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Abstract Most patients with cancers died of distant metastasis.
It is always difficult to find cancer metastasis in early time, let
alone to prevent or cure it. Currently, oncologists place high
hopes on circulating tumor cell (CTC), which, compared to cur-
rent imaging methods, is found more sensitive for early metas-
tasis. Recently, techniques for CTC enrichment and identifica-
tion are developing quickly. However, there are great challenges
in the clinical interpretation of CTC assessments. Increasing
studies have shown the heterogeneity of CTCs, which may play
different roles in cancer metastasis. Epithelial-mesenchymal
transition is not only the main mechanism of the cancer cells
invading the circulation system but also a distinguished charac-
teristic of CTCs. Investigators are trying to differentiate specific
subgroups of CTCs that are truly responsible for cancer metas-
tasis. Here, we reviewed the current evidences on epithelial-
mesenchymal transition of CTCs from perspectives of enrich-
ment methods, biology, and its subgroups.
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Introduction

Distant metastasis accounts for almost 90 % of cancer-related
deaths, and the details of cancer metastasis are largely un-
known. Several hypotheses have been proposed to depict the
basic process of cancer cell migration from primary site to
ectopic organs [1]. Regardless of their differences, all models
hypothesize the existence of circulating tumor cells (CTCs) and
the intravasation of cancer cells from primary tumors.
Epithelial-mesenchymal transition (EMT) has been widely ac-
cepted as the mechanism by which cancer cells acquire inva-
sive capacity and migrate toward vessels by degrading extra-
cellular matrix. Intra- and inter-patient heterogeneity of tumor
cells has been found recently via single cancer cell RNA se-
quencing [2, 3] and immunological repertoire analysis [4, 5].
Some investigators believe that certain subgroups of cancer
cells are highly invasive and are more contributable to metas-
tases formation than others [6–8]. Phenotypes of CTCs have
been explored from different perspectives such as EMT [9],
apoptosis [10], and expressions of certain genes [11].

Among the multiple ways used by oncologists to identify
phenotypes, epithelial and mesenchymal characteristics of
cancer cells are one of the most frequently used classifications,
particularly for tumors originating from epithelial cells. In
these settings, EMT is considered as a pivotal step through
which cancer cells invade into the circulation and form
CTCs. A corresponding mesenchymal-epithelial transition
(MET) is hypothesized to occur after extravasation of CTCs
from the circulation. However, the detailed roles of EMT are
still under debate since a cooperative model has opposed the
hypothetical EMT-MET process [12]. Here, we review the
current evidences on CTC-based metastasis from the perspec-
tive of CTC phenotypes in terms of their distribution, biolog-
ical and clinical relevance, and their metastatic ability, partic-
ularly focusing on EMT.
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Phenotype of cancer cells associated with metastasis

Calculating the number of CTCs in a patient’s body is difficult
sincemost CTCs can only exist for several hours before they can
be detected [13]. However, according to the current results of
CTC capture technologies (all of which could capture only a part
of CTC repertoire), a considerable number of CTCs is believed
to exist in a patient’s circulation. It has been speculated that only
0.01% of all CTCs are able to survive and formmicrometastases
in distant organs [14], which means that the majority of CTCs
are Beliminated^ in the circulation.While numerous studies have
confirmed the prognostic value of CTC enumeration in breast
[15], prostate [16], colorectal [17] and lung cancers [18], and
cholangiocarcinoma [19], the phenotypes of CTCs and their
implications in clinical practice are rarely reported.

The influence of cancer cell phenotype on metastasis exists
in all stages of the metastatic cascade (well reviewed by
Bonnomet et al. [20]). In the stage of CTC generation, induc-
tion of MET in the primary cancer reduced numbers of CTCs
and lung metastases in an orthotropic mouse model of breast
cancer [21]. In the circulation, the survival, viability, and in-
vasive ability of CTCs determine the efficiency of extravasa-
tion. Epithelial cells tend to undergo apoptosis without detach-
ment. Although cancer cells were believed to be resistant to
anoikis [22], apoptosis of single CTC was relatively high in
breast and lung cancers [10, 23, 24]. Intuitively, apoptotic
CTCs are not likely to form metastases. Unfortunately, al-
though nab-paclitaxel chemotherapy increased CTCs with ap-
optotic phenotype in patients with metastatic triple-negative
breast cancer, it did not alter the proportion of apoptotic CTCs,
nor there was correlation of apoptotic CTCs with clinical ben-
efits [10]. Thus, there is little evidence that apoptotic pheno-
type of CTCs is associated with metastasis and prognosis.

Biology of cancer cells with distinct phenotypes

Expressions of certain crucial genes can lead to distinct bio-
logical behaviors of CTCs, which can be accordingly classi-
fied into different subgroups or phenotypes. Common pheno-
types in CTC classification include epithelial/mesenchymal
[25], cancer stem cell (CSC)/non-CSC [26], apoptotic/non-
apoptotic [10], Her2-positive/-negative [27], and PD-L1-pos-
itive/-negative [28] phenotypes. Large/small size [8] and
mono-/multi-nucleate [29] were also differentiated and stud-
ied in some institutes. Different phenotypes of CTCs, which
have common traits as cancer cells, are all prone to survive in
blood [9, 30] by resistance of anoikis [31], and are crucial for
metastasis formation [32]. However, each phenotype of CTCs
shows distinct capacity or specific characteristics of its own.
For instance, Her2-positive tumor is more likely to be associ-
ated with presence of CTCs [33], suggesting that Her2-
positive cancer cells are more invasive. Another example is

that CTCs with large size from central venous blood are in-
clined to lodge in the lung and form metastases, while small-
sized CTCs can easily pass through microvessels and can be
detected in peripheral venous blood [34].

Among these phenotypes, EMT phenotype attracts the most
attention. Epithelial cancer cells are stiffer and less invasive,
while mesenchymal tumor cells or cancer cells undergoing
EMT (EMT-CTCs, positive for mesenchymal markers with or
without positivity for epithelial markers) are more invasive and
easy to change their shapes. These characteristics were in accor-
dance with massive changes of relevant gene expression such as
genes of matrix metalloproteinase (MMP) and cytoskeleton pro-
teins. Even though EMT-CTCs have been frequently observed,
the exact mechanism by which EMT is induced in CTCs is
largely unknown. Intuitively, inducers of EMT in CTCs are
probably the same with those in common cancer cells. Animal
experiments suggested that at least in hepatocellular carcinoma,
hepatocyte growth factor (EGF) could induce EMT via c-Met
overexpression [35]. Similar effect of EGF was noticed in breast
cancer [36]. Moreover, studies in human breast cancer suggested
that transforming growth factor-beta was another EMT inducer
in CTCs [9, 36]. EMT-CTCs are believed to be responsible for
metastasis formation via several mechanisms. New discoveries
showed that MMPs expressed by EMT-CTCs could be induced
by host stroma and facilitate CTC extravasation [37].

Up to date, there have been no standard methods or bio-
markers for defining EMTstatus of CTCs. Cytokeratins (CKs)
and vimentin are the most frequently used markers for epithe-
lial and mesenchymal phenotypes. In addition, N-cadherin,
Snail, Slug, Twist, and fibronectin were also adopted as mes-
enchymal markers by a few investigators [23, 36, 38, 39],
while E-cadherin was the main representative for epithelial
markers [23, 40]. More markers like plastin3 for EMT-CTC
was identified [41]. More subgroups of CTCs will be identi-
fied if two or more markers are used for definition of EMT
status since expressions of these markers is usually highly
heterogeneous in CTCs [23, 36]. Therefore, caution should
be taken when different results are interpreted.

Besides, biomarkers and methods for detection may both
be important. Vimentin mRNA is exemplified to be an unsuit-
able marker [42], though vimentin itself is a well-accepted
marker for mesenchymal phenotype. In addition, compared
to epithelial cell adhesion molecule (EpCAM), CKs are more
specific for detection of epithelial CTCs since vimentin-
positive cells are often CK negative [26]. With the limited
available data, a panel of markers may be more appropriate
for definition of epithelial or mesenchymal phenotype.

Phenotypes of captured CTCs

The technology for CTC isolation or capture has greatly im-
proved over the past 15 years, giving us an opportunity to

5664 Tumor Biol. (2016) 37:5663–5674



scrutinize CTCs. Current evidence clearly showed the inter-
and intra-patient heterogeneity of phenotypes and oncogenic
mutations of CTC [9, 43, 44]. The phenotypes of CTCs still
largely depend on the methods used for CTC capture.
EpCAM-based CTC capture, which is currently the most ma-
ture technology, mainly captures epithelial CTCs. However,
several reports showed that EpCAM-based technology failed
to detect CTCs in a considerable part (>30 %) of patients with
metastatic cancer [9, 45]. Additionally, EpCAM-negative
CTCs were identified, and EpCAM-positive CTCs account
for roughly only a half of the total number of CTCs [7].
Although CellSearch®, the only US Food and Drug
Administration (FDA)-approved facility for CTC capture, is
no doubt a milestone of CTC capture, numerous methods
using EpCAM-independent strategy have achieved a signifi-
cantly higher yield [46, 47]. Simply by further detecting the
waste discarded by CellSearch®, investigators doubled the in-
cidence of CTCs found in patients and also the amount of
CTCs in an individual patient [7]. Although surface marker-
based technologies selectively capture CTCs, they are biased
methods. Similarly, although isolation by size of epithelial
tumor cells (ISET) platform can avoid differences in antigen
expression, it actually selects CTCs according to their size and
stiffness [8, 48]. From this point of view, all CTC capture
methods are biased. But based on the perspectives of most
investigators, we here define ISET platform as unbiased.

Since the extension of EMT can be different among CTCs,
without a quantification method, it is difficult to determine the
EMT status of CTCs among patients. In practice, although with
slight difference, many investigators used a Bratio^ of epithelial
and mesenchymal markers (or the reciprocal) to demarcate CTC
phenotypes [9, 49, 50]. The ratio has been confirmed to be
directly associated with EMT [49]. Given the differences in their
principles, it is not surprising that the results of EMT-CTC show
a weak association between ISET platform and CellSearch®. A
study focusing on this issue indicated that no significant correla-
tion was found when comparing CellSieveTM (a microfiltration
system using 7-μm pores) with CellSearch® [51].

Phenotypes of CTCs captured by surface marker-based
technology

Surface marker-based technology isolated a subgroup of CTCs
which expressed certain proteins such as EpCAM or Her2.
These CTCs usually have similar characteristics although they
are not homogeneous. The surface markers adopted can influ-
ence the results of CTC enumeration and phenotype in both
isolation and detection steps. For instance, CK20 extensively
improved the detection rate of CTCs after isolation using
CellSearch® [52]. Based on EpCAM antibody, many methods
have been developed for better efficacy and purity of CTC
isolation. Given that the amount of EpCAM molecules on
CTC surface influences antigen-antibody affinity in different

velocity, a magnetic nanoparticle-mediated strategy was
invented by the Canadian to isolate distinct subgroups of
CTCs with high or low expression of EpCAM [43].

Phenotypes of CTCs captured by ISET platform

Generally, the yield of ISET platform is significantly higher
(two to four times) than that of CellSearch® as the former is
supposed to isolate both epithelial and mesenchymal CTCs
[47, 53, 54]. Using ISET platform or similar methods, inves-
tigators could identifymore EMT-CTCs, and the proportion of
vimentin-positive CTCs could be as high as 80–100% in most
patients [29].

A pioneer study in lung cancer showed that all patients had
EMT-CTCs, some patients had mesenchymal CTCs, but no
patient had epithelial CTCs [55]. Wu et al. used a filtration
method and tri-color RNA in situ hybridization (RNA-ISH) to
investigate the EMT phenotype in 164 patients with six types
of cancer. Approximately a half of samples contained CTCs
with mixed epithelial/mesenchymal phenotype, and an equal
proportion (27 %) of samples contained epithelial or mesen-
chymal CTCs [25]. These studies suggested a high proportion
of EMT-CTCs in patients regardless of cancer types.

Phenotypes of CTCs captured by other strategies

CTCs isolated using a subtraction enrichment method from a
non-small cell lung cancer (NSCLC) patient were found with
vimentin expression via both immunofluorescence and iFISH,
though EpCAM expression was much more frequent in pa-
tients with a variety of cancers using the same enrichment and
detection platform. [56] Interestingly, CK18 was negative in
most CTCs enriched using this EpCAM-independent technol-
ogy from patients with lung and esophageal cancers [56].
Using reverse transcription polymerase chain reaction (RT-
PCR) directly from collected blood samples, some investiga-
tors proved that the positive rate of intracellular markers
(vimentin 45 %) was higher than that of surface markers
(EpCAM 30 %, CK19 35 %), and the former was more sig-
nificantly associated with disease stage. Particularly, vimentin
rather than EpCAM or CK19 was extensively elevated in
patients with stage IV breast cancer [57]. Biological
behavior-based isolation was also used based on the logics
that CTCs showing invasive potentials are more likely to form
metastases. CAM-avid CTCs (Vitatex platform), which were
believed to be highly invasive, were mainly mesenchymal and
epithelial/mesenchymal phenotypes [46].

Phenotype of CTCs and its clinical implications

The clinical significance of CTC is generally acceptable but
still under debate in some aspects. Early studies simply
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focused on qualitative analysis or enumeration of CTCs, and
evidence has shown prognostic value of CTC enumeration in
various types of cancers such as colorectal cancer, hepatocel-
lular carcinoma, pancreatic cancer, breast cancer, lung cancer,
prostate cancer, and head and neck squamous cell carcinoma
[58–64]. However, the number of CTCs is highly different
among the major types of cancers [65]. Many factors influ-
ence the quantity and clinical roles of CTCs. For instance,
timing of CTC detection is important because CTC count
can be extensively changed according to disease stage, treat-
ment, and isolation methods. For example, some investigators
demonstrated that presence of CTCs detected by CellSearch®

in postoperative patients with colorectal cancer was infrequent
and was not associated with patient survival or clinicopatho-
logical parameters [66], while others found that postoperative
rather than preoperative CTCs were associated with clinico-
pathological parameters and prognosis as well in colorectal
cancer [67]. This discrepancy suggests the complexity of clin-
ical relevance of CTC.

It would be of great value to trace the sequential change of
CTC count and phenotype during the whole process of treat-
ment. CK-negative CTCs were correlated with metastatic tu-
mor burden in a mouse model [68]. In human, limited data
have shown that CTC count rapidly decreased in patients who
had good responses to treatment, and mesenchymal CTCs
seemed to be more relevant to recurrence and metastasis [9,
69]. The mutual change between epithelial and mesenchymal
phenotypes provides another dimensional information about
CTCs. A phenotype turnover of CTC frommesenchymal (CK
negative) to epithelial (CK positive) was observed after sys-
tematic treatment in patients with non-metastatic breast cancer
[36]. Nowadays, more and more studies have confirmed the
roles of mesenchymal CTC and EMT-CTC in clinical practice
[9, 25, 49]. Although some studies demonstrated that only the
presence of EpCAM-positive CTCs was associated with poor
prognosis [7], most studies claimed that mesenchymal CTCs
which were often EpCAM-negative were more invasive and
thus associated with metastasis [70, 71]. Actually, increasing
studies have shown ambiguous or even negative results re-
garding the association between CTCs enumerated by
CellSearch® and prognosis of patients [66, 72]. On the con-
trary, the incidence of mesenchymal CTCs in patients could be
much higher than that of epithelial phenotype in a large trial of
early stage breast cancer [69]. The proportion ofmesenchymal
CTCs was significantly correlated with tumor size and epider-
mal growth factor receptor expression in non-metastatic breast
cancer [36]. In metastatic breast cancer, EMT-CTC was asso-
ciated with tumor relapse after chemotherapy [38]. The ratio
of mesenchymal CTCs was more significantly increased in
metastatic cancer than in non-metastatic cancer as seen in
many cancers [25, 50]. Consistently, Li’s group showed that
a special antibody targeting cell-surface vimentin was efficient
to capture EMT-CTC, which was significantly associated with

adjuvant chemotherapy response [73]. A trial testing N-
cadherin or O-cadherin as a biomarker of EMT-CTC in met-
astatic prostate and breast cancer patients is also being con-
ducted (NCT02025413).

There are several major concerns about elucidating the cir-
culating epithelial lineage as CTCs in patients. Firstly, healthy
people naturally have a small quantity of epithelial cells in the
blood [46]. Secondly, sarcoma [74], pleural mesothelioma
[75], and certain subtypes of cancers such as normal-like
breast cancer [42] naturally have low expression of EpCAM
or CKs, and epithelial CTCs are probably apoptotic [24].
Thirdly, EpCAM may be downregulated or translocated into
nuclei, leading to reduced expression in the surface of CTCs
[76]. Another critical one is that EMT is quite common in
CTCs and can cause loss of EpCAM and CKs (affecting both
isolation and detection process) [7, 77].

However, the conundrum is that EpCAM may be not
a definite epithelial marker. Although inhibition of
EpCAM was reported to be associated with loss of E-
cadherin in vitro [78], EpCAM+/E-cadherin−, EpCAM+/
CK−, and EpCAM−/CK+ CTCs were often detected in
various cancers [79, 80]. Besides, by using EpCAM-
based technology, investigators frequently acquired
CTCs with mesenchymal phenotype and epithelial/
mesenchymal biphenotype [26, 81]. This is related to
the aforementioned question regarding the way to define
epithelial and mesenchymal phenotypes in CTCs.

Knowing the high heterogeneity of CTCs in patients, on-
cologists have been searching for subtypes of CTCs responsi-
ble for metastasis. It is always difficult to identify a consistent
subtype of CTCs associated with poor prognosis or treatment
response [82]. Fortunately, some studies realized the impor-
tance of certain CTC subtypes such asmesenchymal CTC [25,
49], CTC clusters [6, 40], and small (and very small) nuclear
CTCs [8]. These subtypes of CTCs may have biological prop-
erties, making them easier to form metastases in target organs.
However, the metastatic priority of these subtypes of CTCs
needs more evidence, and the mechanisms warrants further
elucidation.

Even with such uncertainty, people believe that CTCs
will be used for the next-generation cancer detection and
act as a treatment monitor. CTC has now been used as an
indicator in many clinical trials regarding cancer treatment
and new drug development [83–86]. In addition, sequenc-
ing of CTCs is capable of profiling the whole genome-
wide variation and also the specific mutations of the pri-
mary tumor [87, 88]. Nevertheless, capture of CTCs is
promising to reduce tumor burden [89]. Although the dy-
namic variation of mutation status of CTCs needs further
investigation, the consistency between CTC and primary
tumor is inspiring and may provide clinicians a wonderful
opportunity to examine the mutation status of critical
genes feasibly and efficiently.
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Difference of phenotypes of cancer cells within CTC
clusters

CTC cluster was first identified in the 1960s; however, it is not
until recently that the roles of CTC cluster in tumor metastasis
have been emphasized. It was rare but convincing to see CTC
clusters in microvessels of human lung by autopsy [90].
Currently, the most outstanding work regarding CTC cluster-
mediated metastasis was done by Aceto and colleagues, who
found that CTC clusters had much higher potential (∼40 times
compared to single CTCs) of metastasis formation using a
breast cancer mouse model [6]. In patients with cancer, reduc-
tion of CTC clusters was also remarkable after cancer treat-
ment [9, 91], and recurrence of CTC clusters was associated
with the relapse of tumor [9]. The incidences of CTC clusters
found in patients’ peripheral blood ranged from 0 to >90 % in
different studies [25, 27, 40, 46, 92–94], probably because of
the different types of cancer, stages of the disease, and
methods of detection. Several studies proved the survival ad-
vantage of CTC clusters [10, 23, 40], which may contribute to
their highly metastatic potential. Notably, the incidence and
number of CTC clusters in patients may not parallel the num-
ber of single CTC [46], suggesting that CTC cluster had its
unique biological characteristics. Nevertheless, CTC clusters
can also protect cancer cells from apoptosis. Cancer cells ag-
gregating as clusters seldom undergo apoptosis [10, 23]. In
addition, Geng et al. reported a positive feedback loop medi-
ated by CTC cluster via pro-inflammatory cytokines to acti-
vate and maintain the adhesive phenotypic switch, resulting in
a phenotype more capable of invading the endothelium [95].

Most CTC clusters consist of 2 to more than 100 of cancer
cells with or without immune cells and platelets [9, 25, 29, 46,
89, 91]. The size of CTC cluster is critical for heterogeneity
generation since it creates and maintains a special microenvi-
ronment within the cluster. For example, a two-layer spheroid
with around 30 cells is sufficient to maintain a hypoxic envi-
ronment in the inner layer of the cluster [40]. Cancer cells
encounter distinctive microenvironments when they are locat-
ed in the inner or outer layers of a cluster. These environmen-
tal parameters include oxygen, nutrients, blood shear force,
cytokines, etc. The hypoxic microenvironment within a CTC
cluster has been found [40]. Since hypoxia is a potent factor to
induce EMT in nearly all types of cancers [96, 97], it is also
reasonable that EMT can be induced or maintain within CTC
clusters. Besides, cancer cells can undergo EMT by
interacting with platelets integral to a CTC cluster [98].

The heterogeneity of EMT phenotype in CTC clusters has
been confirmed in many types of cancers (Table 1). Using a
size-based isolation technology and RNA-ISH detection
method, Wu et al. identified 16 CTC clusters from three pa-
tients with metastatic liver cancer, nasopharyngeal cancer, and
breast cancer, respectively, and all these clusters showed a
mesenchymal phenotype [25]. Similarly, Yu and colleagues

observed strong staining of mesenchymal markers and weak
staining of epithelial markers via RNA-ISH in CTC clusters
from a patient with breast cancer [9]. Consistently, using a
flexible microspring array device, Harouaka et al. confirmed
the higher proportion (nearly 90 %) of vimentin-positive can-
cer cells within clusters, although the proportion of the
vimentin-positive cancer cell varied among clusters [29].

With the first device using label-free technology for CTC
cluster capture, investigators from Harvard University report-
ed the currently highest incidence (30–40 %) of CTC cluster
in both epithelial and non-epithelial cancers [99]. In contrast,
the previous herringbone-chip (HB-Chip) only identified CTC
clusters in 15 % of patients with metastatic prostate and lung
cancers [100]. Using EpCAM antibody, the CTC clusters iso-
lated with the HB-Chip was found positive for CK7/8; unfor-
tunately, the authors did not perform analysis onmesenchymal
markers [100]. In another study on lung cancer, vimentin was
found frequently expressed in CTC clusters, and E-cadherin
was rarely seen [23]. Furthermore, an ex vivo study found that
CTC clusters had more cells with mesenchymal phenotype
during expansion, even though the epithelial cells and
biphenotypic epithelial/mesenchymal cells persistently
existed [91].

The next generation: phenotype-independent CTC
capture and detection

The variation of results of CTC analysis based on different
platforms can largely attribute to the technologies used for
CTC isolation and detection. Having realized the shortcom-
ings of the current methods, a plenty of novel technologies are
under investigation. Generally, two strategies are adopted. The
first one is still based on cell surface markers, using two or
more antibodies (with at least one non-epithelial antibody) to
isolate other subtypes of CTC in addition to EpCAM-positive
CTC. The second one is based on physical, chemical, or other
characteristics of cancer cells. In addition, nanomaterial tech-
nology has made high-throughput miniaturization and integra-
tion possible in CTC capture [101].

Surface marker-based technology

Following the scientific and commercial success of
CellSearch®, improvements have been made on its basis.
Numerous EpCAM-based devices have been developed [26,
43, 102], but they are still unable to fix the natural defect only
by targeting this specific antigen. To remedy the loss of EMT-
CTCs in epithelial tumor or MET-CTCs in mesenchymal tu-
mor, combinatory antibodies such as anti-EpCAM and 84-1 (a
monoclonal antibody against cell-surface vimentin) were used
successfully to capture CTCs with both epithelial and mesen-
chymal phenotypes [74, 76]. Similarly, combination of
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melanoma cell adhesion molecule (MCAM) and EpCAM in-
creased the detection rate of CTCs by 0.5–1-fold in patients
with breast cancer undergoing neoadjuvant chemotherapy
[103]. Combination of caveolin1 and EpCAM antibodies also
led to a significantly higher recovery rate in breast and prostate
cancers [39]. The captured EpCAM-negative CTCs were sup-
posed to be EMT-CTCs captured byMCAMantibodies [103].
Barriere et al. suggested that it was imperative to use a com-
bined strategy, for any surface marker-based technology, to
target the epithelial, mesenchymal, and epithelial/
mesenchymal biphenotypic CTCs [104].

Biology behavior-based technology

CTCs with high invasive capacity or viability were more
closely associated with metastasis, and they are particularly
paid attention by some investigators. Methods for isolation of
invasive or viable CTCs are being developed. Although with
slight differences, these methods can generally exclude un-
wanted CTC using direct behavior assays [46, 105].
Matrigel invasive assays, which are often used for evaluation
of capacity in cancer cells, provide natural selection for inva-
sive CTCs. Encouragingly, the presence and enumeration of
invasive CTCs detected using this method were found well
correlated with metastasis in mouse models and also with
disease stage in human patients [106]. Notably, invasive

CTC is not equal to mesenchymal CTC or EMT-CTC because
a high proportion of invasive CTCs did express CKs [106] or
EpCAM [46].

Based on the hypothesis that E-selectin triggers rolling
adhension of CTCs, which induce further extravasation, a de-
vice using selectin-mediated capture of viable CTCs has also
been developed [107]. CTCs with high expression of E-
selectin were prone to endothelial adhesion and metastasis
formation. Theoretically, every step of tumor metastasis de-
serves to be elucidated via appropriate models and paralleled
subgroups of CTCs [108].

Unbiased technology

ISET platform is currently the most advanced method for
unbiased CTC capture. Myriad instruments based on biophys-
ical properties have been reported [29, 109, 110]. Microfilter
devices using nylon monofilament or mesh filter [111, 112],
polycarbonate filter [113], parylene-C filter [29, 114], polydi-
methylsiloxane membrane filter [112], tapered-slit membrane
filter [115], and two-layer 3D filter [116, 117] were reported to
enrich CTCs. Notably, the tapered-slit filter and two-layer
microfilters were particularly designed for CTC isolation be-
cause of their special structures to protect CTCs from defor-
mation and fluid shear damage [115–117]. A more complicat-
ed design included resettable cell traps, which allowed

Table 1 Epithelial and mesenchymal phenotypes of cancer cells within CTC clusters isolated from patients

Study Type of cancer Isolation method Detection
method

EMT markers Phenotype

Stott 2010 Prostate and lung cancers EpCAM-based
microfluidic
device (HB-Chip)

IF E: CK7/8
M: None

Positive for E
markers

Hou 2011 Lung cancer CellSearch® and ISET
filtration

ICC E: E-cadherin, CKs,
EpCAM;

M: vimentin, N-cadherin

Strong staining for M
markers and weak
staining for E
markers

Lecharpentier
2011

Lung cancer ISET filtration IF E: CKs;
M: vimentin

Hybrid E/M status

Yu 2013 Breast cancer Microfluidic capture with
epithelial- and tumor-
specific
antibodies

RNA-ISH E: CKs, EpCAM, CDH1;
M: FN2, CDH2, etc.

Strong staining for M
markers and weak
staining for E
markers

Harouaka 2014 Breast, lung, and
colorectal cancers

Flexible micro spring array
filtration

IF E: CK8/18/19;
M: vimentin

Hybrid E/M status

Denes 2015 Breast, lung, prostate,
colorectal, pancreatic
cancers

Filtration (CellTrics®) PCR E: EpCAM, E-cadherin
M: None

Weak expression of E
markers

Sarioglu 2015 Breast and prostate cancers,
melanoma

Microfluidic, label-free,
physical capture
(Cluster-Chip)

ICC, RNA-seq E: CK, EPCAM, CDH1;
M: MUC1

Hybrid E/M status

Wu 2015 Liver, nasopharyngeal
and breast cancers

Filtration (CanPatrolTM) RNA-ISH E: EpCAM, CK8/18/19;
M: vimentin, twist

Mesenchymal

E epithelial phenotype, M mesenchymal phenotype, CDH cadherin, CK cytokeratin, EpCAM epithelial cell adhesion molecule, MUC1 mucin 1, ICC
immunocytochemistry, IF immunofluorescence, ISET isolation by size of epithelial tumor cells, PCR polymerase chain reaction, RNA-ISH RNA in situ
hybridization
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adjustable aperture to prevent clogging [53]. This device had
an amazing efficiency of CTC capture, leading to an increase
of CTC count by ten times from the same volume of blood
samples compared to CellSearch® [53]. Single-cell level in
vivo synchrotron X-ray imaging of CTCs is also reported by
using gold nanoparticles based on the special electrochemical
properties of cancer cells [118]. Biochemical properties of
cancer cells such as lactic acid and 5-aminolevulinic acid me-
tabolismswere also used as label-freemethods for detection of
living CTCs regardless of epithelial or mesenchymal pheno-
type [47, 119].

Aptamer-based technology is also classified as unbiased
method due to its empirical identification of cancer cells with-
out understanding the in-depth mechanism. Both epithelial-
and mesenchymal-phenotype CTCs could be captured using
aptamer-based devices [120]. Aptamer associated with micro-
porous nanomaterial can raise capture efficiency [120]; how-
ever, the microporous scaffold itself is able to capture CTCs as
an immune cell-mediated and unbiased way [89].

Novel approaches taking advantage of recent advances in
biomicroelectromechanical system and microfabrication are
emerging. Acoustophoresis can successfully separate CTCs
from white blood cells (WBCs), and the recovery rate by this
simple method is as high as 90 % with a contamination rate of
only 1–2 %. Optically-induced dielectrophoresis-mediated

CTC separation is based on tumor size and electric properties,
and is demonstrated to have acceptable recovery rate (∼80 %)
and high purity (∼70 %) [121].

The human telomerase activity is upregulated to maintain a
suitable length of telomere in cancer cells [122]. Several stud-
ies reported the feasibility to identify and capture CTCs from
peripheral blood by a green fluorescent protein (GFP)-ex-
pressing adenoviral vector in which the telomerase promoter
regulates GFP expression [87, 88, 123]. This method could
capture CTCs regardless of tumor types and CTC phenotypes
and exclude apoptotic CTCs whose telomerase activity was
largely inhibited [122].

Subtraction enrichment strategy

Subtraction enrichment by eliminating blood cells via red
blood cell lysis and WBC removal is also considered an un-
biased strategy for heterogeneous CTC enrichment. CD45
antibody has been used to target and deplete WBCs from the
blood of patients. Using various technologies, WBC depletion
rate could be as high as 99.99% [124, 125]. Since this strategy
does not touch CTC itself, it is believed to be CTC friendly
and can acquire intact CTC. High viability and proliferation
ability were found using substraction enrichment strategies
[126]. The recovery rate of cancer cells ranged from 50 to

Fig. 1 Novel strategies
combining CTC isolation/
capture, detection, and
subsequent analysis. Generally,
four strategies are used to isolate/
capture CTCs, such as surface
marker-based methods, cell size-
based methods, negative selection
methods, and other physical
property-based methods (left
panel). Similarly, at least four
CTC detection strategies were
introduced, basing on the
assessment of cell surface marker,
biochemical properties, biological
characteristics, and genetic
analysis (right panel). Notably,
novel materials and microfluidic
technologies are used to improve
these methods for both
enrichment and detection

Tumor Biol. (2016) 37:5663–5674 5669



100 %, with a mean of ∼60 % [50, 124]. However, due to the
huge amount of WBCs in human blood, even a 99.99 % de-
pletion rate still suggests contamination of thousands of
WBCs; thus, the purity of enriched CTCs using subtraction
enrichment strategy is usually low. A subsequent highly sen-
sitive detection method is often needed. Taking the advantage
of subtraction enrichment strategy, the enriched CTCs are
more likely to be qualified for culture and culture-dependent
analysis.

Combinatory strategy

The processes of isolation and identification of CTCs are cor-
related but can also be independent. There is a variety of
strategies using different combinations of current methods
for isolation and identification of CTCs (Fig. 1), such as com-
bination of filtration-based isolation and telomerase-based
identification [127], anti-CD45 antibody-based negative se-
lection and aptamer-based identification [128], CK-based
immunomagnetic selection and miRNA-based identification
[77], subtraction enrichment and immunostaining-
fluorescence in situ hybridization (FISH) [56].

Regarding isolation itself, platforms based on integrated
methods were developed. The famous CTC-iChip, for exam-
ple, combined three sequential microfluidic technologies in-
cluding inertial focusing and magnetic separation. CTC-iChip
is currently one of the most successful platforms that have
been verified by many types of cancers. Notably, it can
achieve both antigen-dependent and -independent sorting,
making it widely applicable for different purposes [129].
Integrated devices such as combination of microfluidic
system-based enrichment and antibody-based capture provide
a fast processing speed as high as 10 ml/min. [130] Similarly,
a two-stage microfluidic chip eluted WBCs first and could
isolate heterogeneous CTCs both antigen positive and nega-
tive, such as EpCAM+/EpCAM− or Her2+/Her2− [131].

Future prospect

There is no doubt that CTCs will be used for the next-
generation detection of tumors and will benefit more patients.
However, current challenges including interpretation of the
results limit its clinical practice. In particular, the phenotypic
heterogeneity of CTCs related to the mechanisms of metasta-
sis is believed to be the essence of CTC detection. While most
types of phenotypes can be tumor-specific, EMT phenotype is
common in all kinds of tumors. Decipherment of conundrums
underlying EMT phenotype is deemed tomake CTC detection
accessible in clinics.
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