibroblasts). 
E, epithelial; M, mesenchymal; EV, extracellular vesi-
cle; CA fibroblast, cancer-associated fibroblast; CEC, 
circulating endothelial cell; TEP, tumor-educated 
platelet.
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the future, a subsequent molecular characterization of the 
encapsulated CTCs will be incorporated into this innovative 
fluidic technology.

ctDNA
Highly sensitive and specific methods have been developed 

to detect ctDNA, including BEAMing Safe-Sequencing System  
(BEAMing Safe-SeqS), Tagged-Amplicon deep Sequencing 
(TamSeq), Cancer Personalized Profiling by deep Sequencing 
(CAPP-Seq), and digital PCR (42) to detect single-nucleotide 
mutations in ctDNA or whole-genome sequencing to estab-
lish copy-number changes (Fig. 3). In addition to mutation 
analysis, reliable tests for the assessments of epigenetic changes 
such as DNA methylation have been developed over the past 
years (43–45). For example, Luo and colleagues analyzed meth-
ylation patterns on ctDNA from multiple large cohorts of 
patients, including a prospective screening cohort of people at 
high risk of colorectal cancer (44). A methylation-based diag-
nostic score was identified and validated to help distinguish 

patients with colorectal cancer from healthy controls, as well as 
a prognostic score that correlated with patients’ survival (44).

In principle, technologies can be divided into targeted 
approaches aimed to detect mutations in a set of prede-
fined genes [e.g., mutations in the EGFR gene are relevant 
for response of patients with non–small cell lung cancer 
(NSCLC) to blockade by tyrosine kinase inhibitors (TKI)] 
or untargeted approaches (e.g., array comparative genomic 
hybridization, whole-genome sequencing, or exome sequenc-
ing) aimed to screen the entire genome (42). The strengths 
and limitations of these technologies have been recently 
discussed (46). Usually, targeted approaches have a higher 
analytic sensitivity than untargeted approaches, but strong 
efforts are ongoing to improve the detection limits of untar-
geted approaches (47, 48). Ultrasensitive technologies are 
now able to detect smallest amounts of ctDNA in the “sea” 
of normal circulating free DNA (cfDNA; ref. 49), which is a 
prerequisite for early detection of cancer or minimal residual 
disease (MRD).
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Figure 2. Liquid biopsy in body fluids (except blood) of patients with cancer. Representation of different body fluids [CSF, bone marrow (BM), saliva, 
sputum, cyst fluid, and urine] that are relevant for liquid biopsy and can be analyzed for CTCs, ctDNA, and other cancer biomarkers.
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Figure 3. Technologies for CTC and ctDNA enrichment, detection, and characterization. CTCs and ctDNA can be isolated simultaneously from the 
same blood sample. ctDNA in the plasma: quantitative detection of ctDNA is based on the identification of various tumor-specific genetic aberrations or 
epigenetic marks in plasma cell-free DNA samples, primarily through DNA sequencing. cfDNA fragmentomics encompasses the study of the structural 
characteristics and sequence composition of plasma cfDNA (152). It includes: (i) their fragment sizes or length (number of bases), (ii) their fragment 
endpoints, (iii) the sequence context within the fragment (specific motif), (iv) the nucleosome footprints or position, and (v) their topologic forms (circular 
vs. linear). There is also emerging evidence that these cfDNA features may reveal important information of both biological and medical relevance, so that 
the evolving field of “fragmentomics” will likely become an integral part of cfDNA applications. CTCs in the cellular fraction: Enrichment—To discriminate 
CTCs from the surrounded normal immune cells in blood, they can be enriched using the (i) biological properties: CTCs can be positively selected  
in vitro or in vivo using antibodies to epithelial and/or mesenchymal proteins (such as EPCAM and/or cytokeratins and mesenchymal vimentin or 
N-cadherin) or negatively selected for through depletion of leukocytes using anti-CD45 antibodies. (ii) Physical properties: positive enrichment of CTCs 
can also be performed in vitro using assays based on CTC characteristics including size, deformability, density, and electrical charge. Detection—Follow-
ing enrichment, the isolated CTCs can be identified using immunocytologic, molecular, or functional assays. (i) Immunocytology: With immunocytological 
platforms, CTCs are identified by membrane and/or intracytoplasmic staining with antibodies to epithelial, mesenchymal, tissue-specific, or tumor-
associated markers. (ii) Molecular biology: Molecular technologies enable the identification of CTCs using RNA-based assays, such as RT-qPCR, RNA-seq, 
or in situ RNA hybridization. (iii) Functional assays: They allow the detection of viable CTCs on the basis of their biological activities; for example, the 
fluoro-EPISPOT assay for proteins secreted or shed by CTCs and the related EPIDROP technology that enables the detection of single functional CTCs 
in microdroplets. Characterization—The molecular characteristics of CTCs can be further explored at the DNA, RNA, and protein level, and the functional 
properties of CTCs can be investigated in vivo by injecting the cells into immunodeficient mice to form patient-derived xenograft models. Finally, 
metastasis-competent CTCs can be isolated by in vitro culture, allowing the establishment of CTC lines (primary or stable long-term CTC lines). CNA, 
copy-number alteration; DEP, dielectrophoresis; NGS, next-generation sequencing; WGA, whole-genome analysis.
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IMPORTANT AREAS OF CLINICAL 
APPLICATIONS OF CTCs AND ctDNA

To stimulate future investigations in the field of CTC and 
ctDNA research, we will discuss some of the most important 
questions for clinical applications. This section is based on 
our current knowledge and our opinion; thus, it is aimed to 
induce discussion among researchers rather than to represent 
a dogmatic view (Fig. 4).

Early Detection of Cancer
ctDNA

Early detection of cancer is one of the prime applications 
for ctDNA blood tests, which have gained enormous attention 
from academic groups, commercial vendors, and the media 
in recent years. The vision to detect cancer before any clinical 
symptoms or hints from imaging procedures used for cancer  

screening (e.g., mammography for breast cancer or low-dose 
CT for lung cancer) has led to the development of ultrasensi-
tive assays that target mutations, copy-number aberrations, 
or methylation on ctDNA present at very low amounts (usu-
ally less than 0.1%). The field started with high hopes to fulfill 
this task in a few years because tumor-specific DNA was the 
ideal target for early detection, which should be more specific 
than the usual protein tumor markers like carcinoembry-
onic antigen which had failed as single biomarkers for early 
detection of small tumor lesions. However, despite the enor-
mous advances in ctDNA technologies (reviewed elsewhere), 
it became apparent in recent years that the biology of cancer 
development seems to be the strongest limitation. (i) The 
challenge for sensitivity of ctDNA analysis is the fact that 
solid tumors are characterized by a plethora of genomic aber-
rations. Because the genetic makeup of the “occult” tumor is 
unknown, the ctDNA assay must encompass at least the most 

Figure 4. Clinical applications of CTCs and ctDNA as liquid biopsy for precision medicine. Noninvasive blood samples can be performed repeatedly for 
(i) early detection of cancer (a combination of different circulating biomarkers can increase accuracy), (ii) staging and monitoring patients with localized 
cancer, (iii) predicting relapse in M0 patients or metastatic progression in patients with advanced cancer, (iv) monitoring the efficacy of therapies and 
discriminating early responders from nonresponders, and (v) tracking tumor evolution and identifying resistance mechanisms. Importantly, interventional 
clinical trials are crucial to demonstrate the clinical utility of CTCs and ctDNA. The interventional studies mentioned in this figure are examples and 
represent no comprehensive list of all ongoing trials. We apologize to the principal investigators of all the other excellent studies not mentioned in this 
figure. AR, androgen receptor; ARv7, androgen receptor-variant 7; BC, breast cancer; BlaC, bladder cancer; CRC, colorectal cancer; ER, estrogen recep-
tor; EV, extracellular vesicle; HNC, head and neck cancer; LC, lung cancer; MCC, Merkel cell carcinoma; mt, mutation; ncRNA, noncoding RNA; OV, ovarian 
cancer; PC, prostate cancer; PDAC, pancreatic ductal carcinoma; PSMA, prostate-specific membrane antigen; TNBC, triple-negative breast cancer; TEP, 
tumor-educated platelet; TGCC, testicular germ cell cancer.
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frequent genomic aberrations in possible cancer genes. Even 
if the test is restricted to a particular application [e.g., finding 
lung cancer in patients with chronic obstructive pulmonary 
disease (COPD)], this panel is rather broad and moreover 
needs to be implemented into an assay that is very sensitive 
to detect minute amounts of ctDNA in the blood tube. To 
date, several technologies meet these requirements and are 
currently being tested for early cancer detection. In addi-
tion, research groups have added circulating proteins and 
used machine learning algorithms to establish a composite 
biomarker assay (50, 51). Such multianalyte tests also include 
the development of reliable ctDNA methylation assays (43) 
and now allow multicancer early detection (45). (ii) For cancer 
screening, specificity is the second key parameter. An assay 
with a 99% specificity being applied to 10 million individuals 
will lead to 100,000 false findings and considerable anxiety 
and cost (52). Technical advances have made ctDNA assays 
much more specific, but recent reports demonstrate that 
aging individuals show a background of mutations including 
cancer driver genes (53, 54). Leukocytes are a major source of 
this background, and those “clonal hematopoiesis of inde-
terminate potential” (CHIP) mutations need to be measured, 
and solutions for the elimination of these mutations from 
the total pool of ctDNA aberrations found in the individual 
patient are available (55). However, in addition to CHIP 
mutations, other sources of “background” mutations might 
exist, which have been recently revealed by sophisticated 
single-cell sequencing (53).

Researchers at GRAIL (and other sites) have therefore 
switched to the assessment of methylation markers on 
ctDNA for early detection of multiple cancers (43). Targeted 
methylation analysis of >50 cancer types revealed moderate 
sensitivities of less than 55% at a specificity of >99% with 
high-accuracy information on the tissue of origin (43).

Independent from the DNA target, it will be important to 
integrate these tests into the established imaging workflow 
for cancer diagnosis in large-scale cohort studies (51). For 
colon cancer, the Epi proColon is a blood test used for the 
detection of the methylated septin 9 gene (56). The test is 
approved by the FDA for colorectal cancer screening in people 
at average risk who have declined first-line screening tests.

ctDNA testing in high-risk individuals appears to be a 
good strategy. The LIBERATE trial under the auspices of the 
Princess Margaret Cancer Centre (NCT03702309) is creating a 
resource, including healthy carriers (“previvors”) of a germline 
pathogenic variant in hereditary cancer predisposition genes, 
such as BRCA1/2, NF1, or TP53, and mismatch repair genes.

Interestingly, ctDNA analysis also offers transcriptional 
information; inference of transcription factor binding from 
cell-free DNA enabled tumor subtype prediction and early 
detection of prostate and colorectal cancer (57). Moreover, 
tumor cells of different origin may harbor specific methyla-
tion profiles, which may also enable the analysis of ctDNA to 
reveal position information (58).

CTCs

Data obtained in mouse models (59) and patients with can-
cer (60, 61) indicate that blood-borne dissemination of cancer 
cells occurs early during tumor development, which provided 
the rationale to explore CTCs as marker for early detection of 

cancer. Despite encouraging results initially published more 
than 10 years ago (62), the high incidences of CTCs in the 
peripheral blood of patients with solid tumors such as breast, 
lung, or prostate cancer have never been reproduced. Usually, 
the incidence of CTCs in patients with early-stage cancer 
ranges between only 10% and 30%, depending on the assay 
applied and the tumor type tested. Higher values have occa-
sionally been reported, but doubts remain about the specific-
ity of the CTC markers employed. For example, cells that lack 
the standard epithelial keratins and the common leukocyte 
marker CD45, used as positive and negative markers for 
CTCs worldwide, were classified as “CTCs,” but it is well 
known that circulating endothelial cells (and probably other 
normal cells in blood) can have the same phenotype. More
over, the selection of the right antibodies is crucial. Some 
keratin antibodies do not detect all forms of keratin proteins 
present in carcinoma cells, which may lead to false-negative 
findings. Moreover, some CD45 antibodies do not detect all 
isoforms of CD45, which can lead to false-positive findings. 
Morphologic identification of CTCs has been employed by 
Hofman and colleagues after enrichment of CTCs by size 
filtration (63). The initial results of a pilot study in patients 
with COPD were encouraging and generated great media 
attention, but the results of the larger validation study could 
not confirm that this approach is suitable for early detection 
of lung cancer (64). Taken together, the sensitivity of CTCs 
for early cancer diagnosis is rather low, and there is also some 
evidence that EPCAM-positive cells in the peripheral blood 
are released in noncancer patients with large bowel diseases, 
which might limit assay specificity (65).

Why is it so difficult to detect sufficient amounts of CTCs in 
the peripheral blood of patients with early-stage cancer despite 
the common view that tumors permanently shed high amounts 
of malignant cells into the circulation? This discrepancy might 
be explained by the high gradient of tumor cell counts in the 
tumor-draining vessels and the peripheral veins, as demon-
strated for colorectal and lung cancers (66–68). Thus, tumor 
cells might be rapidly absorbed by the first organs they encoun-
ter, such as the liver in colon cancer. In later tumor stages, 
(micro)metastases present in regional lymph nodes or diverse 
distant organs contribute to the pool of CTCs in peripheral 
blood, which considerably increases CTC counts, as observed 
for all tumor types explored in CTC research. Recent strategies 
to increase the blood volume for CTC analysis, including the 
use of in vivo capture devices (36, 37), diagnostic leukapheresis 
(69), or transdermal devices (70), may overcome this limitation. 
However, increasing the sensitivity of CTC analyses may also 
lead to false-positive results in healthy controls (71) or benign 
inflammatory diseases (65). These challenges must be overcome 
to use CTC assays for early diagnosis of cancer.

Do liquid biopsy analyses also enable the localization of an 
occult primary or micrometastatic tumor lesion? In our opin-
ion, this important information would probably reduce the 
extent and costs of the subsequent clinical workup following 
a positive blood test. A liquid biopsy is not a diagnostic test 
per se, and in the absence of an extremely specific tissue-of-
origin marker, the number of erroneous follow-ups will be 
significant. In this context, CTCs offer the possibility to ana-
lyze transcriptional information (RNA and proteins), which 
might be helpful because tumor cells may express a specific 
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transcriptional profile depending on their organ of origin 
(e.g., prostate cancer cells express PSA or PSMA, and breast 
cancer cells express mammaglobin). However, the expression 
profiles can also be overlapping (e.g., keratin 19 is a good 
marker for breast cancer–derived CTCs and also expressed 
by other types of carcinoma). In addition, tumor cells show 
lineage plasticity and change their original differentiation 
markers (72). Moreover, transcriptional profiles can change 
when tumor cells leave hypoxic areas and jump into the well-
oxygenated blood pool (73).

Staging of Early-Stage Cancer
After diagnosis of cancer, subsequent tumor staging leads 

to an individual risk assessment that helps the clinician to 
develop a personalized treatment strategy. Over the past 
decades, tumor staging classifications focused on the extent 
and differentiation grade of the primary tumor as well as the 
assessment of the regional lymph nodes and distant organs 
for the presence of metastases. CTC and ctDNA measure-
ments now provide an opportunity to refine the current stag-
ing systems, which may help to better discriminate patients 
at low or high risk.

In general, the assessment of ctDNA at the time of primary 
diagnosis has shown less prognostic value than sequential 
postsurgical follow-up ctDNA analysis used for detection of 
early molecular relapse (see below). In contrast, CTC counts 
determined before neoadjuvant therapy or at the time of 
surgical removal of the primary tumor are closely correlated 
to prognosis. This difference is consistent with the view that 
CTC counts (in contrast to ctDNA) indicate the capacity of 
an individual tumor to spread via the blood circulation to 
distant organs. In breast cancer, clinical studies on thousands 
of patients have documented that CTC enumeration at initial 
diagnosis before (neo)adjuvant therapies will lead to a better 
definition of a population at higher risk of recurrence (74–77). 
The prognostic influence was independent from established 
risk factors. In patients with breast cancer undergoing neo-
adjuvant therapy, the prognostic influence of CTCs was also 
independent from the complete pathologic response of the 
primary tumor, indicating that the response of disseminating 
tumor cells to systemic chemotherapy may not always mir-
ror the response of the primary tumor (76), which is in line 
with many experimental studies demonstrating a differential 
response of primary and disseminated tumor cells to systemic 
therapies. Encouraging results were also achieved for other 
tumor entities, including lung cancer (7, 8), bladder cancer 
(78, 79), head and neck cancer (40, 80, 81), testicular germ 
cell tumors (82), colorectal cancer (including stage II; refs. 10, 
83), pancreatic cancer (84–86), Merkel cell cancer (87, 88), and 
melanoma (41, 89). In early-stage prostate cancer, CTC counts 
are very low and may require the combination of different 
assays to reveal significant information (37). Moreover, the 
clinical studies require a very long follow-up, and the value of 
CTCs for staging is still under investigation (90).

Early Detection of Relapse during  
Follow-up Examinations

Following initial staging and (neo)adjuvant therapy, CTC 
and ctDNA analyses can contribute to individual real-time 
monitoring of patients with cancer. Besides PSA monitoring 

in prostate cancer, there is no blood test that is specific and 
sensitive enough to detect early relapse before any clinical 
symptoms or imaging results signal the presence of overt 
metastases that are in most cases incurable. Recent reports 
on CTC and ctDNA monitoring have provided encouraging 
results, suggesting that early detection of relapse is feasible. 
In breast cancer, the detection of CTCs 2 or 5 years after 
initial adjuvant therapy was associated with a strong and 
independent risk to develop relapse (91, 92). Similar results 
were obtained with ctDNA as marker on smaller cohorts; here 
the rise in ctDNA was a good prognostic indicator, whereas 
the initial ctDNA value before therapy was less relevant (93). 
Encouraging results were also obtained in colorectal (94) and 
lung (95) cancers as two other major cancer types. The quanti-
tative assessment of the dynamic changes in CTC counts and 
ctDNA amounts over time by sequential blood tests can also 
help to discriminate between indolent and aggressive MRD. 
We refer to “indolent MRD” when the disseminated tumor 
cells are not proliferating and/or proliferation is balanced 
by a similar rate of apoptosis, resulting in no disease pro-
gression toward overt metastasis. The interval of the blood 
tests depends on the tumor type and the expected speed of 
relapse. Depending on the tumor type and stage, molecular 
relapse can be detected on average 2 to 9 months before imag-
ing shows the conventional relapse (96, 97). At present, it is 
unclear whether this is early enough to still achieve a cure or 
not. In general, attacking a lower tumor burden should have 
a higher chance of a cure than waiting longer, in particular 
if one assumes an exponential growth curve of metastatic 
tumor cells. The remarkable results in breast cancer have 
resulted in the inclusion of CTCs in the 2018 American Joint 
Committee on Cancer’s breast cancer staging manual as a 
new classification, cM0(i+).

Besides quantitative information, further molecular char-
acterization of CTCs may also help to determine the switch 
from indolent to aggressive MRD. CTC lines (25–27, 98) 
and xenografts (28, 30, 99) established from CTCs may also 
serve as valuable models to identify potential properties of 
metastasis-initiating cells.

In the next step, new types of interventional clinical stud-
ies on so-called “postadjuvant therapies” (100) need to be 
designed to test whether an earlier intervention based on a 
positive CTC/ctDNA result will lead to an improved disease-
free survival or overall survival of patients with cancer. In 
this context, the choice of the right treatment will be also 
crucial: Should we use the drugs from the (neo)adjuvant 
therapy again, should we use the drugs usually applied in 
the metastatic stage in patients with advanced cancer, or 
should we test new drugs and combinations for this specific 
intermediate stage of “molecular relapse”? Molecular charac-
terization of ctDNA and CTCs can help to shed light into the 
dark. ctDNA can be analyzed for druggable mutations, and 
CTCs can provide additional information on transcriptional 
plasticity, thus providing complementary information, as 
outlined in more detail in the next section.

Detection and Monitoring of CTCs or ctDNA in 
Patients with Advanced Cancer

In patients with advanced breast or prostate cancer, the 
sequential enumeration of CTCs in the context of systemic 
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therapies provides early and reliable prognostic information 
(101–103). In particular, the elimination of CTCs (104) or 
ctDNA during therapy (105) might become in the near future 
a well-accepted surrogate endpoint for clinical studies testing 
new drug.

Despite these encouraging developments, there is an 
urgent need for more studies focusing on the clinical utility 
(i.e., their capacity to help decide to adopt or to reject a thera-
peutic action) of ctDNA and CTC assays. Thus, interven-
tional studies are required to demonstrate which treatment 
changes need to be made according to the enumeration and/
or characterization of ctDNA and CTCs.

CTCs

Examples of studies based on CTC enumeration are the SWOG 
SO500 study (https://clinicaltrials.gov/ct2/show/NCT00382018? 
term=SWOG+S0500+clinical+trial&draw=2&rank=1)  
and METABREAST study (https://clinicaltrials.gov/ct2/show/ 
NCT01710605?term=NCT01710605&draw=2&rank=1). 
The SWOG SO500 study is a randomized phase III trial. Its 
objective was to determine whether women with metastatic 
breast cancer (MBC) and elevated CTCs (≥5 per 7.5 mL of 
whole blood) after 3 weeks of first-line chemotherapy derive 
increased overall survival from changing to an alternative 
chemotherapy regimen (standard practice once there is clini-
cal evidence of progressive disease) at the next course rather 
than waiting for clinical evidence of progressive disease 
before changing to an alternative chemotherapy regimen. 
One potential problem, however, might be that elevated CTC 
counts are indicators of worse prognosis, but the applied 
therapy may not change the course of the disease, as indi-
cated by the results of the SWOG SO500 study (106). The 
reverse approach is to identify patients who may not need an 
aggressive treatment based on their low CTC count. In the 
METABREAST study (NCT01710605), patients with first-line 
MBC were randomized between the clinician’s choice and 
CTC count–driven choice. In the CTC arm, patients with ≥5 
CTC/7.5 mL received chemotherapy, whereas patients with  
<5 CTC/7.5 mL received endocrine therapy as first-line treat-
ment (107). Among the 778 women randomized, the median 
age was 64 (range, 30–88) years for the 391 patients allocated 
to the CTC arm and 63 (range, 31–87) years for the 387 allo-
cated to the standard arm; 138 (37%) and 103 (27%) received 
chemotherapy, respectively. Median progression-free survival 
(PFS) was 15.5 months [95% confidence interval (CI), 12.7–
17.3] in the CTC arm and 13.9 months (95% CI, 12.2–16.3) in 
the standard arm. The primary endpoint was met, with a haz-
ard ratio of 0.94 (90% CI, 0.81–1.09). For the first time in this 
field, clinical utility of CTCs has been proved. Indeed, the CTC 
count is a reliable biomarker method for choosing between 
chemotherapy and endocrine therapy as the first-line treat-
ment in hormone receptor–positive (HR+) HER2− MBC (107).

ctDNA

The design of ctDNA-based interventional clinical trials in 
oncology has been recently reviewed (108). Studies on smaller 
patient cohorts also indicated that ctDNA analysis might 
facilitate personalization of therapy. In particular, in the con-
text of targeted therapy or immune checkpoint inhibition 
(ICI), detection and monitoring of ctDNA can provide helpful 

information relevant to treatment decisions. For example, 
deep sequencing (CAPP-Seq) ctDNA analysis was applied to 
218 samples from 65 patients receiving chemoradiation ther-
apy for locally advanced NSCLC, including 28 patients receiv-
ing consolidation ICI (49). Patients with undetectable ctDNA 
after chemoradiation therapy had excellent outcomes whether 
or not they received consolidation ICI. In contrast, patients 
with MRD after chemoradiation therapy who received con-
solidation ICI had significantly better outcomes than patients 
who did not receive consolidation ICI. In another study, blood 
from patients with metastatic melanomas undergoing ICI 
was monitored for ctDNA, and those patients who remained 
ctDNA-negative or became ctDNA-negative under ICI therapy 
had a favorable outcome as compared with those patients who 
were positive at baseline and remained positive during treat-
ment (105). Next-generation sequencing (NGS) data can also 
be used to calculate blood-based tumor mutational burden as 
a potential predictor of immunotherapy response in NSCLC 
(109). Clinical trials exploring ctDNA-based high-throughput 
NGS genotyping, such as the ongoing B-FAST trial in NSCLC 
(NCT03178552), exemplify these concepts, and patients are 
enrolled to four different molecularly defined cohorts on the 
basis of their ctDNA result. Early changes in ctDNA dynamics 
upon treatment can provide information about therapeutic 
efficacy. In the phase III PALOMA-3 trial in advanced ER-posi-
tive breast cancer, a decline in PIK3CA ctDNA levels compared 
with baseline after 15 days of treatment with palbociclib and 
fulvestrant was predictive of PFS (110).

Identification of Therapy Targets and Resistance 
Mechanisms in Patients with Advanced Cancer

Current therapy decision-making is based on the analysis 
of the primary tumor resected shortly after initial diagnosis. 
However, it is well known that natural and therapy-induced evo-
lution of disseminated tumor cells requires restaging of meta-
static lesions. Although this has become increasingly acceptable, 
biopsies are invasive procedures, and some locations such as 
bones or brain are difficult to access. Even if one metastatic 
lesion can be biopsied, substantial genetic heterogeneity of 
metastatic lesions located at different sites in the same patient 
has been demonstrated (111). Finally, tracking of tumor evolu-
tion over time would require repeated biopsies in individual 
patients, which is doable but difficult to achieve in clinical prac-
tice. Taken together, these arguments have greatly stimulated 
the use of CTCs and ctDNA for the identification of therapy 
targets and resistance mechanisms in patients with advanced 
cancer over the past 10 years. In view of the enormous amount 
of published reports on this topic, we will focus on some key 
targets relevant for the response to cancer therapy (Fig. 5). In 
principle, diagnostic targets of liquid biopsy analysis are (i) 
genomic aberrations (e.g., mutations) that have been detected 
on ctDNA and to a lesser degree on CTCs and (ii) mRNA tran-
scripts and proteins that are detectable only on CTCs. Real-time 
monitoring of these aberrations provides interesting insights 
into the development of resistance in patients with cancer.

Lung Cancer

NSCLC is the model tumor for the relevance of genomic 
aberrations (e.g., EGFR, ROS1, ALK, BRAF) relevant to cancer 
therapy. Work on EGFR mutations that affect response to 
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anti-EGFR therapy (TKIs, antibodies) has therefore paved the 
road for ctDNA-based liquid biopsy, including the first FDA-
cleared ctDNA assay (Cobas, Roche; ref. 112). Low-frequency 
mutations (e.g., in ROS1) or translocations (e.g., ALK) have 
been detected on ctDNA and CTCs (ref. 113), which allows an 
effective personalized treatment of an otherwise deadly disease.

Recently, ICI has become the primary option for patients 
with NSCLC and has now even been explored as first-line 
adjuvant therapy. Promising results on the use of ctDNA 
(e.g., assessment of tumor mutational burden) and CTCs 
(e.g., assessment of PD-L1 expression) have been published 
and reviewed in detail elsewhere (114). Recently, Moding 
and colleagues showed that ctDNA dynamics predict benefit  

from consolidation immunotherapy in locally advanced 
NSCLC (49).

Colorectal Cancer

The EFGR signaling pathway also plays a role in colorec-
tal cancer, but here mutations in the EGFR gene itself are 
less important for response to EGFR-targeting therapies, 
whereas gene mutations in the gene encoding the down-
stream signaling molecule KRAS are known mediators of 
resistance. KRAS mutations have been detected on CTCs 
(115) and then became prime targets for ctDNA analyses in 
colorectal cancer (116). Sequential assessment of ctDNA in 
patients with advanced colorectal cancer receiving anti-EGFR 

Figure 5. Therapeutic targets and resistance mechanisms. Genomic alterations in CTCs and/or ctDNA and transcriptional changes in CTCs can reveal 
therapeutic vulnerabilities, and this information can be integrated into the real-time monitoring of tumor evolution influenced by anticancer therapy. This 
figure summarizes (i) the therapeutic targets detected on CTCs and/or ctDNA to guide the clinician to give the right targeted therapies and (ii) the resist-
ance mechanisms on the CTCs and/or ctDNA to predict the resistance and subsequently the failure to a treatment. This figure shows examples of genes in 
which aberrations of therapeutic relevance have been defined, predominantly in NSCLC (EGFR, ROS1, and ALK, refs. 112, 113), colorectal cancer (NRAS, 
refs. 89, 115, 116), breast cancer (PIK3CA, ref. 110; and ESR1, ref. 120), prostate cancer (AR and TMPRESS2–ERG fusions, refs. 132, 133), melanoma 
(BRAF, ref. 97), and aberrant transcription of proteins with predominant therapeutic relevance in breast cancer (ER, ref. 120; and HER2, ref. 124), prostate  
cancer (AR, particularly ARv7, ref. 131; and PSMA, ref. 137), and various tumor types (PD-L1; ref. 114). Although increasing levels of ctDNA revealed by 
sequential analyses indicate the evolution of viable tumor cells with resistance to therapy (e.g., ESR1 mutations during endocrine therapy in breast cancer;  
ref. 120), CTC analysis enables the detection of changes in gene transcription and protein expression that can be relevant to anticancer therapy, which 
is not possible with ctDNA. Thus, the drug target determines the choice of the most appropriate form of liquid biopsy analysis, and ctDNA and CTCs will 
provide complementary information.
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therapy revealed the development of resistance, which could 
be reversed by drug breaks (117). Recently, the genomic evo-
lution of individual metastases during HER2 blockade was 
revealed by ctDNA analysis (118). Thus, real-time monitor-
ing of ctDNA (and CTCs) can provide insights into tumor 
evolution with potential implications for cancer therapy. For 
more information, we refer you to the recent whitepaper of 
the NCI colon and rectal–anal task forces that outlined the 
current ctDNA applications and integration in colorectal 
cancer (119).

Breast Cancer

The ER signaling pathway is the main driver of tumor 
growth in 70% to 80% of breast carcinomas classified as ER+. 
Recent work has identified mutations in the ESR1 gene that 
confer resistance to endocrine therapies and can be detected 
on ctDNA (120). For patients who become resistant to endo-
crine therapy, CDK4/6 inhibitors have been recently approved 
for therapy, and mutations in the PI3K gene are known to con-
fer resistance to this new form of therapy. These mutations 
have been detected first in CTCs and recently also on ctDNA 
with remarkable results toward the development of a predic-
tive biomarker. As demonstrated in a retrospective analysis of 
samples from the phase III PALOMA-3 trial in advanced ER-
positive breast cancer, a decline in PIK3CA ctDNA levels com-
pared with baseline after 15 days of treatment with palbociclib 
and fulvestrant was predictive of PFS (110).

ER protein expression has been determined routinely for 
decades by immunohistochemistry. Interestingly, only 1% of 
primary tumor cells have to express ER to be classified as ER+. 
Thus, it is conceivable that ER+ tumors shed ER− CTCs which 
are the source of ER− metastases that may arise after years of 
ER-targeting therapies (121). Indeed, ER− CTCs were found 
in patients with breast cancer with ER+ primary carcinomas 
(121). Ongoing follow-up studies will show whether these 
CTCs can escape ER-targeting therapies and cause relapse 
during or following endocrine therapy in patients with breast 
cancer. Endocrine therapy fails to induce a response in half 
of patients with HR+ MBC, and almost all will eventually 
become refractory to endocrine therapy. To predict resistance 
to endocrine therapy in patients with HR+ MBC, Paoletti 
and colleagues developed a multiparameter CTC-Endocrine 
Therapy Index (CTC-ETI) using the CELLSEARCH system 
(122). The CTC-ETI combines enumeration and CTC expres-
sion of four markers: ER, BCL2, HER2, and Ki-67. The clini-
cal relevance of CTC-ETI is being evaluated in an ongoing 
clinical trial.

The HER2 oncogene is amplified in approximately 20% 
of primary breast cancers, leading to overexpression of the 
HER2 protein on the cell surface. To date, HER2 positivity 
determines an own breast cancer subtype, and the HER2 
protein has become a key target for therapies with antibodies 
and TKIs (123). There is increasing evidence that overt distant 
metastases and CTCs derived from these metastases have 
discrepant HER2 status compared with the primary tumor 
in up to 30% of cases (123). At present, it is not known how 
this discrepancy arises. HER2 expression might be truly dif-
ferent in the primary tumor versus the metastases (i.e., there 
is some kind of differential selection), or rather simply tumor 
heterogeneity leads to an incorrect classification because small  

subclones are missed. Recently, Jordan and colleagues also 
demonstrated transcriptional plasticity leading to HER2 
expression on CTCs in patients with ER+ HER2− primary breast 
cancers (124). Although HER2+ and HER2− CTCs had compara-
ble tumor-initiating potential, differential proliferation favors 
the HER2+ state, whereas oxidative stress or cytotoxic chemo-
therapy enhances transition to the HER2− phenotype (124). 
Clinical trials are now under way to investigate if patients  
with HER2− primary tumors but HER2+ CTCs will benefit from 
HER2-targeting therapies such as lapatinib (DETECT-III study, 
www.detect-studien.de and https://clinicaltrials.gov/ct2/show/ 
NCT01619111?term=CTC+TREAT&draw=2&rank=2) or tras
tuzumab (CTC-TREAT study, https://clinicaltrials.gov/ct2/
show/NCT01548677?term=CTC+TREAT&draw=2&rank=1).

Melanomas

TKIs targeting BRAF and MEK have shown some remark-
able short-term efficacy in patients with melanoma, and 
the analysis of susceptibility mutations (e.g., BRAFV600 for 
BRAF inhibition) is now clinical routine. Various groups have 
studied these druggable mutations on ctDNA in patients 
with advanced melanoma with the aim of understanding 
the development of treatment resistance (89, 97). For exam-
ple, BRAFV600E-mutant cfDNA was detected before radiologic 
resistance with mean lead time reduction of 110 days (97).

Melanoma (besides NSCLC) is also the tumor type with the 
most impressive responses to ICI—a therapeutic concept that 
has revolutionized cancer therapy. Therapy with antibodies 
against PD-L1 and PD-1 has been rapidly implemented due 
to the durable long-term responses in a subset of patients 
with metastatic disease (125). Nevertheless, it is of utmost 
importance to identify up front or by serial blood monitor-
ing those patients, and spare the remaining patients from the 
side effects of immunotherapy. Recently, ctDNA variation has 
been introduced as a tool to predict tumor response to immu-
notherapy in patients with metastatic melanoma receiving 
treatment with PD-1 inhibitors (105, 126). RECIST response 
was 72% (26/36) in group A (undetectable ctDNA at baseline), 
77% (17/22) in group B (elevated ctDNA at baseline but unde-
tectable within 12 weeks of therapy), and 6% (1/18) in group C  
(elevated ctDNA at baseline and remained elevated during 
treatment). Thus, patients who had persistently elevated 
ctDNA on therapy had a poor prognosis, and this may guide 
combination and sequencing of subsequent therapies. Longi-
tudinal ctDNA profile may also contribute to the important 
early differentiation of pseudoprogression from true pro-
gression during immunotherapy (127). In addition, real-time 
monitoring of tumor evolution under immunotherapy can 
also be realized by CTC analysis (128), underlining once more 
the complementarity of both ctDNA and CTC analyses.

Prostate Cancer

The androgen receptor (AR) is the key target in prostate 
cancer. Most if not all tumors are hormone-sensitive at 
the beginning, and growth can be suppressed by hormonal 
therapy (90). However, this therapy will eventually lead to the 
development of castration-resistant prostate cancer (CRPC), 
which can still be treated by new generations of AR-targeting 
drugs such as abiraterone or enzalutamide. Recent work by 
Antonarakis and colleagues has shown that cells expressing 
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the splice variant of ARv7 lacking the ligand-binding domain 
can become resistant to these drugs, and ARv7 detectable on 
CTCs predicted clinical outcome (129, 130). Immunocyto-
chemical detection of nuclear ARv7 expression on CTCs has 
been developed into a new predictive biomarker (131). Never-
theless, a marked intrapatient heterogeneity in ARv7 expres-
sion between individual CTCs has been reported by single-cell 
analysis (38), which may also affect clinical outcome. Besides 
transcriptional plasticity, amplifications of the AR gene locus 
could be detected in 30% to 38% of patients with CRPC (132, 
133), and AR mutations were identified in CTC-enriched 
peripheral blood samples from patients with CRPC (134). 
AR amplifications enable the tumor cells to profit from the 
minute amounts of residual androgens in patients receiving 
drug-induced castration therapy, whereas AR mutations can 
result in tumor cells that are refractory to androgen blockade 
(135). Thus, both types of genomic aberrations support the 
growth of prostate cancer cells in patients with CRPC (134).

PSMA is a transmembrane protein that is overexpressed in 
most prostate cancers (136) and has gained increasing inter-
est as a target for improved imaging (137, 138) and therapy 
(139). However, a high level of intrapatient heterogeneity in 
PSMA expression on CTCs was reported as well as discrep-
ancies between PSMA protein expression in primary tumor 
tissue and corresponding CTCs (137). These results could 
provide an explanation for the failure of PSMA-targeted ther-
apies to treat individual patients, as subpopulations of their 
metastatic tumor cells might lack PSMA expression. PSMA 
detection on CTCs could therefore be valuable in stratifying 
patients for anti-PSMA treatment. Recently, the results of a 
phase II trial of BIND-014 in combination with prednisone 
in chemotherapy-naïve metastatic CRPC were reported (139). 
BIND-014 is a docetaxel-containing nanoparticle targeting 
PSMA. The primary endpoint was radiographic PFS, but for 
a subset of patients, CTC counts and PSMA expression on 
CTCs were assessed. BIND-014 was found to be active and 
well tolerated, whereas serial monitoring of CTCs in blood 
showed that the predominant cells eliminated were those 
expressing PSMA (139).

CONCLUSIONS AND PERSPECTIVES
The emerging field of ctDNA and CTC research has opened 

new avenues for cancer diagnostics over the past 10 years with 
important clinical opportunities for personalized medicine 
in oncology.

Capture of circulating cell-free DNA (ccfDNA) from blood 
plasma seems to be easier than capture of CTCs, but sophis-
ticated downstream analysis of ctDNA also requires expert 
skills; thus, the concordance between different technologies 
depends on the ccfDNA concentration (140). In early cancer 
stages, the rarity of the signal is due to biology, which can 
affect reproducibility not only between methods but also 
within the same method. For example, one aliquot has the 
ctDNA fragment, and the other aliquot of the same sample 
does not. Another issue for CTCs and ctDNA is the volume of 
blood needed (>5 mL) to accurately assess CTCs, particularly 
in patients with early-stage cancer. Although ctDNA has in 
principle a higher dynamic range than CTCs, the number of 
ctDNA molecules can also become a limiting factor in early 

cancer detection where the tumor burden is very low. The 
recent development of assays with high sensitivity and the 
ability to assess a broad spectrum of mutations on fragments 
of ctDNA may overcome this limitation.

Broad clinical usage will depend on standardization 
of both preanalytic and analytic procedures. This task 
requires large initiatives such as the BloodPac in the 
United States or the Cancer-ID in Europe (93, 141) that 
will be continued by the European Liquid Biopsy Society 
(www.elbs.eu; ref. 142). Standard operating procedures 
should be developed and broadly validated. Development 
of appropriate reference materials will also contribute 
to more standardized quality controls, quantification, 
and reporting among laboratories. Proficiency testing 
for standardization and insight into the performance of 
ctDNA assays is available through the College of American 
Pathology PT program (https://www.cap.org/laboratory-
improvement/proficiency-testing). Applications for CTCs 
and ctDNA have greatly advanced in the last decade (Fig. 
4). Both approaches provide overlapping information as 
well as unique information for specific cancers. Clinical 
trials are ongoing for a number of clinical applications.

Large clinical validation studies are now mandatory in 
order to demonstrate the clinical utility of liquid biopsy 
monitoring, which can be achieved by interventional trials 
where the biomarker result determines the treatment choice. 
Efforts in this direction have started using ctDNA and CTCs 
as liquid biomarkers. However, interventional trials link the 
“efficacies” of the biomarker and the chosen drug treat-
ment in a predefined patient group, and both parts of this 
complex equation must work to result in a successful trial 
outcome. The hard lesson learned from the SWOG trial on 
CTCs in breast cancer is a good example (106) that a good 
prognostic biomarker might not be predictive if there is no 
effective therapy for the high-risk population who failed 
previous therapies. Thus, the careful design of interven-
tional studies is crucial. The utility of ctDNA to support 
patient selection for early-phase clinical trials is currently 
being investigated (e.g., in the TARGET study; ref. 143). 
Additional trials that are planned or in process and will 
have a chance to provide data that could lead to approvals 
for clinical uses include the TRACERx studies in the UK, 
the Australian DYNAMIC studies (ACTRN12615000381583 
and ACTRN12617001566325), the COBRA study (NCT-
04068103) in the United States, and multiple trials in Europe 
(e.g., IMPROVE-IT EudraCT #2018-00070-30, MEDOCC- 
CrEATE, Netherlands Trial Register #NL6281/NTR6455).

ctDNA is currently the preferred biomarker for liquid 
biopsy analyses of druggable mutations relevant to cancer 
therapies. However, molecular characterization of CTCs can 
provide additional information. Genomic analysis of single 
CTCs can reveal intrapatient heterogeneity, which might 
contribute to treatment resistance. Furthermore, transcrip-
tional plasticity can be an important driver for resistance to 
cancer therapy, and CTCs can be interrogated at the RNA 
and protein level. Transcriptional analysis of CTCs may 
also predict in the future which organ site is likely to be 
colonized; different organ microenvironments can select 
different types of tumor cells and induce different transcrip-
tional activities as a consequence of the cross-talk between 
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the tumor cells and the surrounding organ cells. Single-cell 
CTC analysis might provide information on intrapatient 
heterogeneity (144), which has been shown to be an impor-
tant mechanism of resistance to therapy in prostate cancer 
(145). Finally, cell lines or xenografts established from CTCs 
can be used as novel models for drug susceptibility testing, 
which opens a new avenue for functional analysis. Depend-
ing on the tumor types and clinical application, the combi-
nation of both CTCs and ctDNA together with other liquid 
biopsy markers (142), such as circulating proteins, extracel-
lular vesicles, noncoding RNAs, and tumor-educated plate-
lets, may augment the future diagnostic assessment of 
patients with cancer.

Finally, the biological processes controlling the dissemi-
nation of CTCs and DNA shedding from primary and 
metastatic tumors need to be further investigated, which 
will also help to optimize the use of these biomarkers in 
clinical studies. There is some indirect evidence that the 
release of CTCs from tumor tissue is not just a random pro-
cess. Transcriptional profiling has revealed expression sig-
natures related to blood-borne dissemination into the bone 
marrow (146). Experimental models revealed that tumor 
cells are primed for dissemination before their release 
into the blood circulation by special niches in the primary 
tumor (147, 148). The major mechanism of ctDNA release 
is during tumor cell apoptosis, but there is also an alterna-
tive mechanism through which ctDNA is encapsulated into 
exosomes (4), and this encapsulation might be regulated 
by specific mechanisms (149). Nucleic acids and proteins 
transported in exosomes from primary lesions to distant 
sites can be taken up by recipient cells and change tumor 
biology (150, 151). Moreover, the effect that different anti-
cancer therapies might have on any of these processes has 
potential clinical implications and therefore needs to be 
explored in future studies.
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