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Review Article
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Abstract: Circulating tumor cells (CTCs) are cells that are shed from the primary tumor and circulate in the blood, 
and their metastasis and formation of a secondary tumor are closely associated with cancer-related death. There-
fore, regulating tumor metastasis through CTCs can be a novel strategy to fight cancer. It has been demonstrated 
that CTCs can reflect the profile of the primary tumor and provide valuable information about intratumoral hetero-
geneity and their evolution over time. Moreover, the revelation of the relationship between metastasis and CTCs 
suggests that CTC regulation represents a promising novel anticancer strategy. Above all, at the molecular level, 
genetic analysis might be vital in the new era of gene-targeted cancer therapies and contribute to personalized anti-
metastasis tumor treatments. In this review, we will focus on the biological significance of CTCs in the peripheral 
blood and discuss their potential clinical implications in cancer management.
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Introduction

Circulating tumor cells (CTCs) were first defined 
by Asworth in 1869 and further elucidated in 
1955 [1]. They can be free or clustered in the 
circulation or lodge themselves in new tissues. 
The presence of CTCs is common in most can-
cer patients, even in patients with localized dis-
ease and in patients at risk of recurrence after 
primary radical treatment [2]. However, CTCs 
are extraordinarily rare, and it is estimated that 
there is only one CTC in a million blood cells in 
the circulation of patients with advanced can-
cer. Therefore, a simple noninvasive blood sam-
ple is a uniquely accessible method.

CTCs are generally referred to as disseminated 
tumor cells (DTCs) in the bone marrow. In 2007, 
the American Society of Clinical Oncology first 
cited CTCs and DTCs in a suggestion about 
tumor markers [3]. Both CTCs and DCTs have 
the potential to predictive prognosis and are 
useful for monitoring therapeutic effects in 
cancer patients. However, sampling from the 

bone marrow is an invasive process that is not 
widely used clinically. The detection of CTCs in 
the peripheral blood seems more practical than 
detecting DTCs in the bone marrow [4]. A new 
technology called “liquid biopsy” provides real-
time analysis of CTCs for patients with tumors 
[5]. As a blood test, the liquid biopsy is suffi-
ciently sensitive to discover an individual tumor 
cell lurking in a billion ordinary hematopoietic 
cells and can be monitored in real time. Liquid 
biopsy results make important contributions in 
deciphering the genomic message related to 
tumor metastasis, providing comprehensive 
marker detection for targeted therapies and 
determining treatment resistance [6]. Liquid 
biopsy results can reflect information about dif-
ferent phases of metastasis and are helpful for 
the early diagnosis of malignant tumors and the 
accurate prediction of metastasis or recurrence 
[7].

With the development of CTC research, the sim-
ple enumeration of CTCs in the periphery can-
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not provide a comprehensive view of malignant 
tumors. In fact, CTCs provide the chance to 
assess the complexity of biological features of 
tumors and reflect genetic, epigenetic and pro-
teomic features during progression, which can 
be very different from those of the primary 
tumor [8, 9]. Therefore, collecting CTCs during 
disease progression reveal dynamically evolv-
ing results, reflecting the evolution of invasive 
tumor cells during treatment. With this informa-
tion, mutations in tumor cells can be identified, 
and precision treatment can be used to treat 
the evolving cancer. The latest developed tech-
nologies to enrich and characterize CTCs have 
taken into account each step of metastasis and 
offer the opportunity to inhibit metastasis [10]. 

Collectively, the clinical significance of CTCs in 
malignant tumors warrants further investiga-
tion. In this review, we will discuss detection 
technologies based on liquid biopsy, concen-
trating on the characteristics of CTCs and the 
factors that impact CTC aggressiveness. In the 
future, the development of new CTC detection 
techniques and the further evaluation of CTCs 
will allow cancer research to enter a new era of 
clinical research.

Enrichment of CTCs

Several methods to capture CTCs from periph-
eral blood are based on their differential physi-
cal or biological properties [11, 12] (Figure 1). 
Physical characteristics include size, density 
and electrical properties. These methods can 
separate CTCs without labeling. Compared with 
white blood cells (WBCs), CTCs are usually larg-
er, and this characteristic has been utilized to 
capture CTCs with size-based filtration. On the 
basis of differences in sedimentation coeffi-
cients, density gradient centrifugation sepa-
rates cells by centrifugal force. Furthermore, 
cells can be separated on the basis of differ-
ences in the charges of their membranes [8].

The majority of techniques based on biological 
properties are affinity-binding systems, which 
depend on the immunologic characteristics of 
CTCs. There are two methods that make use of 
this technique. The first approach is using can-
cer-special biomarkers to positively select the 
CTCs. According to the expression of surface 
biomarkers of epithelial-mesenchymal transi-
tion (EMT), CTCs are divided into three pheno-
types: epithelial CTCs, mesenchymal CTCs or 

Figure 1. CTCs have physical properties and biological properties that can help separate them from normal periph-
eral blood cells. Physical properties include size, density and electrical charge. Biological properties are based on 
two principles: the expression of biomarkers (EpCAM for positive-selection, CD45 for negative-selection) and the 
separation of cells via immunomagnetic techniques. Further analysis of CTCs in terms of genomic, transcriptomic 
and proteomic characteristics distinguishes them from normal cells. 
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nous survival and transport, extravasation and 
colonization [20, 21]. Many factors may influ-
ence the diffusion and invasion of CTCs [22] 
(Figure 2).

EMT and MET

The transition between epithelial and mesen-
chymal states can include EMT and as mesen-
chymal-epithelial transition (MET). Both EMT 
and MET play a crucial role in embryonic devel-
opment and have a key role in the tumorigenic 
process [23]. Emerging research suggests that 
EMT is likely a key event involved in the spread 
of epithelial cancer cells [24]. This process not 
only enables tumor cells to acquire migratory/
invasive properties that facilitate infiltration of 
the vasculature system and production of CTCs 
but also promotes the ability of CTCs to survive 
in the blood and to penetrate the circulation 
and invade proximal tissues [25]. Apart from 
these roles, EMT has also been associated with 
drug resistance [26], genomic instability [27] 
and immune evasion [28].

EMT plays a crucial role during each step of 
tumor metastasis and is conducive to CTC gen-
eration, intravasation, survival in circulation 
and extravasation. Tumor cell invasion seems 
to start with the EMT program. In the process of 
EMT, tumor cells lose the junctions that con-
nect them to other cells or with the extracellular 
matrix (EMC) [29]. This loss causes cells to 
become motile and aggressive, allowing them 
to transmigrate through the basement mem-
brane and invade surrounding stromal tissues 
[25]. In a study of human hepatocellular carci-
noma (HCC) tissues, HCC cells that had experi-
enced EMT in cancer cell nests invaded the sur-
rounding tumor stroma [30]. Once the tumor 
cells disperse into the bloodstream, they may 
face a formidable challenge from the vascular 
environment. They have to overcome intercel-
lular collision and fluid shear forces caused by 
blood flow to survive [17]. The shearing forces 
significantly reduce the number of CTCs, and 
different shearing forces can change the move-
ment path of CTCs. Studies have shown that 
CTCs with EMT phenotypes are more viable in 
the bloodstream. According via this pre-meta-
static mechanism, EMT can also help tumor 
cells overcome anoikis [31]. After that, CTCs 
may move under the collisions with other blood 
cells and be recruited to the vascular walls. 

hybrid CTCs. The most successful detection 
technology has made use of EpCAM, which is 
commonly expressed on epithelial cells. 
Currently, the US Food and Drug Administration 
has approved only pass one validated and stan-
dardized assay, which is based on antibodies 
against EpCAM [13]. However, for aggressive 
triple negative breast cancers, gastrointestinal 
malignancies, lung cancers, and prostate can-
cers, positive selection based on EpCAM is lim-
ited [14-16]. In particular, some tumor cells 
may undergo EMT and have an EpCAM-negative 
biological phenotype. Researchers have found 
many biomarkers that can be used to detect 
EpCAM-negative tumor cells. One preferred 
method is to capture EpCAM-negative CTCs 
through the depletion of CD45-positive leuko-
cytes (negative selection) [17]. Negative selec-
tion can remove red blood cells by size separa-
tion or chemical lysis. WBCs can also be 
removed by high-affinity antibodies and immu-
nomagnetic separation [10]. Current strategies 
to capture hybrid CTCs (which express both epi-
thelial and mesenchymal markers) combine 
antibodies against multiple cell surface mark-
ers [18]. 

With the advances in rearch, many devices 
have been used in capture CTCs. CTC-chip is a 
microfluidic platform, consisting of an array of 
anti-EpCAM antibody-coated microposts. The 
CTC-chip mechanism is based on physical bio-
logical properties and has been used to suc-
cessfully isloate CTCs in metastatic lung, pros-
tate, pancreatic,colon and breast cancer [19]. 
The source of the neoplasm is the key to isolat-
ing CTCs. Since the technique is not specific for 
isolating WBCs, it is possible to capture rare 
circulating epithelial cells and other nonim-
mune cells.

In other words, each technology has advantag-
es and disadvantages. A combination of differ-
ent technologies is likely to be beneficial for 
understanding the roles of CTCs in metastasis 
and holds great potential for new biological 
insights and clinical applications.

Migration of CTCs

It is accepted that CTCs are important in the 
hematogenous metastasis of malignant tu- 
mors. The process of CTC dissemination is 
complex and continuous and includes five 
steps: local invasion, intravasation, hematoge-
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There, CTCs roll and adhere to the endothelium 
via interactions with adhesive factors, transmi-
grate through the endothelium and colonize the 
distant site [32]. Following metastatic spread 
and colonization, MET, the reverse biological 
process of EMT, converts the disseminated 
mesenchymal tumor cells back to the epithelial 
cell state which is a more differentiated state 
[23]. MET may result in the loss of the migrato-
ry capabilities of CTCs and the restoration of 
tight junctions between CTCs and other cells, 
which ultimately leads to formation of the met-
astatic lesion [33].

Host factors in CTC migration

New findings suggest that research concentrat-
ing on only the intrinsic features of tumor cells 
is insufficient, as host cells have coevolved with 
the tumor cells within the tumor microenviron-
ment and thus also both play an important role 
in metastasis [34, 35]. Therefore, the “premet-
astatic niche” as a new concept in recurrence 
and metastasis has attracted people’s atten-
tion [7]. The premetastatic niche is defined as a 
microenvironment that facilitates the invasion, 

proliferation and/or survival of metastatic 
tumor cells in the target metastatic organ [34]. 
Emerging evidence has shown that genetic acti-
vation and regulation of specific proteases and 
chemokines/cytokines may direct metastasis 
to a designated organ and form a premetastat-
ic niche [36]. For instance, Minn et al. [37] and 
Kang et al. [38] have identified a unique set of 
genes that can predict lung or bone metastasis 
by examining subsets of breast tumor cells. 
These specific genes include VCAM1, matrix 
metalloproteinase 1 (MMP-1), CXCL1 and inhib-
itor of differentiation 1 (Id1) for lung metasta-
sis, and these specific genes represent media-
tors and markers of tumor cell survival and 
growth [37]. Focus on the early molecular and 
cellular events in cancer dissemination will like-
ly lead to new methods to detect and prevent 
metastasis in the initial stages of metastasis.

CTC clusters

Circulating tumor cell clusters are referred to as 
circulating tumor aggregates, circulating tumor 
microemboli or circulating micrometastases 
and are defined as groups of tumor cells travel-

Figure 2. Metastasis includes five steps: local invasion, intravasation, hematogenous survival and transport, ex-
travasation and colonization. EMT is a multistep transitional process that produces epithelial, mesenchymal and 
hybrid CTCs. Tumor cells may actively or passively enter the bloodstream via EMT or other biological events. In the 
circulation, CTCs may overcome several hurdles including shear forces, anoikis, and immune defense. After survival 
in the bloodstream, CTCs may move under the collisions with other blood cells and be recruited to the vascular walls, 
allowing them to transmigrate through the endothelium. At the distant site, CTCs may extravasate and undergo MET, 
which enables the colonization of CTCs and ultimately results in metastatic lesions.
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ling together in the bloodstream [39]. Various 
microfluidic devices have been developed to 
separate these clusters without compromising 
their integrity [40, 41]. Recent studies have 
considered that CTC clusters have potential 
implications in the metastasis process and are 
relevant to clinical outcomes [42]. CTC clusters 
contain a number of tumor cells and may also 
contain platelets, immune cells, and cancer-
associated fibroblasts. These nonmalignant 
components are conducive to the survival and 
metastasis of CTC clusters in different ways. 
For instance, the existence of heterotypic 
tumor-derived stromal cells within CTC clusters 
facilitated metastasis formation [43]. The pres-
ence of endothelial cells contributed to promot-
ing angiogenesis and resulted in a larger size of 
metastases [44]. The CTC clusters have longer 
survival times than common CTCs in enduring 
hemodynamic shearing forces. However, the 
half-life of the CTCs (25-30 min) is longer than 
that of CTC clusters (estimated to be 6-10 min) 
[45].

CTC clusters are mainly composed of epithelial 
CTCs (which express biomarkers such as 
EpCAM and E-cadherin), but mesenchymal 
CTCs (which express biomarkers such as 
N-cadherin and EGFR) and hybrid CTCs are also 
observed [46-48]. The presence of two cell 
types and/or the ability to transfer between 
states are thought to be the reasons for their 
higher metastatic potential relative to individu-
al CTCs, and the lack of proliferative biomark-
ers may explain why they are more resistant to 
chemotherapy [48-50]. Although it is widely 
believed that CTC clusters are relevant to the 
progression of tumor metastasis and that their 

presence is associated with poor clinical out-
come, research on CTC clusters as biomarkers 
and therapeutic targets is limited by several 
factors [51]. The clinical significance of CTC 
clusters currently remains to be confirmed, and 
further efforts are needed to explore the poten-
tial of CTC clusters in clinical applications.

Molecular analysis of CTCs

The molecular analysis of CTCs has an impact 
on the molecular underpinnings of cancer in 
patients. It presents a valuable source for per-
sonalized anti-metastatic therapies and sur-
veillance for drug resistance [52]. Advances in 
molecular technology allow molecular analysis 
at the single-cell level [53, 54] (Table 1).

Genomic and proteomic analyses can be used 
to provide clinical information on the DNA muta-
tion status and evolution of cancer. Such analy-
ses are critical for accurate identification and 
monitoring for the emergence of new mutations 
during the metastatic process [10]. For 
instance, in breast cancer, next-generation 
sequencing of CTCs has revealed significant 
inter- and intra-patient heterogeneity, which 
can be monitored over time. The emergence of 
estrogen receptor gene (ESR1) and fibroblast 
growth factor receptor gene (FGFR2) mutations 
revealed potential new therapeutic targets 
[55]. In addition, many genes associated with 
migration and adhesion such as CD44v6 and 
CD151, are strongly downregulated, which 
highlights the decreased invasion and adhe-
sion of CTCs in the blood stream [56, 57]. 
Detection of these mutations during the pro-
gression of the disease can direct follow-up 
treatment.

Table 1. Analysis of CTCs
Analysis Techniques Markers References
Count Stain Antibodies against cytokeratins [70]

DNA-based strategies Sanger sequencing
Next-generation sequencing 
Multiple displacement amplification
Comparative array genomic hybridization

PIK3CA and EGFR
The complete exome and genome
Single nucleotide polymorphism
Genomic profiling of CTCs

[71]
[72-74]

[72]
[75]

mRNA-based strategies Reverse-transcription PCR

Digital PCR
RNA sequencing
Multicolor RNA in situ hybridization 

CK18, CK19, CK20, MUC1, prostate-specific antigen, 
and carcinoembryonic antigen
ATP
Wnt2
Multiple gene targets

[76]

[77]
[78]
[79]

Protein-based strategies Mass cytometry 
CellSearch
Epithelial ImmunoSPOT
High-speed automated digital microscopy
Microfluidic technologies
Mass spectrometry approaches

Phosphorylation states
CKs, CD45, and DAPI
Secreted, shed, or released proteins
Antibodies with fluorescent conjugates

[80-82]
[76]
[83]
[84]
[85]
[82]
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Transcriptomic analysis of CTCs provides great 
advantages for us to understand the metastat-
ic process. In a transcriptomic-based assay, 
the relative change in the expression of epithe-
lial and mesenchymal biomarkers during the 
treatment in 11 patients with metastatic breast 
cancer was studied by RNA in situ hybridization 
[46]. With the development of sequencing tech-
nologies, the mutation frequencies and expres-
sion profiles of CTCs can be provided. However, 
few technologies can be used to measure CTC 
protein expression, with the exception of anti-
body-staining approaches [10]. Proteomic-
based assays can be used to detect the 
absence or presence of key signaling oncogen-
ic aberrations [52]. For example, CD47 was 
found to be the only overexpressed protein on 
CTCs and can inhibit the toxicity and phagocy-
tosis of immune cells [58]. Inhibition of the 
CD47 ligand and the receptor SIRPa can inhibit 
T cell and macrophage functions [59]. 
Therefore, CD47 is related to CTC immune- 
escape, and its upregulation permits survival of 
CTCs [57].

Molecular detection approaches such as poly-
merase chain reaction (PCR), reverse-transcrip-
tion PCR (RT-PCR) and quantitative RT-PCR 
(RT-qPCR) can target nucleic acids to identify 
markers between tumor cells and nucleated 
hematopoietic cells. PCR uses genomic DNA as 
a starting material which is a high sensitivity 
approach. It can be used when the tumor cells 
have a specific mutation or when the mutation 
is already known [60]. However, its sensitivity is 
limited by the heterogeneity of CTCs. RT-PCR is 
used to detect tissue-specific mRNA. It is used 
to identify tumor-associated biomarkers such 
as EpCAM and stem cell biomarkers such as 
ALDH1. It can also identify EMT-associated 
transcripts such as PI3Kα and Twist1 [61]. 
Moreover, RT-qPCR can define a cut-off value 
for the marker transcript and compare it to the 
expression of the transcript in normal cells. 
However, the cut-off thresholds may not be 
applicable in individual patients; for example, it 
was not possible to set up a cut-off value to dis-
tinguish mRNA from illegitimate transcription in 
peripheral blood leukocytes and mRNA from 
tumor cells [62].

Clinical significance of CTCs

Methods for studying the spread of human 
tumors are very limited and human cancer 
metastasis is completely different from that in 

animal models. In such a setting, isolation and 
characterization of CTCs hold tremendous 
potential for new biological insights [63]. To 
date, many researchers have assessed the 
clinical value of CTC analyses and it has been 
proven that CTC analyses can provide signifi-
cant prognostic information in breast cancer 
[13], prostate cancer [64] and colorectal can-
cer [65]. However, the primary challenge of CTC 
technologies is monitoring minimal residual 
disease in patients without signs of overt 
metastasis [66]. The analysis of higher blood 
volumes and more sensitive methods might be 
required to increase the reliability of CTC 
measurements.

The most exciting application of CTC detection 
technologies is the monitoring of systemic ther-
apies. Molecular characterization of CTCs may 
be critical for the identification of therapeutic 
targets and for more “tailored” and personal-
ized anti-metastatic therapies [17]. Such tar-
geted therapies match the drug to the patient 
at different stages of disease progression [63]. 
Liquid biopsy, a method for analyzing CTCs in 
the peripheral blood, might become a less inva-
sive and more cost-effective alternative to tis-
sue biopsy [67]. It is a ‘real time’ noninvasive 
method that can be repeated during treatment 
to monitor the acquisition of new genetic abnor-
malities [63]. Metastatic tumor cells that 
spread to different organs can be used to con-
struct CTC libraries and their analysis may pro-
vide helpful information on useful targets and 
resistance mechanisms related to systemic 
anticancer therapies [68].

In the new era of gene targeted cancer thera-
pies, genetic analysis of tumor cells has be- 
come critical. Longitudinal monitoring of CTC-
derived genotypes may provide an approach to 
identify drug- sensitivity and resistance-associ-
ated markers to guide treatment decisions 
[63]. A subgroup of NSCLC patients provided a 
powerful example of the application of CTC 
genotyping in targeted cancer therapy and 
showed a selective response to the EGFR tyro-
sine kinase inhibitor gefitinib. Most patients 
with NSCLC have no response to therapies tar-
geting EGFR, and only 10 percent of patients 
have somatic activating mutations in EGFR. It is 
likely that patients can exhibit a response to 
selective EGFR kinase inhibitors [69].

In summary, the characterization of CTCs may 
have a significant influence in future clinical tri-
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als as a companion diagnostics strategy to new 
targeted therapies [68].

Conclusion

In the past few years, the field of CTCs has 
made great advances, and researchers are 
becoming increasingly aware of the importance 
of CTCs in cancer treatment, including recogniz-
ing the abilities of CTCs in cancer prediction, 
diagnosis and prognosis. Further elucidation of 
the characteristic of CTCs may provide vital 
insights into the mechanisms of metastasis 
and may contribute to the identification of novel 
targeted therapies. Based on the technology of 
the “liquid biopsy”, numerous targetable cellu-
lar markers of CTCs have been identified, which 
provides great advances for CTC characteriza-
tion. Liquid biopsy can be an informative tool to 
provide comprehensive information for diagno-
sis through an optional and noninvasive proce-
dure. These advances have revolutionized can-
cer detection and management. The information 
gained from these approaches can improve the 
selection of appropriate therapies and obtain 
further insights into the therapy-induced selec-
tion of tumor cells.

Analysis of the biological and molecular charac-
teristics of CTCs might be vital to therapeutic 
decision and contribute to more personalized 
anti-metastatic therapies. It may provide an 
important understanding of tumor progression 
and can help to overcome the limitations of 
single biopsies, which cannot accurately 
describe the genomic landscape of cancer, and 
biopsy methods for multiple metastases [52].

In summary, if we can develop technology to 
detect the most aggressive subsets of CTCs by 
increasing assay analytical sensitivity, early 
detection and eradication of these CTCs may 
decrease cancer mortality. In addition, new 
therapy targets during the metastasis of CTCs 
can also be used to isolate and identify sub-
populations of tumor cells. Focusing routine 
molecular research on rare circulating tumor 
cells, targeting cellular markers of CTCs and 
discovering new cellular markers may improve 
the management and prevention of metastatic 
disease in the near future.
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