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Abstract

Circulating tumor cells (CTCs) are regarded as harbingers of metastases. Their ability to predict response to therapy, relapse,
and resistance to treatment has proposed their value as putative diagnostic and prognostic indicators. CTCs represent one
of the zeniths of cancer evolution in terms of cell survival; however, the triggers of CTC generation, the identification of
potentially metastatic CTCs, and the mechanisms contributing to their heterogeneity and aggressiveness represent issues
not yet fully deciphered. Thus, prior to enabling liquid biopsy applications to reach clinical prime time, understanding how
the above mechanistic information can be applied to improve treatment decisions is a key challenge. Here, we provide our
perspective on how CTCs can provide mechanistic insights into tumor pathogenesis, as well as on CTC clinical value. In
doing so, we aim to (a) describe how CTCs disseminate from the primary tumor, and their link to epithelial-mesenchymal
transition (EMT); (b) trace the route of CTCs through the circulation, focusing on tumor self-seeding and the possibility
of tertiary metastasis; (c) describe possible mechanisms underlying the enhanced metastatic potential of CTCs; (d) discuss
how CTC could provide further information on the tissue of origin, especially in cancer of unknown primary origin. We also
provide a comprehensive review of meta-analyses assessing the prognostic significance of CTCs, to highlight the emerging
role of CTCs in clinical oncology. We also explore how cell-free circulating tumor DNA (ctDNA) analysis, using a com-
bination of genomic and phylogenetic analysis, can offer insights into CTC biology, including our understanding of CTC
heterogeneity and tumor evolution. Last, we discuss emerging technologies, such as high-throughput quantitative imaging,
radiogenomics, machine learning approaches, and the emerging breath biopsy. These technologies could compliment CTC
and ctDNA analyses, and they collectively represent major future steps in cancer detection, monitoring, and management.
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Introduction termed circulating tumor cells (CTCs). First described by

Thomas Ashworth in 1869, CTCs were then detected in the
A typical primary tumor is highly fragile. The metastatic =~ blood of a metastatic cancer patient. Ashworth noted simi-
spread of a primary tumor is triggered by tumor cells that  larities between the primary tumor and CTCs, and he pro-
break off and enter the peripheral bloodstream; these are ~ posed that CTCs may shed light on the origin of metastatic
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lesions within the same person [1]. CTCs are extraordinar-
ily rare, occurring at a frequency of one CTC per billion
normal blood cells [2], and they present with a compara-
tively short half-life [3]. They exist as either apoptotic or
viable cells, with the latter comprising individual cells
or clusters [4]. CTCs derived from different cancer types
exhibit remarkable heterogeneity in terms of size, cell sur-
face marker expression, and tumor-seeding potential [4, 5].
For example, based on surface marker expression, CTCs can
be classified as (a) epithelial CTCs (ECTCs), (b) mesenchy-
mal CTCs (MCTCs), and (c) epithelial-mesenchymal CTCs
(EMCTCs) [6, 7]. Even though CTC isolation and evaluation
techniques have tremendously improved in the last decade,
challenges in isolating CTCs are still present. There is also
still a lack of markers to differentiate clonally evolving CTCs
that may possess enhanced metastatic potential. To this end,
circulating tumor DNA (ctDNA) analysis or even exosomes
(which represents another form of liquid biopsy biomarker
not further discussed here-in) may be more informative in
deducing the mechanisms of CTC dissemination and meta-
static potential.

In this review, we aim to explore (a) what mechanistic
insights CTCs can offer in better understanding the meta-
static colonization process, and (b) how circulating tumor
DNA (ctDNA) analysis can complement the approach
of CTCs to add to the clinical relevance of liquid biopsy.
(For our methodology, see, “Search strategy and selection
criteria”).

Can circulating tumor cells overcome
metastatic inefficiency?

CTCs obtain access to the circulation system very early
during the metastatic process, even before a tumor is medi-
cally diagnosed [2, 3, 4]. They are subjected to numerous
restrictive barriers, such as significant shear forces, loss of
adhesion-dependent survival signals leading to anoikis (i.e.,
a type of programmed cell death occurring after detachment
of the cell from extracellular matrix (ECM)), immune sur-
veillance and clearance, apoptosis, and oxidative stress [8,
9]. Furthermore, CTCs are under constant evolutionary pres-
sure not only to survive the journey through the systemic cir-
culation, but also to acquire self-renewal, multipotency, and
tumor-initiating capabilities [7]; thus, metastasis is a highly
inefficient process. Prior to understanding of these barriers
and pressures, we must first appreciate the value of CTCs
for evaluation of the metastatic potential of a primary tumor.

Because of several important stressful factors (such as the
size of blood and lymphatic vessels, the shear stress exer-
cised, and the flow rates) (reviewed by Follain et al. [10]),
most CTCs never survive the long journey to their target
sites, with only a small proportion colonizing the distant
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host tissue. This is evident from the disproportionately large
numbers of CTCs found in the circulation compared to the
number of overt metastatic lesions that develop. Those that
do eventually infiltrate the distant host tissue are termed dis-
seminated tumor cells (DTCs) or isolated tumor cells (ITCs)
[11], and they seem to represent the zenith of cancer evo-
lution in terms of cell survival. Nevertheless, DTCs must
continue to adapt to supportive niches and survive latency
periods, eventually becoming established in a new target
site. However, following the formation of metastases, the
existing therapeutic approaches are most often unsuccess-
ful to offer long-term benefits, suggesting that other types
of approaches, e.g., via (neo)adjuvant and locoregional
therapies, may represent a better option, with the constant
notion that prevention, e.g., through early cancer detection,
is always preferable than treatment of metastases [9].

A more thorough comprehension of the metastatic col-
onization process is urgently essential to help physicians
choosing appropriate treatment options. As potential driv-
ers and prognostic biomarkers of metastasis, understanding
CTC biology and targeting the mechanisms that trigger their
metastatic potential represent a viable approach [12, 13].

Epithelial-mesenchymal transition:
the first step towards circulating tumor
cell dissemination and metastatic
self-sufficiency

Very few studies have explored the mechanism by which
CTCs overcome the barriers to metastasis. Metastasis-initi-
ating cells (MICs) represent a subpopulation of CTCs from
primary human luminal breast cancer, and they are charac-
terized by a unique surface marker signature that is distinct
from the bulk of the CTCs found in the circulation. Based
on studies in a xenograft assay of primary human luminal
breast cancer, MICs were shown to lead to the formation of
metastases to the bone, lung, and liver in mice; these find-
ings were also confirmed in a small cohort of patients with
breast cancer, in which MICs were linked to lower over-
all survival and higher number of metastatic sites [14]. A
similar rare subset of CTCs harboring metastatic traits was
identified in patients with late-stage, metastatic, castration-
resistant prostate cancer [15]. However, as mentioned in
[16], how much heterogeneous are the CTC; what are the
cellular and molecular pathways that lead to both CTC intra-
vasation and extravasation; what makes the metastatic CTC
subpopulations vulnerable; what is the mechanism leading
MIC generation; all these are research questions that should
be fully elucidated.

CTC generation from a primary epithelial tumor is
thought to be triggered by epithelial-to-mesenchymal
transition (EMT). This complex process is hallmarked by
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an attenuation in epithelial properties, and an increase in
mesenchymal or stem cell-like attributes, triggered by the
accumulation of both epigenetic and genetic changes in the
epithelial cells or due to metabolic cues from the surround-
ing stroma [17, 18]. It involves many cellular and molecu-
lar changes, including (a) loss of intercellular interactions
and those between cells and extracellular matrices, and (b)
increased migratory and invasive capabilities [19, 20]. It has
also been perceived that a meta-stable state (partial EMT
cell state) may demonstrate a higher potential for CTC gen-
eration (as further discussed by Agnoletto et al. [21]). To
colonize a distant metastatic site, CTCs may acquire aggres-
sive, tumor-initiating capacities, and stem cell properties
following EMT [22, 23]. Indeed, transformed mammary
epithelial cells from human patients which were subjected
to EMT show stronger tumor-forming potential [22]. Thus,
CTC subpopulations, such as the MICs that are positive for
EMT markers, may represent prognostic markers of cancer
progression.

Epithelial proteins, such as epithelial cellular adhesion
molecule (EpCAM), E-cadherins and cytokeratins, are
downregulated during EMT; whereas, mesenchymal mark-
ers such as vimentin, N-cadherin and fibronectin and EMT
regulators, such as Twist 1, Snail 1, Slug, Zeb1/Zeb2, Akt,
PI3K and FoxC 2, are upregulated [19, 20, 24]. These mark-
ers of EMT and stem cell markers, such as ALDH1, CD44,
and CD133, are characterized by their overexpression in
CTCs, regardless of cancer-type [21, 25]. Several reports
provide evidence of associations (both positive and nega-
tive) with regards to the expression of markers of EMT and
stemness on CTCs with tumor stage and metastasis, thera-
peutic response, and prognosis; however, to validate these
associations, prospective clinical trials recruiting larger
number of patients would be crucial [26-28].

To enable CTCs to metastasize, EMT and its regulatory
networks—such as EMT-transcription factors (EMT-TFs),
matrix extracellular molecules and the hypoxic tumor micro-
environment—function together to induce morphological
changes by reorganizing the cytoskeleton. These changes are
accompanied by upregulated expression of matrix metallo-
proteases (MMPs) that degrade the surrounding tissue and
promote angiogenesis to increase tumor cell invasiveness
and intravasation [19]. An example of cytoskeletal reor-
ganization, single-cell polarity, is associated with changes
in adhesion, migration, and metastatic capabilities [29, 30].
EMT also facilitates the avoidance of apoptosis, anoikis, and
senescence to promote CTC survival in the blood circulation
[20]. Core paracrine EMT-signaling pathways that deter-
mine mesenchymal/ stem cell fate in mammary epithelial
cells also activate other EMT-TFs. The maintenance of this
state is achieved by autocrine signaling from the same path-
ways, while their endogenous inhibitors are suppressed [31].
Such EMT events derive their origin in the primary tumor

and are dependent on cues from the immediate microenvi-
ronment. However, this does not preclude the existence of a
subpopulation of CTCs which undergo EMT after entering
the peripheral circulation.

Clarification of this issue requires examination of two
proposed metastatic models that involve EMT: the classic
mesenchymal—epithelial transition (MET) model, and the
collective migration model. The second model postulates
the collaboration of mesenchymal-like with epithelial-like
cells to formulate metastatic niches [19]. This model sug-
gests an epithelial-mesenchymal plasticity, wherein CTCs
adapt to different microenvironments with time- and spa-
tially regulated dynamic interconversions between epithelial
and mesenchymal states [21, 32, 33]. CTCs in the circulation
undergo EMT as part of a cellular response to transforming
growth factor-beta (TGF-f), following the release of the lat-
ter from activated platelets [34]. Similar spatial heterogene-
ity exists in CTCs of hepatocellular carcinoma, in which the
epithelial phenotype was predominant at release; however,
CTCs were then converted into a more mesenchymal phe-
notype during EMT in a Smad2- and p-catenin-dependent
signaling [35]. Thus, it is likely that EMT events are initiated
at the primary tumor site to induce dissemination of CTCs
but continue within the circulation as a mechanism for CTC
survival, which, in turn, is crucial for eventual metastasis.

Circulating tumor cell dissemination:
individual cells, clusters, or both?

CTCs enter the circulation from a primary tumor either
after an EMT event as individual cells or break off from
the original cancer site as clusters of 2-50 cancer cells
[3] (for a review on the mechanisms leading to the forma-
tion of CTCs clusters, please see Giuliano et al. [8]). They
may also originate from primary or secondary metastatic
sites in subsequent events. Very little is known about the
exact triggers and the precise modes of CTC generation.
One concept is cell jamming, wherein extracellular matrix
(ECM) density correlates with the type of CTCs generated.
Higher ECM density was associated with the generation
of CTCs with a more mesenchymal phenotype and a col-
lective migration mode; whereas, a low ECM density gave
rise to single cells in an in vitro model [36]. In either case,
access to the circulation could be via the porous vessels of
the rapidly growing tumor cell mass [8]. Alternatively, CTC
clusters might reach the circulation via invadopodia-based
or macrophage-dependent mechanisms [37]. It has also been
reported that, in principal, CTC clusters stem as oligoclonal
precursors from the original cancerous site, and not through
intravascular aggregation events; this could strengthen the
evidence that single cells derived from the primary tumor
do not aggregate within the circulation [3, 38]. A schematic
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diagram of the process of CTC dissemination from an estab-
lished primary tumor is shown in Fig. 1.

Detection of individual CTCs has improved with
advances in technology and the identification of specific
cell surface markers [39-44]; however, this progress does
not extend to the detection of CTC clusters. Technical limi-
tations—such as the relatively low number of CTC clusters
in circulation, and the possibility of dissociation and loss of
cell viability during isolation, combined with limited knowl-
edge about the various heterogenous CTC clusters—have
made the detection and isolation of these aggregates chal-
lenging [8, 45]. Another possible barrier to efficient CTC
cluster detection is the phenomenon of cloaking, wherein
CTCs are covered by platelets, macrophages, or stromal cells
[4, 46]. Although association with platelets within the circu-
lation or stromal cells during collective migration helps CTC
clusters survive the hazards of the immune system, it unfor-
tunately hampers biomarker-based capture of CTCs. Recent
advances in microfluidic devices have led to successful cap-
ture of CTC clusters, based mainly on size differences of the
larger CTC clusters with single CTCs [46—49]. Additionally,

| EpCAM ! Vimentin ! Snail1 | PI3K/Akt
| E-cadherin ! N-cadherin | Slug | FOX c2
| Cytokeratins ‘ | Fibronectin | Zeb1/2
Primary tumor
\

 Cytoskeletal reorganization
» Enhanced angiogenesis
» MMP degradation

Invadopodia-based
invasion

the in vivo detection of CTC clusters using improved flow
cytometry techniques has facilitated direct visualization of
cancer progression in murine models [50]. Future improve-
ments in the detection of CTCs in vivo, either as individual
cells or clusters, will be invaluable for elucidation of their
modes of generation and the development of strategies to
target them at their source.

Circulating tumor cells or disseminated
tumor cells: Where do they go
once in the circulation?

The terms DTC and ITC [11] have been used interchange-
ably to encompass cells that have broken off from their par-
ent tissue and are no longer subject to the controls of their
original microenvironment. CTCs frequently home to bone
marrow via the hematogenous route or to the lymph nodes
via the lymphatic system, and they may remain dormant for
years without forming metastases, followed by an active
aggressive phase [51, 52]. The presence of DTCs is linked to

— Macrophage-aided

Fig.1 How do CTCs disseminate from the primary tumor? Mecha-
nisms behind CTC dissemination: the dissemination of CTCs from a
primary tumor is triggered by a complex cellular process described
as epithelial-mesenchymal transition (EMT). Cancer cells undergo
EMT or adopt a stem cell-like fate by downregulating epithelial
proteins and upregulating mesenchymal or stem cell markers. EMT
markers reorganize the cytoskeleton, promote angiogenesis and
express MMPs to facilitate degradation of surrounding tissue. The
exact trigger for CTC dissemination is unknown. One possible trig-
ger is termed cell jamming, where low extracellular matrix (ECM)
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density gives rise to single CTCs, while higher ECM density is asso-
ciated with CTCs with a more mesenchymal phenotype, generating
hybrid CTC clusters. Access to the circulation is likely through the
aberrant vasculature of the primary tumors or sometimes via invado-
podia-based or macrophage-dependent mechanisms. Both single cells
and leading cells in hybrid CTC clusters exhibit a polarized pheno-
type, which is linked to their enhanced adhesive, migratory and meta-
static capabilities. An understanding of the mechanisms behind CTC
dissemination can aid in targeting specific steps in this cascade and
preventing the development of metastases
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increased risk of relapse and to poor prognosis, in particular
following resection of the primary tumor [53]. A combina-
tion of EMT/MET transition, acquisition of cancer stem cell
(CSCO)-like traits and the angiogenic switch cause DTCs to
emerge from their quiescent state [54, 55]. It is possible that
DTCs might re-enter circulation through the aberrant vas-
culature in the secondary metastatic site [11]. However, the
destination of DTCs following entry into the circulation and
whether they should be considered to represent CTCs again
are unclear. Likewise, it is still unknown if CTCs could act
as attractants of other CTCs, once establishing themselves
into metastatic niches; this notion, so far relevant to inflam-
mation, could be mediated by complex cytokine or other
molecular networks.

There are two possible routes for DTCs/CTCs once they
re-enter circulation: onwards to a tertiary metastatic site or

A Tracing the route of CTCs
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back to the primary tumor during the so-called process of
tumor self-seeding (see “Route B: back to the primary”,
below) (Fig. 2a). The destination of a secondary DTC/CTC
is difficult to predict, as it could be associated with several
parameters, such as the location of re-entry, the direction
of blood flow, and the presence or induction of a favorable
niche in which to establish metastasis. We can, however,
work backward to try and reconstruct the path of already
disseminated secondary DTCs/CTCs.

Route A: to a‘tertiary’ metastatic site?
CTCs and DTCs exhibit unique differences in their signa-
tures due to adaptation of DTCs to the soil environment

via clonal evolution. In the ‘seed and soil hypothesis’, soil
means a subsequent secondary target organ to which the

B Clonal origins of disseminated CTCs
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Fig.2 Where do CTCs go after entry into the circulation? a Trac-
ing the route of CTCs: CTCs originating from a primary cancer site,
enter the circulation, and migrate to a permissive secondary site in
a distant location; these CTCs in a secondary target organ are then
designated as disseminated tumor cells or DTCs. Most CTCs migrate
to the bone marrow through the blood or to the lymph nodes via the
lymphatic system, where they may remain dormant for prolonged
periods without forming metastases, followed by an active aggressive
phase. This phase can be triggered by a combination of EMT/MET
transition, acquisition of stem cell traits and the angiogenic switch,
which together lead to the development of overt metastases or the re-
entry of CTCs/DTCs into the circulation. Following entry into the

circulation, CTCs either migrate to a tertiary metastatic site (such as
the lung or the liver) or return to the primary tumor, in a phenomenon
termed tumor self-seeding. b Clonal origins of disseminated CTCs:
Two models of clonal evolution are proposed prior to CTC dissemi-
nation. In the first model, CTCs undergo linear evolution, sharing
genetic signatures with the parent tumor. In the second model, CTCs
undergo parallel evolution, with early dissemination and the acquisi-
tion of newer mutations during the process, thus generating genetic
signatures that differ vastly from that of the parent tumor. Analysis
of disseminated CTCs can provide details of their origins, thus aid-
ing our understanding the prognosis, as well as, the development of
tailored therapies
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CTCs metastasize. Two models of evolution have been pro-
posed, with one suggesting that DTCs disseminate early and
undergo parallel/divergent evolution [56, 57]. Tracing the
origin of such divergent DTCs might prove to be more dif-
ficult. Reiter et al. analyzed inter-metastatic genetic hetero-
geneity and mapped cancer phylogenies in treatment-naive
metastatic patients. Through mathematical modeling, it
was shown that there was very little genetic heterogeneity
in tumors with high dissemination rates because metastases
are established before subclones in the primary tumor have
had a chance to expand. The study, however, had several
limitations, as it focused only on single-nucleotide substitu-
tions or small indels (insertions/deletions), but not on copy
number aberrations or modifications in the epigenome. In
addition, they were unable to analyze undetectable micro-
metastases [58]. Minimally invasive biopsy of DTCs and
their genetic analysis from the bone marrow or lymph nodes
might fill this gap.

In contrast, in another model, it has been proposed that
DTCs evolve in a linear fashion, retaining much of the
genetic signature of the primary tumor [59]. Breast cancer
DTCs isolated 3 years post-diagnosis were shown to arise
from lymph node metastasis, and they were identifiable via
a combined analysis of copy number aberrations through
single-cell sequencing and phylogenetic reconstruction. The
original cancerous site and the metastatic lesion in the lymph
node were distinct but still evolutionarily related, allowing
the DTC origins to be traced [59]. These results highlight
the value of DTCs for tracing their origins and, hence, devel-
oping appropriate therapeutic regimens. Interestingly, it is
tempting to theorize that based on the above results, the pos-
sibility of tertiary metastases could exist. This term intends
to describe the possibility of a metastasis from a secondary
organ to another tertiary organ, considering the origin of
tumor as primary source (Fig. 2b). Nonetheless, extended
mathematical modeling would be required to affirm this
hypothesis.

Route B: back to the primary tumor?

In a seminal paper in 2009, Kim et al. introduced the con-
cept of tumor self-seeding, suggesting that dissemination of
CTCs was, in fact, bi-directional. Given the aberrant vascu-
lature of tumors and the fact that CTCs might not need to
adapt to an unfamiliar microenvironment, the authors tested
the hypothesis that CTCs might re-infiltrate an established
tumor [60]. In contra-lateral seeding experiments in mice,
CTCs shed into circulation seeded an established tumor
mass with high efficiency. The authors also demonstrated
that the metastatic cell progeny (which is known to medi-
ate organ-specific metastasis with distinct gene sets) prefer-
entially seeded the established tumor, irrespective of their
organ tropisms [60]. This surprising discovery indicated that
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not all the genes in the organ-specific metastatic sub-popu-
lations are crucial for tumor self-seeding. It could also sug-
gest that the recipient tumor mass may imitate a multiorgan
environment having the ability to select all metastatic vari-
ants on the same time [61]. Additionally, these aggressive
cells seeded only established tumors and not intact mam-
mary glands. The latter results indicated that tumor-derived
signals may be necessary to attract CTCs. Indeed, Kim et al.
showed that IL-6 and IL-8 function as chemo-attractants for
self-seeding CTCs; in turn, tumor infiltration by these CTCs
is mediated by MMP-1 and fascin-1. In addition, invading
CTCs were also shown to promote tumor growth rate by
enhancing angiogenesis and recruiting favorable stromal
components [60]. Others have also observed the self-seeding
phenomenon, and they evaluated approaches, such as sup-
pressing tumor-derived IL-6 or enhancing the endothelial
barrier, which could block the return of the CTCs to their
primary tumor [62, 63].

It is conceivable that this self-seeding model also applies
to metastatic tumors, as well as, cross-infiltration of other
tumor types following primary tumor resection. Kim et al.
confirmed this phenomenon in extremely rare cases, in
which a second tumor was present [60]. Under experimen-
tal conditions, it is difficult to determine whether a CTC has
returned to the primary tumor site without first seeding a
metastatic site (primary seeding), or instead, it has returned
as a case of secondary seeding from metastatic tumors.
Using mathematical models, Scott et al. showed that the
possibility for secondary seeding is many folds higher than
that for primary seeding [64]. CTCs must be responsive to
cytokine signals from the primary tumor [64]. Strong reduc-
tion in CTC numbers due to filtration at capillary beds and
the limited diffusional transport of cytokine signals make
it impossible for upstream CTCs to sense these signals,
suggesting that primary seeding is highly unlikely [63]. In
contrast, secondary seeding avoids the filtration step, and,
furthermore, CTCs might gain additional aggressive muta-
tions during clonal expansion, thereby increasing the self-
seeding potential [64].

The tumor self-seeding phenomenon could explain many
of the mysteries of cancer metastasis [65]. Chief among
them is how an apparently non-invasive benign lesion gives
rise to an invasive lesion in a distal part of the same organ.
This scenario has been observed in pancreatic intraepithelial
neoplasia (PanIN), which need not be a spatially localized
lesion, but whose spreading occurs throughout the organ’s
ductal system [66]. It can be speculated that the PanIN
lesions shed CTCs into the fluid of the pancreatic ductal
system, resulting in the eventual development of pancreatic
ductal adenocarcinoma (PDAC). Mutational and phyloge-
netic analysis revealed that PDAC and PanIN lesions derived
from the same patient shared common ancestry and accumu-
lated driver mutations resulting in cancer progression [66].
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Alternatively, it is possible that CTCs use an entirely differ-
ent mechanism, such as venous invasion (which is relatively
common in pancreatic cancer), to replace the endothelial
cells and grow along the inner walls of the vessels [67]. Iso-
lating CTCs from pancreatic fluid or from pancreatic veins
to confirm this phenomenon might at present be challeng-
ing, but not an impossibility. Under all circumstances, these
observations may be unique to pancreatic cancer and, thus,
not generalizable to other cancer types.

Similar localized metastatic expansion into the leptome-
ninges has been observed in medulloblastoma, a malignant
embryonal tumor of the developing cerebellum. CTCs were
thought to be shed from the original site of neoplasia into
the cerebrospinal fluid (CSF) and to expand locally in the
leptomeninges. However, recent evidence from mouse
models revealed that CTCs from primary medulloblastoma
were shed into the blood circulation and homed back to the
leptomeninges [68]. Interestingly, CTCs or ctDNA isolated
from metastatic medulloblastoma patients harbored genetic
signatures that were either specific to the metastatic com-
partment alone or shared between both the primary and met-
astatic compartments [68]. Collectively, these results provide
further evidence in support of a self-seeding phenomenon.

Finally, integrated RNA and DNA sequencing of tumor
tissues in patients with breast cancer showed a diversity in
the patterns of spreading and seeding; these observations
supported both the linear and parallel evolution models
described earlier [69]. That being said, higher sequencing
depth would have been necessary to derive conclusions on
more complex self-seeding processes that could have taken
place [69]. Single-cell DNA sequencing techniques in com-
bination with bulk exome and targeted deep-sequencing
were more successful in distinguishing self-seeding versus
early dissemination models of metastasis in two colorectal
cancer patients, although the authors found no empirical
evidence of self-seeding [70]. Observation of this phenom-
enon in humans is likely hampered by (a) the rarity of the
self-seeding phenomenon, (b) the lack of biomarkers that
differentiate self-seeding CTCs from other CTC types, and
(c) the challenges in deep-sequencing of single CTCs.

Are circulating tumor cell clusters one step
ahead in the metastasis race?

Many early preclinical studies have demonstrated a greater
metastatic potential for CTC clusters compared to individ-
ual CTCs [71]. Suo et al. reported a dramatically increased
number of CTC clusters compared to single CTCs during
the later stages of disease in mouse models of prostate and
liver cancer [50]. CTCs employ different mechanisms to
enable survival within the blood circulation, as well as,
acquire tumor-initiating capabilities, which contribute

to the enhanced metastatic potential of a small subset of
CTC:s. Differences in physical characteristics, EMT status,
and genetic profiles of CTC clusters compared with single
CTCs are some examples of potential mechanisms [3, 33,
72] (Table 1).

In addition to active recruitment of supportive cells and
accumulating genetic changes in favor of metastasis, the
physical characteristics of the two CTC types could favor
enhanced metastasis. Single CTCs have a relatively longer
half-life (25-30 min) compared to CTC clusters in the circu-
lation (6—10 min). This faster clearance rate of CTC clusters
is associated with their size difference, entrapment within
the microvasculature of distant organs, and subsequent ini-
tiation of secondary metastasis [3]. What exactly happens
after CTC clusters are trapped in small capillaries has not
been deciphered. According to current consensus, dissocia-
tion of CTC clusters is followed by extravasation across the
vascular wall to a favorable niche in the secondary metastatic
site. This involves loss of the advantages of multicellular-
ity and cooperative interactions, suggesting that collective
migration may be necessary only to traverse the circulation
without any value in the equally hazardous soil environment
(see description of seed and soil hypothesis above). A newly
identified mechanism for extravasation, known as angiopel-
losis, which involves active remodeling of endothelial cells
to expel circulating non-leukocytic cells, could help explain
this conundrum [81]. Taking a cue from this exit strategy,
the same group showed that CTC clusters maintain multi-
cellularity during extravasation, which contributes to their
enhanced metastatic potential in an in vivo zebrafish model
[82].

Interestingly, Balakrishnan et al. showed that the poor
patient survival and therapy response is predicted from the
cluster phenotype, and not the presence of CTC clusters per
se [83]. Three cluster phenotypes were identified based on
cell density (very tight, tight, and loose) using a short-term
culture method [83]. Within 12 weeks, tight clusters were
associated with shorter overall survival and increased resist-
ance to therapy [83]. Treatment response could also be mon-
itored by dynamic changes in cluster phenotype from tight to
loose clusters when therapy was favorable [83]. In another
report, the creation of CTC clusters was inversely associated
with higher levels of drug concentration and response to
treatment, thus providing proof-of-concept for a robust anti-
cancer drug screening system [84]. Such approaches could
become tools for early prognosis and cancer treatment initia-
tion in addition to improved monitoring of patient response
and resistance to therapy.

Failure of targeted systemic therapies is a common phe-
nomenon in breast cancer metastasis, possibly due to recep-
tor conversion of progesterone receptor (PR), human epider-
mal growth factor receptor 2 (HER?2), and estrogen receptor
alpha (ERa) in the distant metastatic tissue compared to the
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Table 1 Mechanisms contributing to enhanced metastatic potential of circulating tumor cells

Mechanism

Description

References

Association with non-tumor cells

Tumor stromal cells (mainly activated fibroblasts)

Endothelial cells

Platelets

Leukocytes
Neutrophils

Collective migration

Upregulation of pro-metastatic genes and proteins

Adherens junction proteins

Carbohydrate antigens

Pro-inflammatory cytokines

Epigenetic control via DNA methylation
Tumor suppressors

Apoptosis, angiogenesis, and VEGF signaling pathway proteins

Growth factors

Stemness- and proliferation-associated transcription factors

Increase viability of circulating cancer cells, survival in blood
circulation and at secondary metastatic site, and enhance
metastatic potential

Enhance neo-angiogenesis, tumor growth, and metastatic capac-
ity of primary tumors originating from tumor-endothelial
spheroids

Protect cancerous cells from shear stress-induced blood damage
and attacks from the immune system

Enhance metastasis

Upregulate pro-tumorigenic genes of the cell cycle and DNA
replication programs, and enhance metastatic potential

CTC clusters migrate as a collection of cells with epithelial and
mesenchymal signatures, undergoing dynamic interconversion
and enhancing metastasis

Plakoglobin and E-cadherin facilitate CTC cluster formation and
contribute to enhanced metastasis

Keratin-14 positive CTCs engage in collective polyclonal inva-
sion, upregulate desmosome and hemidesmosome complex
genes, and enhance metastasis by modulating multiple metasta-
sis effectors

CTCs aggregate at the endothelial surface via attachment to
[-galactosidase-binding protein galectin-3, enhancing survival
and metastatic growth

IL-6 and TNF-a lead to CTC aggregation and recruitment to
inflamed endothelium, possibly contributing to enhanced meta-
static potential, in breast cancer

CST6, BRMS1, and SOX17 encode proteins with potential tumor
suppressor functions are methylated in CTCs and associated
with tumor progression

Methylation of CST6, ITIHS, or RASSF1 is linked to poor sur-
vival outcomes in patients with metastatic breast cancer

Invasive CTCs from metastatic, castration-resistant prostate can-
cer display hypermethylation signals consistent with primary
tumors in pathways implicated in tumor progression

Reduced methylation at the promoters of HGF and its receptor
proto-oncogene c-MET were observed in cell lines created on
the basis of CTCs isolated from a syngeneic murine hepatocel-
lular carcinoma (HCC) mouse model

Hypomethylation of OCT4, SOX2, NANOG and SIN3A binding
sites in CTC clusters associated with worse prognosis in cancer
of the breast

[73]

[74]

[71]

[71]
[75]

[3,6,33]

[3]

[76]

[38]

[77]

CTC circulating tumor cell, /L-6 interleukin-6, TNF-a tumor necrosis factor-alpha, CST6 Cystatin M6, BRMS1 breast cancer metastasis suppres-
sor 1, SOX17 SRY (sex-determining region Y)-box 17, ITIH5 inter-alpha-trypsin inhibitor heavy chain 5, RASSF] Ras association domain family
member 1, OCT4 octamer-binding transcription factor 4, SOX2 SRY (sex-determining region Y)-box 2, NANOG Nanog homeobox, SIN3A SIN3

transcription regulator family member A

primary tumor [85]. Such conversion could be the result of
evolutionary pressure from local downregulation of receptor
ligands induced by systemic hormone therapies [86]. Rou-
tine biopsy of distant metastases is impractical and chal-
lenging. CTCs may help predict receptor status after therapy
and guide therapy decisions. The evidence for CTC receptor

@ Springer

status before and after therapy is conflicting, either showing
perfect concordance with the primary tumor or conversion
[87-89]. Jordan and colleagues demonstrated the existence
of discrete subpopulations of HER2-positive and HER2-
negative cells in patients undergoing HER2-targeted ther-
apy. These sub-populations had evolved to activate multiple
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signaling pathways and to undergo dynamic interconversion,
thus acquiring drug resistance, and, in turn, the ability to
establish metastasis more rapidly. This mixed population of
cells was eliminated by simultaneous treatments targeting
multiple pathways combined with systemic chemotherapy
[88]. Similarly, CTC genotyping has been used as a pharma-
codynamic monitoring tool to provide mechanistic insights
into resistance to endocrine therapy [90]. If advances in CTC
enumeration enable routine monitoring of CTC receptor sta-
tus, real-time biopsy could become a reality for querying
dynamic changes within metastatic CTCs to help inform
decisions rather than resort to mere watchful waiting.

Unraveling the mechanisms that underlie the potential of
CTC clusters to initiate secondary metastasis may help us
developing approaches that could (a) reverse EMT in CTCs,
(b) prevent stromal environment remodeling, (c) target spe-
cific proteins involved in CTC cluster formation, or (d)
modulate DNA methylation patterns in CTCs; all of these
are vital for arresting metastasis. In addition, global gene
expression profiling of individual CTCs or clusters (alone or
with other stromal and/or blood components) would also be
essential to identify multiple key pathways leading to overt
metastasis, and ultimately to develop targeted therapies.

In light of the translational medicine nature of the field,
describing the mechanistic insights provided by CTC should
be jointly discussed with the increasing value of CTC in
clinical practice. Indeed, CTC research in the past decade
has delineated the value of liquid biopsy in clinical oncol-
ogy. Therefore, in the subsequent sections, we present the
current evidence on the clinical relevance of CTCs. We also
discuss how ctDNA analysis may be more informative in
deducing the mechanisms of CTC dissemination and meta-
static potential, especially once complemented by traditional
imaging modalities and emerging computational, notably
machine learning-based, approaches.

Current evidence for the clinical relevance
of liquid biopsy

Liquid biopsies, defined as the analysis of blood to detect
circulating tumor cells (CTCs) or circulating tumor DNA
(ctDNA), can be helpful for screening, diagnosis, and
prognosis, as well as, predicting early relapse, treatment
response, and resistance of many solid cancers [91-98];
however, the precise frequency and time points for CTC
examination during the follow-up of patients with can-
cer should be the objective of future clinical studies. For
example, the value of liquid biopsy in the therapeutic
approaches of small-cell lung cancer (SCLC) cannot be
overstated. In this cancer type, obtaining tumor biopsies,
in particular during relapse and after chemotherapy, is a

major obstacle; hence, having more immediate access to
CTCs and ctDNA can yield valuable information to guide
SCLC treatment [99]. In the same context, the clinical
relevance of CTCs was underscored by the United States
Food and Drug Administration (US FDA) approval in 2008
of the CellSearch® CTC detection platform; this platform
referred to monitoring disease and prognosis of patients
with colon, breast, and prostate cancer. This technology
can be used to predict survival probability and monitor
treatment with a threshold of three CTCs/7.5 ml of blood
for metastatic colorectal cancer, and five CTCs/7.5 ml
blood for patients with breast cancer and metastatic
prostate cancer [100—102]. Other studies have used the
same CTC cut-offs to predict risk of relapse and therapy
response [103—106]. Moreover, CTC clusters are linked to
poor prognosis and therapeutic resistance in many differ-
ent cancer types [107-109]. Detection of CTCs is linked
to aggressive disease progression, reduced overall, as well
as, disease-free survival, and increased mortality; it can
also predict likelihood of relapse and treatment response.
Particularly regarding prostate cancer, detection of the
androgen-receptor isoform encoded by splice variant 7
(AR-V7) in CTC has been associated with resistance to
enzalutamide and abiraterone. According to experts, this
biomarker might have prognostic and plausible predictive
role; however, its clinical utility has not been proven for
routine use in clinical practice [110, 111]. Moreover, CTC
numeration with the CellSearch® platform was embedded
in phase III trials with the aim to reduce CTC count from
detectable to 0, or from above 5 to below 5, as a surro-
gate biomarker for overall survival in metastatic prostate
cancer, with promising results so far [112, 113]. Table 2
describes the accumulating evidence for the prognostic
value of CTCs in various types of cancers.

Nonetheless, and despite the efficacy of molecular
oncology approaches (including CTCs), it is disappoint-
ing that their availability for patient care is far from being
optimal [114]. At this point, it is important to make a tech-
nical note, i.e., that CTCs which have undergone EMT may
not be included in total CTC counts based on cell surface
epithelial marker detection, resulting in underestimation of
the risk of relapse. As noted in [115], combining total CTC
count and the proportion of MCTCs detected seems to be a
better predictor of therapeutic resistance and prognosis in
metastatic breast cancer; this indicates that using multiple
detection/isolation technologies simultaneously to enrich
the CTC population provides enhanced prognostic value
[116]. The advances in CTC detection and/or enrichment
technologies have been comprehensively reviewed [39, 40,
42, 117]; however, it remains to be seen which of these
technologies complement each other to provide more com-
plete actionable knowledge.
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Table 2 Prognostic significance of CTCs in various cancer types based on published data from meta-analysis of CTC prognostic studies between

2010 and 2019
Type of cancer No. of studies Detection method Prognostic parameter HR/RR/OR (95% CT) References
(patients included)

Colorectal cancer 20 (3687) RT-PCR, CellSearch, Epispot, CMx Aggressive disease progression 2.57 (1.64-4.02) [118]

platform Reduced survival 241 (1.66-3.51)
15 (3129) RT-PCR, CellSearch, flow cytom- Mortality 2.36 (1.87-2.97) [119]
etry, membrane array Aggressive disease progression 1.83 (1.42-2.36)
12 (2363) RT-PCR Overall survival 3.07 (2.05-4.62) [120]
Disease-free survival 2.58 (2.00-3.32)
11 (1847) CellSearch Overall survival 2.00 (1.49-2.69) [121]
Disease-free survival 1.80 (1.52-2.13)
Breast cancer 21 (2030) CellSearch Overall survival 0.19 (0.10-0.31) [122]
Distant disease-free survival 0.25 (0.16-0.38)
Loco-regional relapse-free interval ~ 0.49 (0.29-0.80)
4 (334) HER2 + CTC detected by Cell- Overall survival in patients without ~ 2.27 (1.34-3.85) [96]
Search, Veridex, RT-PCR metastasis
Progression-free survival in patients  2.87 (1.30-6.34)
without metastasis
49 (6825) CellSearch, RT-PCR, other ICC Disease-free survival (early stage) 2.86 (2.19-3.75) [123]
Overall survival (early stage) 2.78 (2.22-3.48)
Progression-free survival (breast 1.78 (1.52-2.09)
cancer with metastasis)
Overall survival (breast cancer with ~ 1.78 (1.52-2.09)
metastasis)
Lung cancer 27 (2615) RT-PCR, ISET, CellSearch Overall survival (pre-treatment) 2.61 (1.82-3.74) [124]
Overall survival (post-treatment) 4.19 (2.92-6.00)
Progression-free survival (pre- 2.01 (1.24-3.25)
treatment)
Progression-free survival (post- 4.97 (3.05-8.11)
treatment)
8 (453) OBP-401 assay, quantitative Disease control rate (pre-treatment)  2.56 (1.36-4.82) [125]
RT-PCR, FISH, CellSearch, Disease control rate (during chemo-  9.08 (3.44-23.98)
Cytelligen therapy)
Objective response rate (during 1.72 (1.27-2.32)
chemotherapy)

Pancreatic cancer 13 (855) Immunodetection, RT-PCR, Overall survival 1.84 (1.37-2.45) [126]
CellSearch Disease-free survival 1.93 (1.19-3.11)

Prostate cancer 33 (4170) Immunohistochemistry, RT-PCR, Overall survival 2.43 (2.07-2.86) [127]
CellSearch Disease-free survival 2.15 (1.69-2.73)

10 (1206) Immunodetection Overall survival 2.76 (2.28-3.34) [128]
4 (486) Immunomagnetic detection Overall survival 2.51 (1.96-3.21) [103]

Gastric cancer 16 (1110) CellSearch, ICC, FACS-ICC, Meta- Overall survival 2.23 (1.86-2.66) [129]
Cell ICS, flow cytometry Progression-free survival 2.02 (1.36-2.99)

Esophageal cancer 18 (1719) RT-PCR, CellSearch, Immuno- Progression-free survival 2.61 (2.08-3.28) [130]
fluorescence, flow cytometry, Overall survival 2.50 (2.12-2.94)
immunohistochemistry, immuno-
magnetic enrichment Relapse 2.84 (1.81-4.44)

Chemotherapy response 0.64 (0.43-0.96)

Head-and-neck cancer 6 (429) RT-PCR, CellSearch, ICC, flow Recurrence-free survival 4.88 (1.93-12.35) [131]

cytometry

CTC circulating tumor cell, HR hazard ratio, OR odds ratio, RR risk ratio, RT-PCR real-time polymerase chain reaction, /CC immunocytochem-
istry, ISET isolation by size of tumor cells, FISH fluorescence in situ hybridization, FACS florescence activated cell sorting
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If not circulating tumor cells, can the parallel
universe of cell-free circulating tumor DNA
inform us better?

In humans, circulating cell-free DNA (cfDNA) can be found
principally in plasma and urine, with a miniscule propor-
tion represented by circulating tumor DNA (ctDNA), which
arises from the death of circulating tumor cells [92]. The
ctDNA has not been shown to induce antibodies, as, in gen-
eral, DNA per se is not known to be immunogenic; whereas,
its origin has been attributed to (a) lysis of CTCs, (b) DNA
spontaneously released from either primary or/and meta-
static cancer into the circulation, and, (c) tumor necrosis
or apoptosis leading to cell-derived leakage of DNA [132].
ctDNA analysis for non-invasive genomic profiling has been
applied in several cancer types [133—-138]. Advances in CTC
detection and enumeration have been accompanied by an
increasing interest in ctDNAs and the plasma cell-free DNA
methylome (for a discussion on cancer detection technolo-
gies focusing on DNA methylation, which exceeds the scope
of this review, see Sina et al. [139]); however, improvements
in the clinical validity of different detection methods should
be made to reach clinical prime time [40, 140]. To our best
knowledge, most studies assessing the degree of concord-
ance between CTC and ctDNA have reported, in general,
a positive association between these two methods; for
instance, they present a joint effect (< 17-fold) in patients
with metastatic breast cancer [141-142].

These advances have been also characterized by efforts
to standardize ctDNAs in terms of their analytical validity
[143], as well as, the creation of several international col-
laborative projects and training programmes (such as the
European Liquid Biopsy Academy) to further advance the
transition of the liquid biopsy applications to clinical prac-
tice. The ability to enrich ctDNAs from the wider pool of
cfDNA based on fragment length has facilitated their analy-
sis [144].

On the one hand, key advances, such as the CancerSEEK
platform, allow detection of somatic mutations and protein
biomarkers in liquid biopsies with exquisite specificity to
localize the organ of origin in early stage cancers [145, 146].
Other similar approaches, such as targeted error correction
sequencing (TEC-Seq), PapSEEK, and UROSEEK, are
also used to screen early stage cancers. Somatic mutation
detection, however, is plagued by low sensitivity, especially
in early stage cancers [147-149]. Moreover, such results
should be validated in prospective studies (and not merely
case—control studies), and among population groups with
different prevalence of cancer; doing so is necessary because
overestimations in sensitivity, specificity, and positive or
negative predictive values may be otherwise produced. Fur-
thermore, the identification of cancer-associated mutations

in normal (notably aging) tissues has posed questions on
the axiom that these mutations are specific to neoplastic tis-
sue, and it could represent a major challenge for the ctDNA-
based assays because of potential false-positive results [150].
Last, the position of these assays in the biomarker arma-
mentarium should be re-considered in light of the so-called
tissue-agnostic therapies (such as pembrolizumab, larotrec-
tinib, and entrectinib). These therapies focus on the drug
target and not the tissue of origin; for example, entrectinib
is a tyrosine kinase inhibitor targeting ROS1, ALK receptor,
and the three Trk proteins and is FDA-approved against solid
tumors, harboring NTRK gene fusions, regardless of tumor
origin [151-153].

On the other hand, techniques for investigating tissue- and
cancer-type-specific epigenetic alterations based on plasma-
free DNA methylomes may be more robust for cancer detec-
tion and classification [43]. Other tumor-derived circulating
components, such as exosomes, CTC-related microRNAs,
piRNAs, surrogates of immunologic cell death, as well as,
circulating hybrid cells that can be detected in liquid biop-
sies, seem to also have clinical relevance [154—158].

Currently, ctDNA is analyzed to identify the mutational
landscape (and, in turn, predict treatment response) or to
allow early detection of relapse; doing so is assisted with
the use of sensitive PCR-based methods or second-gen-
eration sequencing [159]. Mutational analysis of ctDNA,
however, provides only weak clues about their tissue origins
[160]. Typically, ctDNAs occur at sizes of approximately
160 to <200 bp, and they are fragmented or associated
with nucleosomes. Snyder et al. attempted to elucidate the
in vivo nucleosome footprint of ctDNAs by mapping nucleo-
some occupancy through deep-sequencing of cfDNA. They
matched the epigenetic signature of ctDNA fragmentation
patterns with gene expression and regulatory site profiles
from reference datasets of diverse cancer types. Thus, they
were able to non-invasively identify the anatomical origins
of a patient’s cancer [160]. If matched primary and/or meta-
static tumor genotypes are available, this method may help to
obtain a better understanding of the molecular profile during
the metastatic journey of their cancer. Recently, assays have
been developed that focus on circulating cell-free nucle-
osomes, which are more stable than ctDNAs. The scientific
basis behind these assays lies on detecting the differences in
certain histone (e.g., H3.1) variants and the associated acety-
lation patterns between patients and healthy controls [161].

DNA evaluation of fragments for early interception
(DELFI) is another approach that allows differentia-
tion between healthy and tumor-derived ctDNA based on
genome-wide analysis of fragmentation patterns [162]. The
authors showed that these patterns could not only be used as
biomarkers for cancer detection, but also to monitor patients
during therapy. Coupled with machine learning, the DELFI
method was also used to identify the tissue of origin of
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ctDNA with high sensitivity (75%). This approach was also
successfully combined with traditional mutational analysis
to enhance the sensitivity of cancer detection [162].

A recent comprehensive, integrative, and molecular anal-
ysis of over 10,000 tumors representing 33 types of can-
cer from The Cancer Genome Atlas (TCGA) demonstrated
strong cluster patterns of anatomic origin, tissue type and
histology. This study suggested that the patterns describ-
ing cell of origin are key deterministic patterns of cancer
progression [163]. These data indicated that the molecular
analysis of CTCs and ctDNAs should not only encompass
mutation detection, e.g., using recently developed methods
such as nucleosome mapping; rather, this analysis should
entail other complementary approaches allowing the cluster-
ing of molecular data based, e.g., on DNA methylation lev-
els, structural variations at the chromosomal level, miRNA
expression levels, and so on, in order to make more well-
informed decisions on effective cancer treatment. In addi-
tion, a recent thorough investigation of the mutational land-
scape in metastatic tumors revealed that (a) at least in more
than half of lesions examined, whole-genome duplication
events were present, (b) four out of five tumor-suppressor
genes were inactivated, and, (c) almost all (>95%) driver
mutations were clonal [163].

The concept of a tissue of origin for CTCs and ctDNAs
does not apply only to solid tumors [164]; for instance, what
about lymphoproliferative cancers such as chronic lympho-
cytic leukemia (CLL)? Since CLL cells are themselves
CTCs, their identification and monitoring of their clonal
evolution represent a challenge. In around 2-10% of CLL
patients, CLL is known to become transformed to a rather
aggressive form of diffuse large B-cell lymphoma (DLBCL),
which is named Richter’s transformation or Richter’s syn-
drome (RS). RS can be triggered by germline, clinical, or
certain biological characteristics of CLL and sometimes by
CLL therapy [165]. Currently, there is a lack of markers
that are sufficiently sensitive and specific to differentiate
between circulating CLL and DLBCL. Yeh et al. analyzed
ctDNA using a combination of whole-genome sequencing
and whole-exome sequencing of several clinical samples at
baseline and after transformation to RS. Copy number alter-
ations and single-nucleotide variants that are representative
of the transformation event under the selective pressure of
therapy were identifiable; these features might be useful for
early identification of treatment failure in CLL [166]. In light
of these findings, it might be worth speculating on the mech-
anistic clues that CTCs as exemplar could provide regarding
RS. Could RS be a cellular dysregulation harboring modifi-
cations of immune cell repertoires, which could be captured
by prospective analysis of an adequate number of samples
from CLL patients at single-cell immuno-sequencing level?
Or, could RS be a phenomenon implicating mechanobiologi-
cal alterations, where CLL cells undergo changes, e.g., into
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their cytoskeleton, to resemble those in lymphoma, which,
in turn, affect gene expression (via mechanobiological
pathways)? In the latter cases, detecting the morphological
changes of CLL-transforming cells would be crucial.

As far as brain tumors are concerned, detection of ctDNA
in the blood of primary brain tumor patients remains chal-
lenging due to morbidity and cost constraints. However,
tracing glioma evolution through analysis of ctDNA derived
from the CSF of primary brain tumor patients is possible,
and it can provide a comprehensive and genetically faith-
ful representation of the tumor at the time of CSF collec-
tion [167]. Moreover, a recent method using the so-called
circulating tumor-specific fluorescent extracellular vesicles
was developed; these extracellular vesicles can be detected
in the blood of brain cancer patients after consuming the
imaging agent S-aminolevulinic acid (5-ALA) [168]. Newer
techniques, such as photoacoustic flow cytometry, may allow
for in vivo diagnosis of circulating CSF markers to better
judge leptomeningeal and brain metastasis [169]. Last,
future studies should focus on how CTCs could interact with
the recently described glymphatic (i.e., glial-lymphatic) and
meningeal lymphatic systems, in particular, how the latter
contribute to the dissemination of brain tumor CTCs in cer-
vical lymph nodes [170, 171].

Support for circulating tumor cells analysis:
complimentary approaches

Imaging methods including computed tomography (CT),
magnetic resonance imaging (MRI), positron emission
tomography (PET), and more recently, ['*F]fluorodeoxy-
glucose PET/CT (FDG-PET/CT), and FDG-PET/MRI are
increasingly used in clinical practice for cancer detection
and prognosis, as well as, prediction of treatment responses
[172].

Deciphering patient’s intratumoral and intertumoral het-
erogeneity during the initial stages of cancer formation is
important for prognosis and choice of appropriate treatment
[173-175]. To this end, the approach of single-cell genomics
of CTCs could be helpful [176]. Furthermore, radiogenom-
ics, which combines radio-imaging features with specific
gene expression patterns, might prove to be a cost-effective
complement to CTC analysis [177, 178]. Recognition of
imaging traits that accurately predict primary tumor behav-
iour could improve prognosis, together with associating
these traits with CTCs released very early in the metastatic
process. Such associations between many types of imaging
techniques and CTC detection using both non-EpCAM and
EpCAM-based methods have already confirmed this as a
viable complimentary approach [172, 179, 180]. The poten-
tial of emerging PET/MRI technology, which offers more
soft tissue contact and less ionizing radiation exposure, as
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a similar complementary approach remains to be explored
[181, 182].

Cytopathologic characterization of tumor biopsy speci-
mens is routine in clinical practice. A principal example of
point-of-care cytopathological diagnostics is the Papan-
ikolaou (Pap) smear for cervical cancer diagnosis, which
is still valid 90 years after its invention due to its simplicity
[183]. However, not all cancer types are easily diagnosed
with non-invasive techniques. With improvements in CTC
detection methodologies, the so-called enrichment-free
immunofluorescent staining with fiber-optic array scanning
technology (FAST) has facilitated detailed cytomorphologic
analysis [184, 185]. Pleiomorphic CTCs in the circulation
of patients with metastatic breast and colorectal cancer were
identified using this approach. These included (a) CTCs with
both high and low nuclear—cytoplasmic ratio (N/C ratios),
(b) varying degrees of apoptotic CTCs, and (c) CTC clusters
consisting of mixed populations. In all cases, the sum of
morphological types was revealed by comparing CTCs from
primary and metastatic tumor samples, thus disabusing the
notion of morphologically distinct clonal sub-populations
[184, 185]. Recently, deep-learning algorithms that con-
sider abnormal cell segmentation in Pap smears (and the
frequency with which these clumps overlap with free-lying
cells) have been developed to support correct diagnosis of
cervical cancer, through reliable quantitative evaluation
against a database of cervical cytology images [186, 187].
It is possible that similar approaches could be combined
with the FAST-based cytomorphologic analysis of CTCs for
objective classification of CTC origins and dissemination
patterns, thus guiding prognosis and treatment decisions.

Last, in the pursuit for early detection of cancer, liquid
biopsy may be complemented, in the future, with the so-
called breath biopsy; the latter will analyze the patterns of
volatile organic compounds stemming from pathological cel-
lular processes, after detecting these compounds in breath
and urine using advanced analytical methods [188, 189].

Conclusions and future trends

Research on CTCs is a promising field for advancing early
cancer detection (also known as secondary prevention). Clin-
ical trials as the gold-standard method to test and validate
biomarkers and to assess their clinical utility are expected to
play a critical role. Exponential progress in technology has
yielded major improvements in the detection, enrichment,
analysis and application of CTCs that will provide a more
comprehensive understanding of cancer and its diagnosis,
prevention, and treatment. Coupled with the use of micro-
fluidic technology for improved detection and enrichment,
genomic analysis of CTCs and ctDNAs is expected to reach
clinical prime time in the future. In parallel, mammalian

acoustic reporter genes for ultrasound imaging may allow
non-invasive visualization of CTC location and function
[190]. Bioinformatic approaches, such as machine learn-
ing methods to aid cancer prognosis and prediction, are
also gaining traction [191]. Tremendous insights have been
gained, using high-throughput genomic approaches, into
the mechanisms underlying early metastatic seeding and
the potential for CTC generation and dissemination [192]
(in principal, through epithelial-mesenchymal transition
[193]); for example, the ground-breaking concept of tumor
self-seeding. Parkins et al. have very recently exploited this
concept to engineer self-homing CTCs as a so-called thera-
nostics tool to primary as well as, metastatic lesions [194].
Thus, CTCs offer tremendous opportunities to understand,
prevent, and treat cancer. Moreover, while the great majority
of studies have so far focused on CTCs, recent interest has
emerged for the so-called Circulating Ensembles of Tumor
Associated Cells (C-ETACS). These include immune cells
(whose role in immunotherapy has been proven pivotal),
fibroblasts, and tumor emboli, and they are implicated in
high metastatic potential [195]. Future studies should focus
on how CTCs and C-ETACs could be considered together
in terms of their clinical (i.e., diagnostic and prognostic)
importance. In addition, single-cell sequencing approaches
coupled with sophisticated phylogenetic approaches (e.g.,
Bayesian methods) and the recent genetic lineage tracing
approaches could help elucidating the evolution of primary
tumors to CTCs and, in turn, to metastatic cells; while, the
emerging application of shallow tumor RNA-sequencing
could be assessed in terms of its clinical utility and cost-
effectiveness before reaching clinical prime time [196, 197,
198, 199].

Search strategy and selection criteria

Our search strategy included papers between 2010 and 2019,
except for seminal papers describing key phenomena or
major discoveries. The contents presented in Tables 1 and
2 were identified using the following search strings: {meta-
analysis} AND {type of cancer} AND {prognosis} OR
{prognostic significance} and {mechanisms} AND {meta-
static potential} AND {CTCs}, respectively.
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