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Summary. Metastasis represents the major threat of
cancer progression and generally emerges years after the
detection of the primary tumor. An important rate-
limiting step resides in cellular dormancy, where a
disseminated tumor cell remains in a quiescent state at a
remote organ. Herein we review the molecular
mechanisms leading to tumor dormancy, mainly in
regards to cellular quiescence and the tumor
microenvironment. Based on the current published
literature, we provide evidence that links the cancer stem
cell (CSC) theory with dormancy and metastasis. Once a
disseminated tumor cell reaches a target tissue, a tight
regulation imposed by the foreign microenvironment
will dictate the fate of these cells, which implies a
balance in the secretion of soluble factors, modulation of
the extracellular matrix and the angiogenic switch. We
investigate thoroughly whether the CSC theory could
also apply to metastasis initiation. In fact, the resistance
of CSCs to therapy, leading to the minimal residual
disease and cellular quiescence phenotypes, predisposes
for the development of metastases. Finally, we describe
the new technologies available for the identification of
circulating tumor cells (CTCs), as well as their clinical
relevance in dormancy of metastatic cancer patients.
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Metastasis, a multisep process

Metastasis is responsible for more than 90% of
tumor-associated mortality in patients and has become
the most feared complication of widespread cancer
(Chaffer and Weinberg, 2011). Indeed, because of the
systemic spread of the disease and its extremely high
resistance to current therapies, patients diagnosed with
metastasis are generally incurable. Looking at the
pathogenesis, metastasis involves a cascade of events in
which a subset of cancer cells disseminates from a
primary tumor to eventually colonize distant secondary
organs or tissues. These complex events have been
diligently detailed in numerous reviews (Nguyen et al.,
2009; Valastyan and Weinberg, 2011). Briefly, a primary
tumor cell seems to undergo first an epithelial to
mesenchymal transition (EMT), leading to increased
motility and invasion ability (Scheel and Weinberg,
2012). This change in cell behavior is usually
accompanied by the degradation of the basement
membrane and extracellular matrix. Proteins of the
Matrix Metalloprotease (MMP) family figure as main
actors in this active proteolysis, which then permits the
cells to enter the stroma (Shuman Moss et al., 2012).
Interestingly, stroma cells such as fibroblasts and
mesenchymal cells have the potential to foster the
aggressiveness of the invasive cells. The modifications
in the tumor microenvironment subsequently allow the
intravasation of tumor cells into the circulation or the
lymphatic system. Specific interactions with the pericyte
and endothelium compartments are needed for cells to
cross the vessel walls. Binding of tumor-related adhesion
molecules to their corresponding receptors on
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endothelial cells facilitates transmigration of tumor cells
(Desgrosellier and Cheresh, 2010). Once in circulation,
cancer cells must then survive and escape the immune
system attack. Another major stress event for a
circulating tumor cell (CTC) to face is anoikis, a cell
death program induced by the loss of integrin-mediated
cell-matrix contact (Yu et al., 2011). When these threats
are overcome, the CTC is then free to extravasate and
invade the parenchyma of a distant tissue. Signals from
the new metastatic niche will allow the growth of the
solitary tumor cell, a process also named colonization
(Psaila and Lyden, 2009). The final steps comprise
micrometastasis development, activation of the
angiogenic switch and formation of macrometastasis
(Valastyan and Weinberg, 2011). It is to be noted that
each step differs from one cancer type to another and is
endowed with defined gene alterations. Thus, the genetic
profile of the tumor of origin and the target organ will
largely influence the course of metastasis (Steeg, 2000).

Extravasation and colonization of a remote organ
from a primary tumor type appear to be specific
phenomena (Gupta and Massague, 2006). Among the
various target sites, the lung, bone and liver are
particularly receptive to metastasis development.
Defined gene signatures within the primary cancer have
been identified that clinically correlate with metastasis
development and poor-prognosis in patients. The results
of these studies have been extensively detailed in
previous reviews. In the case of bone metastasis, the
colonization of tumor cells into the bone marrow (BM)
is common, reaching up to 60-75% in patients with
breast and prostate cancer at late stages (Roodman,
2012). Interestingly, the BM can also serve as a transit
for disseminated tumor cells (DTC), i.e. before arrival at
their final destination (Nguyen et al., 2009; Hussein and
Komarova, 2011). As we will describe further in this
review, the BM provides a microenvironment
particularly suitable for cellular dormancy. Overall,
metastasis is undoubtedly a highly complex process in
which both the primary tumor and the receptive organ
will dictate the fate of a migratory tumor cell.

The controversial existence of Cancer Stem Cells
and their relationship with metastasis

As previously described, metastases from a primary
tumor are thought to originate from a few tumor cells
endowed with the ability to transform, adapt to different
microenvironments and to colonize a new organ. Recent
studies suggest that such a tumor subpopulation with
metastatic initiating ability is linked to the cancer stem
cell (CSC) population. Accumulating evidence suggests
that a tumor enriched for stem cell-like characteristics is
responsible for cancer initiation and sustainment as well
as resistance to treatment. These tumor-initiating cells
(TIC) have been defined as “cells within a tumor that
possess the capacity to self-renew and to cause the
heterogeneous lineages of cancer cells that comprise the
tumor” (Clarke et al., 2006). The CSC hypothesis could

then provide a better understanding of each phase of
cancer development and of diverse concepts such as
minimal residual disease and drug resistance.
Nonetheless, it remains a topic of controversy because it
challenges the stochastic (or clonal evolution) model,
which postulates that all the cancer cells possess
tumorigenic potential with the ability to repopulate and
regenerate the tumor itself (Nowell, 1976). Interestingly,
the CSC hypothesis suggests that these cells may arise
from normal stem cells, since they share common
biological characteristics with the presence of similar
cell surface markers. The longevity of stem cells makes
them susceptible to the accumulation of genetic and
epigenetic alterations involved in cancer progression.
This acquisition is sufficient over time to induce
carcinogenesis and sustain tumor growth (Jamieson et
al., 2004; Passegue et al., 2004). Conversely,
accumulation of mutations in differentiated cells can also
give rise to stem-like properties (Krivtsov et al., 2000,
Jordan, 2009; Scheel et al., 2011). Overall, the most
important feature related to CSCs is their ability to grow
after transplantation into mice, where they can
recapitulate the original tumor heterogeneity and give
rise to all the different cell types that can be found in the
original tumor.

Extensive efforts have been undertaken to identify
biomarkers able to recognize CSCs among highly
abundant differentiated cancer cells. The first pioneering
studies identified CSCs in acute myeloid leukaemia
(AML) as the CD34+CD38- subpopulation, which is
able to differentiate and initiate tumour growth into
immunodeficient NOD/SCID mice (Lapidot et al., 1994;
Bonnet and Dick, 1997). Ever since this initial
discovery, CSCs have been isolated from a wide variety
of human cancers including brain (CD133+ cells) (Singh
et al., 2003), breast (CD44+CD24- cells) (Al-Hajj et al.,
2003), prostate (CD44+CD24- cells) (Hurt et al., 2008),
pancreas (CD44+CD24+ESA+ cells) (Li et al., 2007)
and colon (CD133+, EpCAM+CD44+ cells) (Dalerba et
al., 2007; Ricci-Vitiani et al., 2007). CSCs can also be
isolated on the basis of their functional properties. The
side population (SP) phenotype identifies a cell subset
with the ability to exclude fluorescent dyes and drugs
through ABCG?2 transporter activity (Bleau et al.,
2009a). Sorted SP cells have been shown to contain the
TIC population with sphere-forming ability (Bleau et al.,
2009b). Similarly, Aldehyde dehydrogenase (ALDH)
activity has been commonly used to isolate TIC from
various tumor types (Ma and Allan, 2011). Moreover,
these tumors generally present increased expression and
activity of ALDH enzymes, which are associated with
cancer relapse (Sullivan et al., 2010; Visus et al., 2011).

Usually, CSCs purified with the methods described
above have the ability to generate tumors in xenografts
with a much higher frequency than the non-CSC
population. Some recent studies, however, demonstrated
that these markers are not universal as they may not be
stable during the course of tumor progression, and may
vary among patients with the same disease (Taussig et
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al., 2008; Tirino et al., 2013). As a consequence of CSC
plasticity, the specificity of these techniques for isolating
CSCs is continuously under scrutiny, generating
criticisms and discussions. Some of the reported CSC
biomarkers might be relevant in some stages of tumor
progression but obsolete in others. The general
understanding relies on the idea that each method cannot
cover the whole CSC population and that the
combination of CSC markers and functional assays
might help us to better identify CSCs (Brescia et al.,
2012).

Advanced and aggressive tumors are frequently
enriched in CSCs, and cells isolated from distant
metastases often display a CSC phenotype. Therefore, it
has been proposed that CSCs may have a role in
mediating cancer metastasis and thus be considered as
the metastatis-initiating cells (MICs). Evidence
indicating that MICs might be found within CSCs
subpopulations relies on the idea that CSCs possess
tumor-initiating capacity, mandatory to establish a
secondary tumor to distant organs. Supporting this
hypothesis, CSCs have been shown to express EMT
markers (Mani et al., 2008), which are associated with
migrating ability. Several reports suggest that MICs
share some markers of CSCs. In breast cancer, CD44+
cells have been shown to be particularly pro-metastatic
(Liu et al., 2010), and downregulation of this protein
markedly suppressed tumorigenicity and bone
metastases in nude mice (Hiraga et al., 2013). In line
with this, CD44+/CXCR4+ cells in pancreatic cancer are
considered as the putative cells related to metastasis
formation (Hermann et al., 2007). CD133, in

combination with other markers (CD26 (Diehn and
Majeti, 2010; Pang et al., 2010), CD44 (Bellizzi et al.,
2013), and CXCR4 (Zhang et al., 2012)), has been used
to isolate metastatic colon cancer cell. Similar findings
were made for ALDH activity in several tumor types,
where ALDH-positive cells displayed high metastasis-
initiating capacity (Charafe-Jauffret et al., 2010; Marcato
etal.,2011; Mu et al., 2013).

CSCs and resistance to treatment

Due to their quiescence, efficient DNA repair,
expression of multidrug-resistant transporters and
impaired apoptosis, CSCs are thought to play an
important role in drug resistance, tumor relapse and
metastasis (Singh and Settleman, 2010). Conventional
chemotherapy treatments are generally directed against
the highly proliferative cells of the tumor bulk, and it is
likely that they do not target CSCs, which would remain
alive and retain their capacity to regenerate the tumor
and give rise to metastases (Vinogradov and Wei, 2012).
The CSC theory could therefore offer an explanation for
cancer relapse in patients, despite an initial response to
treatments. An increasing number of studies show that
CSCs are involved in resistance to chemo/radiotherapy
in various tumor types, such as lung (Gottschling et al.,
2012), breast (Ginestier et al., 2007), colon (Meng et al.,
2009), ovarian (Zhang et al., 2008), glioma (Ulasov et
al., 2011), etc.

Using an orthotopic hepatocellular carcinoma model
we found that, despite the effectiveness of metronomic
cyclophosphamide-based chemotherapy, few isolated

Fig. 1. Quiescent cancer stem cells are resistant to chemotherapy. A. Double immunohistochemistry for hAFP (brown) and PCNA (fuchsine-red) in a
mouse liver affected with hepatocellular carcinoma. After treatment (low dose metronomic cyclophosphamide), the resistant cancer stem cells present
in the tissue are positive for hAFP but remain in a quiescent state (PCNA negative). x 1,000. B. Immunohistochemistry for PCNA performed on
sectioned tumor spheres shows that sphere cultures isolated from a mouse lung adenocarcinoma model present a population of resting (PCNA

negative) and proliferating (PCNA positive) tumor cells.
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tumor cells or small tumor clusters positive for o-
fetoprotein (hAFP+) were still present in the liver of
treated mice. We observed that these remaining cells
were positive for the liver CSC marker CDI13
(Haraguchi et al., 2010), but negative for PCNA,
suggesting that they were in a resting state (Martin-
Padura et al., 2012) (Fig. 1A). This situation, referred to
as tumor dormancy, occurs as a result of cell-cycle arrest
and can take place at the primary cancer location, in
metastatic sites, or after therapy administration
(Giancotti, 2013). This evidence, together with other
data from the literature, points out that CSCs are
involved in tumor recurrence after therapy.

Other reports using experimental models have also
shown that chemotherapy is particularly inefficient in
CSCs. For example, the group of Hermann et al.
demonstrated that the administration of gemcitabine in a
mouse model of orthotopic pancreatic cancer resulted in
a marked enrichment in CD133+ CSCs, whereas the
CD133- population was eliminated (Hermann et al.,
2007). Along with this, glioma xenografts irradiated in
vivo were enriched in CD133+ cells relative to untreated
xenografts (Bao et al., 2006). In addition, targeting
CD44+ cells induced a delay in leukaemia progression in
mouse models (Jin et al., 2006). Our group and others
have also demonstrated that the drug salinomycin (a P-
glycoprotein MDR1/ABCBI1 substrate and inhibitor of
potassium channels) targets specifically CSCs, which are
otherwise resistant to conventional chemotherapy
(Larzabal et al., 2013). Interestingly, in NSCLC models,
we found that salinomycin strongly reduces the ALDH+
CSC population and decreases metastatic lesions, but not
primary tumors. Such an effect was accompanied by a
drop in the expression of the cancer migratory-related
molecules CXCR4/SFD-1 in metastatic nodules
(Larzabal et al., 2013). These data also suggest that
CSC-targeted drugs may have an impact on metastatic
spread.

Studies conducted in patient samples also
documented the resistance of CSCs to treatment. In a
series of patients with metastatic breast cancer treated
with neoadjuvant chemotherapy (paclitaxel plus
epirubicin-based schedule), the proportion of ALDH+
CSCs increased significantly, as compared to untreated
tumors (Tanei et al., 2009). Other reports have shown
that expression of ALDHI1AT1 is associated with
resistance to temozolomide in glioblastoma (Tanei et al.,
2009; Schafer et al., 2012). Moreover, expression of
ALDHI1AT1 has been correlated with poor prognosis
(Sullivan et al., 2010; Charafe-Jauffret et al., 2010). In
NSCLC, the number of CD133+ cells increased after
cisplatin treatment, suggesting that the CD133+ CSC
fraction may confer drug resistance (Bertolini et al.,
2009).

Development of new therapeutic strategies based on
the CSC model has therefore become an important
research avenue. Current approaches under investigation
include: (I) targeting CSC-specific pathways or
properties (such as drug efflux); (II) targeting the CSC

niche; (IIT) inducing CSC differentiation. A number of
signaling pathways have been linked to CSC
chemoresistance and provide interesting avenues for
therapy (Sun et al., 2012), like those mediated by
WNT/p-catenin (Noda et al., 2009), Notch (Meng et al.,
2009), NF-»B (Alvero et al., 2009) and BCL-2 pathways
(Konopleva et al., 2002). However, further investigation
is needed to better understand the mechanism by which
these molecules target CSCs (Gupta et al., 2009).
Finally, some authors, including us, have suggested the
convenience of co-targeting CSC and non-CSC
populations to treat cancer. Although our experiments
combining salinomycin and paclitaxel in NSCLC models
did not result in an increased efficacy compared to single
therapies (Larzabal et al., 2013), other drug
combinations may be effective. Indeed, salinomycin
synergizes with gemcitabine to impair tumor growth in a
model of pancreatic cancer (Zhang et al., 2012).
Therefore, targeting CSCs has become a hot topic in
cancer research, but future studies are needed to
determine whether implementation of this therapeutic
modality in patients will increase survival.

Cellular dormancy in metastasis

As previously described, new reports suggest that
CSCs exhibit enhanced metastatic ability, although their
relative contribution still remains uncertain. Their ability
to survive and transit between a quiescent and self-
renewal state in a specific microenvironment are thought
to contribute to some particular traits of metastasis
initiation. In spite of being the main cause of patient
death, metastasis is an ineffective process, since less
than 0.01% of CTCs will be able to complete the late
events of metastasis (Zhe et al., 2011). A major rate-
limiting step implies the dormancy phenotype, which
takes place between extravasation and metastasis
outgrowth. Clinically overt metastasis usually includes a
period of latency in patients, ranging from years to
decades, in which a DTC remains in a dormant state,
waiting for the appropriate signals to re-initiate
proliferation (Aguirre-Ghiso et al., 2013). For this
reason, metastasis has always been thought to be a late
event in carcinogenesis, although evidence now
indicates that tumor dissemination actually occurs at
early stages.

Mechanisms of cancer dormancy are poorly
understood and there is still no consensus on what
dormancy really implies. Nonetheless, it is generally
recognized as cellular dormancy as well as angiogenic
dormancy (Aguirre-Ghiso, 2007). Cellular dormancy
would imply that a solitary tumor cell in a remote organ
remains in a quiescent state, as defined by an arrest in
the GO-G1 phase of the cell cycle (Aguirre-Ghiso, 2007).
Cellular mechanisms of dormancy include a decrease in
uPAR (metastasis-associated urokinase receptor)
expression level and inactivation of the a5p1 integrin
(Allgayer and Aguirre-Ghiso, 2008). This leads to a
reduction in phosphorylated ERK (extracellular
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signaling-regulated kinase) and activation of p38
protein. Consequently, hallmarks for cellular dormancy
generally imply low pERK/p38 ratio, activated stress-
related pathways, and increased nuclear levels of p16
and p27 (Sosa et al., 2013).

Autophagy, a process of self-digestion that involves
the degradation of unnecessary cellular components to
ensure survival during starvation, has also been proposed
to contribute to cellular dormancy (Nechemia-Arbely et
al., 2008). A particular way of response to stress may
induce autophagy of solitary dormant cells. This process
includes a detachment from the extracellular matrix
(ECM) by either impaired 1-integrin signaling (Fung et
al., 2008), or through increased PERK kinase (Protein
kinase RNA- like endoplasmic reticulum kinase)
activity, which then inhibit mTORC1-p70(S6K) to
provide protection from anoikis (Avivar-Valderas et al.,
2013). Autophagy may also favor resistance of dormant
tumor cells to apoptotic stimuli, such as those mediated
by TRAIL (Han et al., 2008). Although autophagy and
apoptosis are two distinct processes, there is an obvious
crosstalk in their signaling pathways, where both could
eventually lead to cell death (Mukhopadhyay et al.,
2014). In this regard, autophagy induced by Rottlerin, a
plant-derived chemopreventive drug, was shown to
trigger apoptosis of breast cancer stem cells by
suppressing Akt and mTOR phosphorylation (Kumar et
al., 2013). Further studies on the mechanisms regulating
autophagy could offer novel alternatives to specifically
eradicate dormant CSCs.

Angiogenic dormancy, which limits de novo
vascular formation, prevents a micrometastasis from
evolving into a macrometastasis. Such a phenomenon
also refers to tumor mass dormancy and results from low
blood supply and nutrient deprivation (Bergers and
Benjamin, 2003; Naumov et al., 2006). In this context, a
proliferative tumor mass can be maintained at a limited
size due to high apoptotic rate. The balance between pro-
and anti-angiogenic factors will then determine whether
the angiogenic switch is turned on, or whether dormancy
is maintained. VEGF figures as a master player in this
shift, while thrombospondin and p53 repress
neovascularization (Kang and Watnick, 2008).
Interestingly, CSCs have been shown to stimulate blood
vessel formation through the secretion of VEGF (Bao et
al., 2006). Consequently, anti-VEGF therapy was
reported to strongly reduce the CSC population and
tumor growth (Calabrese et al., 2007). Hypoxia and the
sense of low oxygen levels can also promote blood
vessel formation through induction of hypoxia-inducible
factor 1 alpha (HIF-1a) (Krock et al., 2011). Moreover,
such a hypoxic environment has been associated with
increased motility and invasiveness of tumor cells (Lu et
al.,2012).

Whether CSC characteristics relate to metastatic
dormancy is one of the foremost new topics in the field.
To date there are still no general markers available to
isolate and characterize dormant CSCs. Besides cell
cycle distribution, dye retention assays with fluorescent

dyes, such as PKH26, have been used to track stem cells.
This dye, which becomes diluted after each cell division,
accumulates in quiescent cells (Martin-Padura et al.,
2012). Such label-retaining cells have been identified in
a sub-population of CD44+/CD24-/ESA+ breast cancer
cells, and these particular cells were endowed with
resistance to chemotherapy (Fillmore and Kuperwasser,
2008). Recently, the presence of label-retaining cells has
been shown not only to result from slow cycling cells,
but also from CSCs undergoing asymmetric cell
division; most importantly, such cells presented tumor-
initiating ability (Xin et al., 2012).

Tumor cells grown as spheroids have been reported
to display a quiescent phenotype that can be reverted
upon attachement to susbtrates (Correa et al., 2012). We
found that spheres isolated from a mouse lung
adenocarcinoma (Bleau et al., 2014) present a mixed
population of proliferating (PCNA-positive) and non-
proliferating (PCNA-negative) cells (Fig. 1B). Such an
observation suggests the existence of quiescent cells
within tumor spheres. Recently, low levels of reactive
oxygen species have been used to isolate quiescent
leukemia CSCs. These cells showed a pronounced cell
cycle arrest (into the GO/G1 phase) and could be
eradicated by inhibition of BCL-2 (Lagadinou et al.,
2013).

Recently, a robust investigation demonstrated that
the quiescent phenotype of CSCs might function as a
tumor suppressor in squamous cell carcinomas (White et
al., 2014). In this tumor model, hair follicle stem cells
were incapable of initiating tumorigenesis while
remaining in a quiescent state. Curiously, quiescence
acted as a dominant event over the activation of the Ras
oncogene or the loss of the tumor suppressor p53. The
mechanism of dormancy in this context involved PTEN
activity, which maintained the quiescent CSCs.

The metastatic niche and its relationship with cell
dormancy

Similarly to normal stem cells, CSCs have been
found to reside in specific niches, generally in close
proximity to blood vessels (Borovski et al., 2011). The
niche is composed of the vascular network, ECM
components and the stroma, which include mesenchymal
and immune cells. Factors secreted within this
microenvironment will regulate stemness and self-
renewal ability. In metastasis, the “seed and soil”
hypothesis postulates that a hospitable micro-
environment at a primary site is essential to allow for the
colonization and growth of a tumor cell at a distant site
(Paget, 1989). The parenchymal tissue of a target organ
was proposed to adapt before the settling down of the
first tumor cell, possibly through the secretion of factors
like VEGF by the primary tumor. Upon reaching the
target organ, these soluble factors then attract bone
marrow-derived hematopoietic progenitor cells (HPC) to
produce chemokines (Psaila and Lyden, 2009). This will
lead to an increase in fibronectin expression by resident
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fibroblasts, providing a suitable microenvironment for
the homing of tumor cells. Another important pathway
in which the CSC population participates is the SDF-1-
CXCR4 (stromal cell-derived factor-1/C-X-C chemokine
receptor type 4) axis (Teicher and Fricker, 2010). The
SDF-1 cytokine permits the recruitment of endothelial
progenitor cells as well as tumor cells at the remote
organ for metastasis outgrowth. As described for the
CSC niche, the premetastatic niche presents a complex
architecture composed of stroma cells, ECM proteins,
non-malignant cells, and the signaling molecules they
produce (Borovski et al., 2011). Since DTCs were
proposed to remain in a dormant state at the metastatic
niche, the microenvironment is critical for the switch
from a dormant metastatis state to a proliferative one.
The deregulation of the reciprocal interactions between
the microenvironment and the tumor cells might decide
whether they will survive, become dormant or
progressively grow to form fulminant metastases
(Bragado et al., 2012).

The EMC is a dynamic structure that can be
remodelled and degraded by different enzymes,
including MMPs. It is found in immediate contact with
the tumor cells, and the resulting interactions are critical
to metastatic development. Changes in ECM
components, such as the production and organization of
collagen type I and fibronectin, contribute to the
formation of a permissive niche for the transition from
dormancy to metastatic growth (Naumov et al., 2003;
Tran et al., 2011). Stromal MMPs may also contribute to
the release of cytokines like bFGF or VEGF and
angiogenic factors that are sequestered in the ECM and
initiate the angiogenic switch (Tlsty and Coussens,
2006). Dormant cells have been shown to present
atypical cytoskeletal organization with temporary
adhesion to the ECM. Such contact leads to cytoskeletal
reorganization and generation of actin stress fibers
through P1 integrin signaling that allow the transition
from quiescence to activation of proliferation (Barkan et
al., 2008). Similarly, a recent study demonstrated that the
formation of filopodia-like projections that harbor
integrin B1 allows the micrometastasis to evolve into a
macrometastasis. In this process, focal adhesion kinase
(FAK) activation into the newly formed adhesion
plaques induces ERK and tumor cell proliferation
(Shibue et al., 2012). Finally, carcinoma-associated
fibroblasts have newly been proposed to awake cancer
cells from metastatic dormancy (Mukhopadhyay et al.,
2014). These data indicate that to escape tumor
dormancy, a tumor cell needs to interact with ECM
components.

Growing evidence supports a role for TGFf1
signaling in the regulation of cellular dormancy and stem
cell homeostasis, which most likely results from a
balance in the concentration of TGFf family members
and pro-mitogenic cytokines. Recently, TGFf32 has been
shown to foster cellular dormancy in the BM via the
activation of TGF-$-RII and p38a/f} signaling (Bragado
et al., 2013). Still in the bone, the BM microenvironment

was found to promote leukemia cell dormancy by
secretion of the extracellular matrix protein Osteopontin
(OPN) (Boyerinas et al., 2013). In this context, acute
lymphoblastic leukemia cells can adhere to OPN within
the osteoblastic niche to further secrete this protein,
which is then detected near dormant tumor cells. Of
relevance, blocking of OPN signaling induced cell
proliferation and metastasis development. Prostate
cancer cells have been shown to also remain dormant in
the BM by binding to osteoblasts in the niche (Kim et
al., 2013). Such an interaction led to induction of TBK1
expression in these cells, which then inhibited mTOR
function to trigger cell cycle arrest. In a different study,
secretion of the soluble vascular cell adhesion protein 1
(VCAM-1) was reported to induce the exit of breast
cancer bone micrometastasis from tumor dormancy (Lu
et al., 2011). In the lung, which provides a more
permissive microenvironment for metastasis outgrowth,
DTCs are maintained in a dormant state through BMP
secretion by cellular components of the normal lung.
Only the DTCs that express the BMP inhibitor Coco
(and are able to block BMP activity) can re-enter the cell
cycle and generate metastasis (Gao et al., 2012).
Interestingly, Coco has also been linked to the CSC
phenotype due to its ability to promote sphere formation
and sustain the expression of stem cell transcription
factors. These data imply that the biological composition
of the ECM and changes in the tumor microenvironment
could regulate the entry or exit in the dormant state.

Additional microenvironmental factors might
influence the dormant state of CTCs. During the “wound
healing” process, several cytokines can induce the
migration and growth of tumor cells. Interestingly,
wound-healing gene expression signatures, which
consist of genes related to extensive remodelling of the
ECM, predicted metastasic relapse in patients with
breast cancer (Chang et al., 2005). Furthermore, several
metastasis suppressor genes that respond to
microenvironmental stress may regulate the dormant
state. These genes include MKK4, KISS1, MKK6,
BHLHLB3/Sharp-1 and Nm23-H, among others (Paez et
al., 2012). They can influence dormancy through
different mechanisms, but all of them exert an overall
effect on regulation of the p38/ERK1/2 signalling ratio, a
hallmark of cellular dormancy. Interestingly, the
coagulation system, which mediates tissue responses to
injury and that is often found disrupted in cancer, has
been identified as a new regulator of tumor dormancy
(Boyerinas et al., 2013). In this study, deficiency in
tissue factor (TF), the cancer cell-associated initiator of
the coagulation system, kept glioma cells in a permanent
dormant state, while overexpression of TF induced a
transition into a proliferative state.

The CSC niche is likely to be one of the most crucial
targets in cancer treatment. Therefore, targeting this
niche (the microenvironment supporting CSCs
maintenance) may represent an important step towards
tumor eradication. For example, inhibition of
angiogenesis might be an approach to destabilize CSC
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survival. Indeed, it has been demonstrated that the CSC
niche is highly vascularised and that inhibition of vessel
growth with anti-VEGF antibodies, like bevacizumab,
may destroy the niche and reduce the number of CSCs
(Yang and Wechsler-Reya, 2007). An elegant study from
Bao and collegues has shown that glioblastoma CSCs
can generate pericytes through the SDF-1/CXCR4 axis
in order to sustain vessel function and tumor growth
(Cheng et al., 2013). Interestingly, elimination of these
pericytes strongly reduced tumor growth by disrupting
the neovasculature.

To further investigate the relationship between the
metastatic niche and cellular dormancy, the lab of G.
Dontu developed a novel 3D coculture system to model
bone metastasis dormancy from breast cancer cells in
mice (Marlow et al., 2013). This new model uses
cocultivation of bone marrow cells with breast cancer
cell lines in a 3D-collagen biomatrix. Modulation of key
signaling pathways involved in dormancy (such as p38
and TGF-P) in the matrix microenvironment allows to
dictate between a supportive or inhibitory dormant
niche. By using a similar 3D in vitro system, Green’s
group demonstrated that pharmacological inhibition of
Src family kinase signaling prevents dormant breast
cancer cells from re-entering the cell cycle through
translocation of the p27 protein (El Touny et al., 2014).
As ERK1/2 activation was required for these cells to
proliferate, co-treatment with a MEK1/2 inhibitor
produced apoptosis with a prominent delay in metastasis
outgrowth. Overall, new models for in vivo dormancy
will allow for the development of new strategies to target
dormant solitary tumor cells by preventing their “re-
awakening" during tumorigenesis.

CTCs, CSCs and dormancy in metastatic cancer
patients

Clinical cancer dormancy is characterized by the
latency of recurrence after the initial diagnosis. Some
tumor types may have a long lasting latency period,
including breast, melanoma and renal carcinoma, which
may remain without clinical manifestations for many
years (Goss and Chambers, 2010). In a study of 36
breast cancer patients with no evidence of clinical
disease (clinically dormant), at least 36% showed CTCs
8 to 22 years after mastectomy, presumably coming from
micrometastasis (Meng et al., 2004). As previously
mentioned in this review, tumor relapse would require
the existence of quiescent dormant isolated or clustered
cancer cells that, due to a yet unknown reason awake,
proliferate and switch angiogenesis on. Although it
remains to be elucidated whether these cells may
correspond to CSCs in patients, experiments in animals
suggest that this could be the case.

Clinical observations have shown that cancer
patients even at very early stages of tumorigenesis may
have disseminated cells in the lymph nodes, blood or the
bone marrow (Pantel et al., 2009). The lymph node
status is a critical factor to determine prognosis in many

solid tumors (Galimberti and Cole, 2013), but several
studies have also shown the clinical relevance of
detecting CTCs in patients. Extensive work conducted
by Cristofanilli’s group (and other research groups) in
metastatic breast cancer (mBrCa) patients showed that
the presence of 5 or more CTCs per 7.5 mL in peripheral
blood before therapy and at the first follow up post-
treatment examination was an independent predictor of
progression-free and overall survival (Cristofanilli et al.,
2004). Moreover, the number of CTCs in mBrCa
patients appears to have superior prognostic potential
than radiological image techniques (Budd et al., 2006).
Unfavourable prognosis has also been reported for
patients with CTCs in other tumor types, such as
prostate, colon and lung (Pantel et al., 2009). In prostate
cancer (PrCa) patients, the number of CTCs after
treatment was a better prognostic indicator of survival
than a 50% reduction in PSA (Prostate-Specific Antigen)
levels (Scher et al., 2009). Several clinical trials are
currently determining the potential value of CTCs as
biomarkers of response in AR-targeted therapies
(Aviraterone or MDV3100) in castration resistant PrCa
patients that had progressed to docetaxel treatment
(Danila et al., 2011).

A variety of methods have been developed for the
identification and isolation of CTCs; however, none of
them has yet been implemented in clinical practice.
Basically, these methods rely on techniques such as
immunomagnetic separation, size-based filtration or
centrifugation, microfluidic devices, flow cytometry and
PCR-based techniques (Alix-Panabieres and Pantel,
2014). The CellSearch® technology (Johnson and
Johnson), based on immunodetection of EpCAM™ cells
followed by immunostaining for cytokeratins, is the
most clinically advanced detection system and has
received FDA approval for mBrCa patients. Several
ongoing clinical trials are trying to validate the
prognostic usefulness and predictive values of this
technology in different types of cancers (Pantel et al.,
2009). One of its limitations is that the CellSearch
method can underestimate the number of CTCs as it
leaves behind the EpCAM- cells that may have
undergone EMT. This situation could be particularly
relevant for the highly aggressive triple negative (ER"
/PR/HER?2") dedifferentiated breast tumors (Yu et al.,
2013). Using a combination of methodologies, Giordano
et al. (2012) have shown that patients with Her-2*
mBrCa display a heterogeneous population of epithelial
cells with EpCAM™* CTCs detected by CellSearch and a
population of CTCs with EMT/CSC features that lack
EpCAM expression and cannot be detected by
CellSearch. Similarly, in NSCLC, the existence of
hybrid CTCs with EMT phenotype has been described
(Lecharpentier et al., 2011).

Some studies have addressed the question whether
CTCs harbor molecular alterations that may represent a
step ahead in carcinogenesis towards metastasis. This
appears to be the case for CTCs from breast cancer
patients that express lower levels of ERa/PR and higher
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levels of Her-2 than the primary breast cancer cells
(Rack et al., 2012). In CTCs from prostate cancer
patients, androgen receptor (AR) genomic amplification
and copy number gain have been reported (Leversha et
al., 2009). Moreover, patients with androgen-responsive
prostate tumors present with a strong “AR-on” signalling
in their CTCs that becomes “AR-mixed” in more
advanced and AR-insensitive tumors (Miyamoto et al.,
2012). Although it remains uncertain whether specific
molecular alterations in CTCs may serve to predict and
monitor response to targeted therapies, there are high
expectations as an increasing number of publications is
addressing this issue.

The possibility that CTCs correspond to MIC has
recently been investigated by Baccelli et al. (2013).
These authors have demonstrated that a particular
population of CTCs from mBrCa patients is able to
initiate metastasis when xenotransplanted in mice: CTCs
with an EpCAM*/CD44*/CD47*/MET* phenotype
found in some patients were able to produce tumors at
distant sites, thus showing that this population
corresponds to the one that initiates metastasis.
Histologically, these tumors resembled those obtained in
patients from whom CTCs had been isolated. In
addition, the number of EpCAM*/CD44*/CD47*/MET*
cells increased in parallel to clinical progression (unlike
the bulk of EpCAM™* CTCs), which suggests that this
population may resist treatment (a typical property of
CSCs) (Baccelli et al., 2013). It is unknown though
whether EpCAM*/CD44%/CD47*/MET™ cells display
CSC features, such as the ability to self-renew and
differentiate.

A more precise molecular characterization of therapy
resistant cells (presumably with CSC phenotype and in
dormant state) is a key issue in our efforts at preventing
recurrence after therapy. In patients, ER* breast cancer
and AR™ prostate cancer may serve as paradigm to
investigate tumor dormancy and relapse after long-term
therapy. Administration of antiestrogenic or
antiandrogenic therapies for 5 years reduces the risk of
recurrence, although clinically dormant metastases may
be still present (Early Breast Cancer Trialists’
Collaborative Group (EBCTCG), 2005). On the
contrary, administration of antiestrogenic therapy for
longer periods of time may favour the appearance of ER-
breast cancer cells and provides no clear evidence of
improved survival (Goss and Chambers, 2010). Thus,
while the continuous pressure exerted by the drug on
tumor cells (even at low doses) may keep them in a
dormant state, it may also force a molecular switch
towards the acquisition of a more aggressive and therapy
resistant phenotype. In fact, in patients with AR-
sensitive prostate tumors subjected to antiandrogen
therapy, AR+ CTCs switch their phenotype to an “AR-
off” state (Miyamoto et al., 2012). These data indicate
that there is a critical need for extended clinical trials
aimed at evaluating the efficacy of prolonged therapy
with respect to tumor recurrence. Here, the discovery of
an early biomarker of tumor awakening, measurable in

blood, would also represent a major breakthrough to this
end.

Conclusions and future perspectives

Increasing experimental evidence suggests that
CSCs are responsible for metastasis initiation and
relapse after chemotherapy and/or radiotherapy. These
cells, which display EMT features, appear to be able to
leave the tumor and circulate in blood as CTCs, together
with an epithelial EpCAM+ cancer cell population. It is
also possible that, due to their plasticity, differentiated
cancer cells become undifferentiated CSCs in circulation
or in the metastatic niche. Upon treatment, therapy
resistant metastatic cells with CSC features in a dormant
state can give rise to metastasis outgrowth under specific
circumstances that involve changes in the extracellular
matrix. A more comprehensive understanding on how
these different phenotypes and biological processes take
place will facilitate the development of novel antitumor
strategies. This may also help to prevent tumor relapse in
patients that no longer show evidence of cancer (based
on radiological tests), and who have been off therapy
even for several years.
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