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Abstract. Metastasis is the major cause of mortality in 
patients with malignancies; however, the mechanisms of 
tumor cell dissemination and metastasis formation are 
obscure. Circulating tumor cells (CTCs) are believed to be a 
critical step for distant metastasis and are associated with a 
poor patient prognosis. The precise processes of metastasis 
formation from CTCs are vague. In the present study, we 
hypothesize that two CTC cluster‑based mechanisms of tumor 
cell inoculation in ectopic organs may be viable: i) Formation 
of a micro‑cancer embolus due to interception of CTC clusters 
by small vessels; and ii) formation of micrometastasis in an 
extravasation‑dependent or ‑independent manner. Pathological 
evidence of micro‑cancer emboli is critical for the verifica-
tions of this hypothesis. If proved true, this hypothesis will 
provide a novel perspective for cancer metastasis and has valu-
able clinical implications.
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1. Introduction

Circulating tumor cells (CTCs) refer to tumor cells existing 
in the circulatory system, and they have been increasingly 
investigated recently due to the belief of their responsibility 
for tumor metastasis (1). Tumor metastasis is the major cause 
of mortality in patients with malignancies (2). Although the 
mechanisms of tumor metastasis are largely unknown, CTCs 
were considered crucial for tumor metastasis rather than local 
advancement (3), and in particular, certain subgroups of CTCs 
can initiate metastases in ectopic organs (4). Several steps 
were artificially classified for the purpose of a clear under-
standing of tumor metastasis (5,6), that is, invasion into the 
circulation system, survival and shift in the circulating system, 
and extravasation into ectopic organs. There are a number of 
hypotheses regarding each step of tumor metastasis respec-
tively (7), although none of them have been able to elucidate 
the whole processes of metastasis.

CellSearch® is now the only certificated method for CTC 
detection approved by the US Food and Drug Administration, 
and epithelial cell adhesion molecule (EpCAM) is the most 
widely used biomarker of CTCs in a variety of methods for 
CTC detection. However, the validity of EpCAM as the CTC 
biomarker has been challenged by the identification of CTCs 
lacking epithelial characteristics (8,9). Epithelial‑mesenchymal 
transition (EMT) has also been noted in CTCs (10), indicating 
the heterogeneity of the cells. EMT and its reversal process, 
mesenchymal‑epithelial transition, were considered necessary 
for tumor metastasis (11,12). However, the status of post‑EMT 
tumor cells in the circulatory system is vague and requires 
further investigation to elucidate the EMT‑based metastatic 
hypotheses.

Notably, CTCs can be found in the peripheral blood in the 
early stages of numerous malignancies (13‑15), while metas-
tasis is considered as concrete evidence of late‑stage cancer. 
This discrepancy suggests that the formation of macrometas-
tasis led by CTC is difficult, even though the critical role of 
CTCs in tumor metastasis has been widely accepted. On the 
other hand, persistent release of tumor cells must exist and 
a CTC pool in the circulatory system is progressively estab-
lished during tumor progression. The CTC pool implies that 
the CTCs have a long‑term effect on tumor cell dissemination 
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and an indeterminable boundary for solid tumors, even those 
with an intact capsule.

The imperfection of all existing models of tumor metastasis 
is the mechanism of CTC extravasation and its inducers [such 
as C‑X‑C motif chemokine ligand 12, C‑C motif chemokine 
ligand 2, vascular endothelial growth factor and transforming 
growth factor‑β (TGF‑β)]. Since tumor cells undergoing 
EMT have a better capacity for invasion and migration, EMT 
is believed to be a crucial event during extravasation (16). 
However, it has not been clearly elucidated as to whether EMT 
is indispensable and the inducer of EMT.

The sites of CTC extravasation are also confusing. 
Although certain cancer types have preferable metastatic 
organs (17), non‑specific organ metastasis also contributes to 
considerable cases. The lungs are one of the organs with a high 
incidence of metastasis from other locations, and the majority 
of metastases locate in the outer regions of the lungs. A lower 
bloodstream velocity and a thinner blood vessel diameter are 
possible reasons for this. Actually, CTCs are bigger in size 
than the majority of blood cells (18), and their interception by 
vessels can be observed in vivo (19).

2. Hypothesis

We hypothesize that i) extravasation of CTC clusters and single 
CTCs from vessels induced by interception in relatively small 
vessels and ii) extravasation‑dependent and ‑ independent 
mechanisms are of importance for tumor metastasis.

A CTC cluster‑based model. Multicellular CTC clusters have 
been identified (18,20), with up to 100 tumor cells found in 
one cluster (21). Currently, only a few studies have reported 
the successful detection of CTC clusters, while single CTCs 
have been universally found in corresponding studies (20‑22). 
We believe that the amount of CTC clusters is largely under-
estimated by current detection methods, as the majority of 
these methods use a strategy of surface protein‑targeted 
antibody‑based capture. Since the ratio of the superficial 
area to the volume decreases as the volume increases, the 
efficiency of CTC capture by antibody‑targeting surface 
proteins is greatly reduced for CTC clusters compared with 
a single CTC. Therefore, the actual amount of CTC clusters 
in a patient is underestimated, and the role of CTC clusters in 
tumor metastasis is largely unknown. CTC detection methods 
applying novel principles may improve the efficacy of CTC 
cluster capture and shed light on an in‑depth understanding of 
CTCs in tumor metastasis.

The origin of CTC clusters remains elusive. At present, 
there are at least three possible origins (Fig. 1). The first is that 
CTC clusters directly break off from the primary tumor as a 
result of the shearing force of the blood. Tumor emboli can 
often be found in patients with late‑stage cancer. Solid tumors 
tend to invade vessels to obtain abundant oxygen and nutrients 
for cell metabolism and proliferation‑associated biosynthesis. 
Clinical studies have confirmed that patients with vessel inva-
sion by tumors had an increased risk of recurrence and a poorer 
prognosis compared with those who had tumor‑free vessels 
in a range of cancers, including breast cancer, hepatocellular 
carcinoma and papillary thyroid carcinoma (23‑25). In addi-
tion, in patients without pre‑operative metastasis, resection of 

the tumor‑invaded vessels conferred a survival benefit, with a 
similar long‑term prognosis compared with patients without 
vessel invasion by tumors (26,27). Thus, removal of tumor 
emboli and tumor‑invaded vessels can eliminate a critical 
origin of CTCs and minimize the possibility and extent of 
tumor metastasis, as well as tumor‑associated mortality.

The second origin of CTC clusters can be the result of 
single CTC proliferation. Although there is a lack of strong 
evidence regarding the potential of CTCs to resist immune 
clearance, CTCs were previously found to be associated with 
impaired immune function in patients (28,29). In addition, 
certain single CTCs can survive for a considerable time in the 
circulatory system due to their probable potential of passing 
through capillaries and proliferating to form CTC clusters. 
Thus, for certain single CTCs, this process may continue until 
a big enough CTC cluster has been established and intercepted 
by vessels with small diameters.

The third origin of CTC clusters is the aggregation 
of single CTCs (30). Although it is difficult to monitor the 
formation of CTC clusters by single CTCs in real time 
in vivo, existing evidence may indirectly support this idea. 
For instance, normal cells are programmed to die if they are 
detached from neighboring cells and the extracellular matrix, 
this is known as anoikis (31). The proportion of non‑apop-
totic CTCs is essential to the formation of metastases (13). 
However, tumor cells resist anoikis partially by forming cell 
clusters (32,33). Notably, characteristics of EMT, including 
upregulation of vimentin expression and downregulation 
of E‑cadherin expression, were found to be associated with 
anoikis (34,35). Meanwhile, EMT was also shown to play an 
important role in CTC cluster formation (21). These compli-
cated phenomena suggest that CTC cluster formation may be 
a strategy adopted by tumor cells to resist anoikis. On the 
other hand, it should also be noted that the existence of CTCs 
is significantly associated with vessel thrombosis (36), which 
leads to embolism or thrombosis, particularly in microvessels. 
The formation and special biological characteristics of CTCs 
have been proven to be responsible for the hypercoagulability 
and subsequent thrombosis of patients  (36); however, the 
unique physical trait of being cell cluster is also logically 
associated with a difficulty in passing through the capillaries. 
In addition, thrombosis and thrombolysis in microvessels can 
frequently occur in patients with hypercoagulability. Ongoing 
thrombosis can induce stenosis of vessel lumina, which 
tends to intercept CTC clusters. Numerous changes occur 
under these conditions. Embolism or complete thrombosis in 
microvessels can cause local hypoxia, which has been proven 
to induce EMT in various cancers, including hepatocellular 
carcinoma, gastric cancer, pancreatic cancer, breast cancer 
and colon cancer  (37‑41). EMT of CTCs may contribute 
to tumor cell extravasation from vessels into tissues. This 
model does not require CTCs to permanently sustain mesen-
chymal characteristics in the circulatory system, and fits 
well with the fact that the majority of CTCs detected show 
epithelial characteristics. In addition, the marked change 
in the inflammation‑immune‑cytokine local environment 
induced by platelet aggregation and subsequent cascades 
can also upregulate certain EMT‑triggering factors, such as 
TGF‑β (21). These changes provide an initial impetus for 
CTCs to extravasate from vessels into tissues.
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CTC clusters may have different characteristics according 
to their origins. For example, CTC clusters directly from the 
primary tumor may contain evidently more epithelial traits (if 
the primary tumor is an epithelial malignancy), while those 
aggregated by single CTCs may tend to be mesenchymal. 
In addition, heterogeneity may exist within a CTC cluster 
if it contains a large number of cells. Little is known about 
the physical or biochemical details of these CTC clusters, 
including the oxygen and nutrient supply, and the distribu-
tion (42).

Single CTC model. To date, the majority of detected CTCs 
have been single cells and their existence has been reported 
to be associated with tumor metastasis, treatment response 
and the long‑term prognosis of patients  (43‑45). However, 
only certain patients with malignancies exhibited CTCs in 
their peripheral blood (46). Even in patients with detectable 
metastases, CTCs could only be detected in half of them (47). 
The threshold of positive and negative results of CTC detec-
tion by successfully detecting one or two CTCs in a 7.5‑ml 
blood sample is also non‑robust. Considering the discrepancy 
of detection of single CTCs (early stage) and tumor metastasis 

(late stage) regarding the stage of the disease, certain single 
CTCs are likely to survive in the circulatory system for a 
long time or alternatively undergo dormancy in tissues or 
organs (6). Although few CTCs can stay for a long time in the 
blood (6), the survival and proliferation of CTCs in ectopic 
organs demands certain necessary prerequisites. Based on the 
present point of view, abundant cells are prerequisites of tumor 
inoculation in ectopic organs. Recently, it was demonstrated 
that the CTC clusters had 23‑ to 50‑fold increased metastatic 
potential compared with single CTC cells (48).

Cancer stem cells (CSCs), which have a potent capacity 
for tumor initiation, require a certain number of cells to 
form tumors subcutaneously in nude mice  (49). Although 
CTCs have a number of the characteristics of CSCs, a certain 
number of CTCs is also necessary for the formation of tumor 
metastases (50). From this point of view, single CTCs can 
barely effectively generate tumor metastases due to a lack of 
enough cells. A small number of tumor cells in ectopic organs 
are easily removed by the local immune system or die due to 
insufficient self‑support in the early stage of metastasis (51). 
While it is impossible that hundreds or thousands of single 
CTCs independently extravasate from the same anatomical 

Figure 1. Formation of tumor microemboli. CTC clusters in vessels can originate from a proliferation or gathering of single CTCs, or from direct fall‑off 
from tumor embolization. CTC clusters are prone to be intercepted and form micro‑tumor emboli in capillaries, vessels undergoing vasospasm or vessels 
with thrombosis. Hypoxia caused by micro‑tumor embolization or/and TGF‑β released by platelets can induce the EMT of tumor cells, enhancing their 
invasion capacity and resulting in extravasation to ectopic organs (e.g., the lungs). CTC, circulating tumor cell; TGF‑β, transforming growth factor‑β; EMT, 
epithelial‑mesenchymal transition.

Figure 2. Formation of micrometastases. After interception by small vessels, CTC clusters may undergo EMT and transverse the vascular endothelial cells 
without damaging the vessel wall. Alternatively, CTC clusters may expand due to the proliferation of cancer cells, resulting in rupture of the vessel. Without 
undergoing extravasation, the cancer cells can invade into tissues and form micrometastases. CTC, circulating tumor cell; EMT, epithelial‑mesenchymal 
transition.
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site of vessels and aggregate together in ectopic organs, the 
role of CTC clusters, rather than single CTCs, provides a more 
logical and rational explanation for the initial formation of 
tumor metastasis.

Indispensability of dose extravasation. Following intercep-
tion of CTC clusters, the local microenvironment is relatively 
stable. Removing the bloodstream and re‑attaching to the 
vascular endothelial cells makes proliferation possible. Expan-
sion of CTC clusters due to cancer cell proliferation can result 
in the rupture of fragile microvessels, allowing tumor cells to 
invade into the tissues (Fig. 2). This extravasation‑independent 
manner of micrometastasis formation may be more likely to be 
associated with the previously mentioned CTC cluster‑based 
metastasis.

3. Test of hypothesis

To test our hypothesis, three points are indispensable, namely, 
histological evidence of micro‑cancer emboli, extravasation of 
the cancer cells from the cancer emboli or rupture of vessels 
at the site of the cancer emboli, and formation of metastases 
from these cancer cells.

Since the majority of distant metastasis involves the lungs, 
liver, bone marrow and brain, lung metastasis can be an ideal 
model due to convenient sampling and easy observation. 
Spontaneous tumor models in animals are required, such as 
metastatic melanoma inoculation in immunodeficient mice. 
Specimens of lung with hematoxylin and eosin staining, and 
immunohistological staining with suitable markers should 
be checked with great care and patience at different times 
post‑inoculation. Genetic or specific protein information 
can be useful for the identification of cells in a micro‑tumor 
embolus. Alternatively, caudal vein injection of tumor cells 
is another model for CTC study; however, this model differs 
from the previously mentioned spontaneous tumor models in 
that it cannot mimic intravasation of the tumor cells and it 
has a much simpler intercellular cooperation. Furthermore, 
single cells or small cell clusters near narrow vessels have 
to be found. To accomplish this, cell lines expressing green 
fluorescent protein or other fluorescent proteins are of use to 
increase the likelihood of identification. Finally, simultaneous 
evidence of lung metastases and micro‑cancer emboli with 
an identical cell origin are required to verify our hypothesis.

4. Summary and perspectives

Based on current evidence, we hypothesize that CTC clus-
ters, whatever their origin, are directly responsible for tumor 
metastasis, with the stipulation that CTCs can be found in 
circulatory system. Novel detection and sorting methods 
for CTC clusters are urgently required to manifest the 
actual role of CTC clusters in tumor metastasis. Physical 
techniques based on size, adhesion and electrophysiological 
characteristics of CTCs may be useful in developing the next 
generation CTC detection methods, and certain studies have 
shown promising techniques with significantly increased 
efficiency of CTC capture (52‑54). Furthermore, cell cluster 
filtration and fractal structure capture systems may improve 
the efficiency of CTC capture. These strategies cannot only 

independently increase yield or/and purity of captured 
CTCs, but also improve the efficiency and specificity of CTC 
capture synergistically together with novel biomarkers of 
CTCs. However, there are numerous questions that require 
answering, such as: i) whether CTC clusters grow/decade 
or are dynamically self‑retained when they moves in the 
circulatory system; ii) whether the number, proportion, size 
or nature of CTC clusters is associated with tumor metas-
tasis; iii) whether tumor cells within CTC clusters evolve 
or undergo EMT; iv) whether there are any specific charac-
teristics of CTC clusters regarding the interaction with the 
immune system; whether there are any differences in tumor 
cell extravasation induced by CTC clusters or single CTCs; 
and vi) what the time‑spectrum is of CTC clusters during 
primary tumor progression according to next‑generation 
detection methods; particularly, whether CTC clusters can be 
found in the early stages of disease.

By resolving these questions, a further understanding of 
the characteristics of CTC clusters and their role in tumor 
metastasis, as well as the integrated mechanism of tumor 
metastasis, should be gained.

5. Clinical implications

The test of these models will provide a novel perspective for 
cancer metastasis, and assist in improving CTC‑based cancer 
diagnostics and monitoring. Novel strategies for the prevention 
of cancer metastasis may be also expected once proof has been 
obtained for these models.
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