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Abstract
Background The ability of a tumor to become dormant in response to suboptimal conditions has recently been recognized as a
key step in tumor progression. Tumor dormancy has been found to be implicated in several tumor types as the culprit of therapy
resistance and metastasis development, the deadliest features of a cancer. Several lines of evidence indicate that the development
of these traits may rely on the de-differentiation of committed tumor cells that regain stem-like properties during a dormant state.
Presently, dormancy is classified into cell- and population-level, according to the preponderance of cellular mechanisms that keep
tumor cells quiescent or to a balance between overall cell division and death, respectively. Cellular dormancy is characterized by
autophagy, stress-tolerance signaling, microenvironmental cues and, of prime relevance, epigenetic modifications. It has been
found that the epigenome alters during cellular quiescence, thus representing the driving force for short-term cancer progression.
Population-level dormancy is characterized by processes that counteract proliferation, such as inappropriate blood supply and
intense immune responses. The latter two mechanisms are not mutually exclusive and may affect tumor masses both simulta-
neously and subsequently.
Conclusions Overall, tumor dormancy may represent an additional step in the acquisition of cancer characteristics, and its
comprehension may clarify both theoretical and practical aspects of cancer development. Clinically, only a deep understanding
of dormancy may explain the course of tumor development in different patients, thus representing a process that may be targeted
to prevent and/or treat advanced-stage cancers. That is especially the case for breast cancer, against which the mTOR inhibitor
everolimus displays potent antitumor activity in patients with metastatic disease by impeding autophagy and tumor dormancy
onset. Here we will also discuss other targeted therapies directed towards tumor dormancy onset, e.g. specific inhibitors of SFK
and MEK, or aimed at keeping tumor cells dormant, e.g. prosaposin derivatives, that may shortly enter clinical assessment in
breast, and possibly other cancer types.

Keywords Tumor dormancy . Cancer hallmarks . Therapy resistance . Progression .Metastasis

Abbreviations
ATG Autophagy-Related
BMI1 B lymphoma Mo-MLV insertion

region 1 homolog
BMP Bone Morphogenetic Protein
BMPR2 BMP receptor 2
BRCA1 Breast Cancer type I susceptibility protein
CDK4 Cyclin-Dependent Kinase 4
CSC Cancer Stem Cell
CSF2 Colony Stimulating Factor 2
CTC Circulating Tumor Cell
CXCL Chemokine Ligand
CXCR Chemokine Receptor
DNMT1 DNA Methyl Transferase 1
DTCs Disseminated Tumor Cells

Federico Rossari and Cristina Zucchinetti contributed equally to the
manuscript

* Federico Rossari
f.rossari@santannapisa.it

1 Institute of Life Sciences, Sant’Anna School of Advanced Studies,
56127 Pisa, Italy

2 Department of Translational Research and of New Surgical and
Medical Technologies, University of Pisa, 56126 Pisa, Italy

3 Department of Clinical and Experimental Medicine, Section of
Hematology, University of Pisa, 56126 Pisa, Italy

4 Hematology Unit, Azienda Ospedaliera Universitaria Pisana,
56126 Pisa, Italy

https://doi.org/10.1007/s13402-019-00467-7
Cellular Oncology (2020) 43:155–176

http://crossmark.crossref.org/dialog/?doi=10.1007/s13402-019-00467-7&domain=pdf
http://orcid.org/0000-0003-4493-6380
mailto:f.rossari@santannapisa.it


DYRK1B Dual specificity tyrosine-
phosphorylation-regulated kinase 1B

EETs Epoxyeicosatrienoic acids
EMT Epithelial-to-Mesenchymal Transition
GAS6 Growth Arrest-Specific protein 6
HER2 Human epidermal growth factor receptor 2
HIF 1α Hypoxia-Inducible Factor 1α
IFN-γ Interferon-γ
JNK JUN N-terminal Kinase
K Carrying capacity
MET Mesenchymal-to-Epithelial Transition
MHC Major Histocompatibility Complex
miRNA Micro RNA
mRNA Messenger RNA
mTOR Mammalian Target Of Rapamycin
ncRNA Non-Coding RNA
NK Natural Killer
NDRG1 N-Myc Downstream Regulated 1 protein
(p)ERK (phosphorylated) Extracellular

signal-Regulated Kinase
PI3K Phosphoinositide 3-Kinase
pRB Protein Retinoblastoma
Prrx1 Paired Related Homeobox 1
TAMs Tumor-Associated Macrophages
TD Tumor Dormancy
TGF Transforming Growth Factor
TH1 T Helper 1 cell
TIMP3 Tissue Inhibitor of Metalloproteinases 3
TNF Tumor Necrosis Factor
TNFR1 TNF Receptor 1
Treg Regulatory T cell
uPA Urokinase Plasminogen Activator
UPR Unfolded Protein Response
VCAM1 Vascular Cell Adhesion Molecule 1
VEGF Vascular Endothelial Growth Factor

1 Introduction

Self-sufficiency in growth signals, insensitivity to anti-
proliferative signals, evading apoptosis, limitless replicative
potential, sustained angiogenesis and metastatic potential are
the classical “hallmarks of cancer” proposed by Hanahan and
Weinberg in 2000 [1]. Two further traits were stated eleven
years later: the presence of an abnormal metabolic pathway
and evasion of the immune system [2]. Consistent with recent
evidence, the ability to become dormant seems to allow for the
acquisition of the above “hallmarks” in many tumor types.
Indeed, dormancy, i.e., the state of constancy in number of
tumor cells, underlies some pivotal traits of malignant tumors,
which are dissemination, tissue invasion and resistance to con-
ventional therapies, mainly due to the accumulation of muta-
tions and the absence of proliferation. The former leads to

tumor heterogeneity, the emblematic resistance-conferring fea-
ture according to the so-called clonal evolutionmodel, whereas
the latter frustrates the action of anti-proliferative agents, thus
avoiding drug-induced cytotoxicity and fitting the paradigms
of the cancer stem cell (CSC) model. Although these two prin-
cipal theories on cancer initiation and progression, explained in
further detail below, are not mutually exclusive, tumor dor-
mancy may act as a key step in metastasis and resistance de-
velopment, even when just one of them seems to be more
explanatory for the case in point. Tumor dormancy represents
a heterogeneous epi-phenomenon of a complex network of
cues, ranging from cellular intrinsic and extrinsic processes,
and from vascular to immunologic processes, driven by both
genetic and epigenetic changes. In light of this, the aim of this
review is to outline the state of the art on the topic, comparing
and harmonizing discrepant theories to better speculate on fu-
ture therapeutic approaches to tumor dormancy and effective
bench-to-bedside translations to advanced-stage cancers, i.e.,
metastatic and/or refractory diseases.

2 Tumor dormancy as a key event in tumor
progression

2.1 Tumor dormancy occurs at different levels
entailing different steps in tumor progression

Tumor dormancy (TD) is a state of constancy in number of
tumor cells triggered by sub-optimal conditions for tumor
growth. It is also both a fundamental and heterogeneous step
in cancer progression. A primary neoplastic mass can be kept
constant by different cues, resulting in a quiescent or, alterna-
tively, “dormant” state. Quiescence at the cellular level differs
from that at the population level. The former results from a
transient entrance in the G0 phase of the cell cycle, whereas
the latter relies on a strict balance between cell division and
death. In the latter case, cancer cell death can be due to a poor
vascularization or to immune responses. An angiogenic dor-
mancy can readily be distinguished from an immunological
one [3]. Despite the unfavorable conditions that trigger TD, it
may also be a convenient trait for a malignant neoplasm to
develop. A recent gene ontology pathway analysis on tumor
samples of glioblastoma patients has, for example, shown that
upregulation of three antiproliferative clusters of genes may
be associated with the shortest time to relapse after surgery
and the worst clinical outcome during adjuvant therapy. The
three identified hub genes were found to encode ferritin heavy
chain 1 (FTH1), glutamate metabotropic receptor 1 (GRM1)
and DNA damage inducible transcript 3 (DDIT3), all consid-
ered to be essential for glioblastoma cell dormancy [4]. These
data underline the pivotal role of TD in this tumor setting: it
fosters the development of drug resistance, due to accumula-
tion of specific mutations or epigenetic changes that modify
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therapeutic targets, or proliferative arrest that hampers the ac-
tion of anti-mitotic agents [4]. Besides, cellular dormancy en-
ables cells of a primary tumor to disseminate, colonize host
tissues and adapt to harsh microenvironments until these be-
come less hostile [3]. In other words, cellular dormancy may
allow metastatic outgrowth. The functional underpinnings of
this lag phase may include activation of autophagic pathways
[5], stress-tolerance signaling [6], unfolded protein responses
(UPRs) [7], epigenetic modifications [8] and/or a balance be-
tween survival and pro-apoptotic signals present within the
tumor niche [9]. Further details of these factors will be
discussed below.

Interestingly, the two different types of dormancy are not
mutually exclusive (Fig. 1), since they can occur in distinct
groups of cancer cells simultaneously, or succeed each other
during tumor progression [10]. In addition, a partial overlap
between typologies may exist, resulting in merged dormant
phenotypes. Therefore, a wide range of dormant conditions
may exists, which makes the study of TD challenging.
Contrasting theories on the therapeutic role of TD have, for
instance, ensued from this non-univocal manifestation. On
one hand, dormancy may stop tumor growth, improving the
clinical outcome of cancer patients, whereas on the other hand
it may lead to early dissemination of tumor cells, which lays a
foundation for delayed metastasis onset and/or relapse after
the removal of the primary neoplasm. Thus, whether one
should try to keep dormant tumor cells asleep or directly kill
them represents one of the most arduous controversies to be

solved [11]. In the last section of this review we will discuss
the arguments underlying these alternatives.

2.2 Tumor dormancy on/off “switches”

Several essential properties characterize TD: dormant tumor
cells are able to survive in foreign microenvironments, to de-
velop drug resistance and to reversibly arrest their growth [11]
(Fig. 2). With respect to this last trait, tumor cells can undergo
a first switch, from a proliferative to a quiescent state and,
unless eradicated, a second one back to the growing state.
An imbalance between intrinsic and extrinsic pro- and
anti-proliferative factors determines which phase a tu-
mor cell is passing through. When this imbalance re-
verses, a switch occurs.

Several lines of clinical evidence indicate an influence of a
primary neoplasm on the fate of disseminated tumor cells
(DTCs) [12, 13]. Early metastatic tumor outgrowth after pri-
mary tumor removal suggests that (i) an early dissemination of
cancer cells occurs while the primarymass is still growing, but
they enter a latent state that keeps them undetectable and (ii)
the primary tumor contributes in keeping DTCs asleep [12,
13]. Whether the switch towards dormancy occurs in cells of
the primary tumor before their detachment, or while they are
circulating in the bloodstream, or when they colonize foreign
microenvironments still remains to be established. This tran-
sition point may, however, vary on a case-by-case basis, de-
pending on when the general conditions become unfavorable
to cancer cells. Cases of late relapse after surgery of both
prostate [14] and breast cancer [15] indicate the existence of
pro-dormancy cues other than those produced by the primary
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Fig. 1 The heterogeneous foundations of tumor dormancy. Tumor
dormancy may be triggered by specific signaling pathways and
epigenetic changes that occur at the cellular level (yellow circle),
adverse immune response of the host (blue circle) or
inappropriate blood supply (red circle). Although those mechanisms can
act separately, they often overlap each other to establish an overall
dormant condition with a higher complexity in both underpinnings and
consequences
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Fig. 2 The distinctive traits of a dormant cancer cell. Dormancy of a cancer
cell represents a reversible growth arrest due to interactions of several
systemic and local factors. During this lag time, the cell acquires the
ability to resist unfavorable conditions, such as inappropriate
microenvironmental signals and anti-cancer therapies. Together, these traits
represent the key feature of tumor dormancy
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tumor [14, 15]. Thus, it appears that a tangled web of factors,
which includes vascularization, immune surveillance and cel-
lular processes, regulates the switches to enter and exit TD.
Crosstalk between these systemic and local factors supports
the existence of an overall TD state occurring in cancer cells,
only conventionally classified into cellular, angiogenic and
immune-mediated [12]. For the sake of simplicity, however,
this terminology will be maintained in this review.

At the cellular level, the switches from proliferation to qui-
escence and vice versa can be monitored through changes in
patterns of gene expression and protein activation. The main
indicator of cellular dormancy is a low pERK (phosphorylated
Extracellular signal-Regulated Kinase)/p38 ratio, whereas this
ratio has been found to be high in proliferating DTCs [16]. As
stated above, TD may also be governed by epigenetic mech-
anisms, and it has been found that distinct changes in DNA
methylation, histone acetylation and micro-RNA (miRNA)
expression patterns may mark the switches of a cancer cell
to and from latency [8, 17, 18]. Intriguingly, it has been found
that a set of dormancy-inducing miRNAs, which act by lead-
ing to silencing of the chemokine ligand (CXCL) 12-
chemokine receptor (CXCR) 4 axis, can be exchanged
through gap junctions [8]. Consequently, the switch towards
cellular dormancy may result in a synchronized action at the
population level. As both local and systemic factors can in-
duce a dormant state, so can they induce a reactivation pro-
cess. At a local level, since the dormant state can be triggered
by nutrient depletion, the reactivation often follows neo-
angiogenesis through a process called “angiogenic switch”.
This phenomenon has e.g. been observed in a mouse model
of Lewis lung carcinoma dormant micro-metastatic cells,
which produce Vascular Endothelial Growth Factor (VEGF)
and recruit bone-marrow-derived endothelial cell progenitors
to reactivate [19]. An involvement of systemic factors has
been demonstrated in mice by Elkabets et al. [20]. They found
that two distinct cancer cell lines, which showed dormant
phenotypes, i.e., very slow proliferation rates, when inoculat-
ed singularly in mammary fat pads, behaved differently when
grafted simultaneously but at different sites. In doing so, it was
found that one tumor may act as an “instigator”, keeping itself
dormant but causing reactivation of the other one, the “re-
sponder”, through endocrine signals. The former was found
to produce osteopontin, thereby inducing hematopoietic pro-
genitors to secrete granulin. Granulin, in turn, led to a
desmoplastic reaction by activating stromal cells and fostering
collagen deposition at distant sites [20]. The resulting dense
matrix represents a reactivation-inducing cue, since it en-
hances integrin-mediated transduction of mechanical forces
into biochemical signals, thereby promoting reactivation of
the “responder” [21]. Even though the chain of causative
events between markers and TD still awaits verification, their
profiling may be used for dormancy detection in both primary
and disseminated cancer cells [3].

2.3 Tumor dormancy as cornerstone for a unified
cancer development model

Growth arrest of a primary tumor or latency of pre-metastatic
DTCs, both due to TD, represent key steps in tumor progres-
sion. As such, the concept of TD can be taken on by two
currently debated paradigms of tumor biology, i.e., the clonal
evolution and the cancer stem cell (CSC) theories. The former
(Fig. 3a) postulates that every cancer cell has tumorigenic
potential, since it is capable of proliferation. As in every evo-
lutionary process, the final tumor arises from a stochastic ac-
cumulation and selection of genetic and epigenetic alterations
that lead to several distinguishable clones [22]. Furthermore, it
has been found that the genetic and epigenetic alteration rates
become increasingly higher with disease progression, as has
been shown by deep DNA sequencing of neoplasms at differ-
ent stages of development [23, 24]. The latter posits that par-
ticular tumor cells with stem-like features (i.e., CSCs) stay at
the apex of a hierarchical population (Fig. 3b). These cells
show a long-term self-renewal ability, multipotency and resis-
tance to apoptosis. In addition, they can give rise, through
asymmetric division, to “committed” sub-sets of cancer cells
with a limited proliferative ability and a limited tumorigenic
potential [25]. These cells are known as transit amplifying
cells, since they undergo a specific number of cell divisions
and finally differentiate irreversibly [25]. Based on their
unique features, CSCs have been proposed as the sole trans-
formed cells that underlie metastatic spread and chemotherapy
resistance, putatively by entering a dormant state [26]. So,
while in the clonal evolution model all cells of the tumor have
the same ability to contribute to tumor initiation and growth,
in the CSCmodel only the stem sub-set can. This is the reason
why tumor relapse will inevitably occur after applying a ther-
apy that spares the stem population. As stated above, however,
the two paradigms are not mutually exclusive, since one may
better explain a certain disease and vice versa, or they can be
applied independently to different stages of the same neo-
plasm. Therefore, a unified theory has recently been proposed,
i.e., the plastic CSC model (Fig. 4). It explains tumor hetero-
geneity by combining several key points of the two theories.
The main difference between the classical and plastic CSC
paradigms lies in the process of differentiation: it is presumed
to be unidirectional in the former, whereas the latter assumes
the possibility of reverting the hierarchy through a bidirection-
al process mainly regulated by the niche environment and
epigenetic modification patterns, which are interrelated. In this
way, a differentiated cancer cell can dedifferentiate and regain
stem-like features. If this cell bears a new mutation or modi-
fication in its epigenome, it can generate a clonal sub-set that
differs from the progenitor cell, thereby leading to tumor het-
erogeneity. Alternatively, a stemness-conferring mutation can
occur in a non-CSC, thereby triggering a switch to the stem-
like phenotype. The new subclones, endowed with distinctive
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traits, e.g. the ability to metastasize and resist treatment, un-
dergo the same selective pressure that is posited by the clas-
sical clonal evolution theory, thereby driving disease progres-
sion towards a specific outcome. TD can be contextualized in
this new scenario, representing the specific step in which dif-
ferentiated cancer cells accumulate genetic and epigenetic al-
terations, regain stemness and give rise to various clonal pop-
ulations that underlie the different malignant traits [27].

In recent years, the complex relationship between epithelial-
to-mesenchymal transition (EMT), TD and the dedifferentia-
tion of cancer cells has largely been elucidated [28–30]. EMT
has been found to be induced by signals from the microenvi-
ronment, e.g. transforming growth factor (TGF) β2, stochasti-
cally occurring epigenetic changes and inflammation [31].
EMT is characterized by the loss of cell adhesion molecules,
cell polarity and epithelial markers and, conversely, the gain of
mesenchymal-like features. In vitro induction of Twist1 and
Snail1, two known EMT-triggering transcription factors [32],
has been found to endow breast cancer non-stem cells not only
with the above listed features, but also with tumor initiating and

self-renewal abilities, which are CSC-specific. In addition, the
expression of breast CSC-specific markers, i.e., CD44high/
CD24low, has been found to confirm that EMT, directly or in-
directly, can trigger the dedifferentiation process [29]. Similar
results have been obtained in other solid and hematological
tumors, such as melanoma and myeloid leukemia [28].

Besides, EMT has long been considered as a pivotal step in
metastatic spread, as suggested by a lineage-tracing experiment
carried out in a mouse model of pancreatic intraepithelial neo-
plasia [33]. The authors found that cells of the primary neo-
plasm that have undergone EMTcan differentiate, enter into the
bloodstream and colonize the liver, giving rise to metastatic
subclones [33]. Recent data suggest, however, that EMT may
neither be a necessary nor a sufficient step to initiate tumor
dissemination [34]. Specifically, it has been found that dissem-
ination can occur also with the retention of epithelial features in
a semi-mesenchymal condition, i.e., common oncogenic muta-
tions of the human epidermal growth factor receptor 2 (HER2)
cause disruption of adhesion and polarity, and hence tumor
spread, without entailing a full EMT [35]. Furthermore, this

Fig. 3 Tumor dormancy in the context of clonal evolution and cancer stem
cell models. a Schematic representation of cancer initiation and progression
according to the clonal evolution model. A mutation or epimutation
(represented as a red flash) can occur in a normal cell (white), thereby
converting it into a cancer founder cell (green). The latter can proliferate
generating a clonal population. Other genetic changes may occur
stochastically along the generations spawning new subclones (light red,
pale blue, yellow and purple). These subclones may have diverse traits
compared to the original transformed cell. The selective pressure exerted
by the microenvironment governs the population balance, promoting
clones with specific features rather than others that show disadvantageous
traits. As the cancer population expands, genomic instability and
aberrations increase, giving rise to more subclones that enhance tumor
heterogeneity, which in turn underlies negative clinical outcomes. In this
scenario, tumor dormancy (TD) seems to be a critical state for mutation

accumulation in cancer cells before they can divide again, thus generating a
daughter cell with new features. bAccording to the cancer stem cell (CSC)
model, a tumor initiating mutation should occur in a normal stem cell
(white). The resulting CSC (light red) may divide symmetrically to self-
renew or asymmetrically to spawn a “committed” cell (yellow). The latter
has a limited number of divisions to undergo. Thereby it generates a hier-
archical population of transit amplifying cells that show a progressively
more differentiated phenotype. The bottom of the hierarchy is represented
by the differentiated cancer cells (pale blue) without proliferative ability.
The organization of the tumor mass explains the differences in treatment
efficacy: only CSC-targeting therapies can eradicate cancer, whereas other
treatments may spare the stem cell pool, which may consequently enable
tumor re-growth. CSCs may also elude anti-mitotic drugs by entering TD,
leading to cancer persistence
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detachment eases the subsequent metastasizing process, given
that epithelial features, which are partially retained in mutated-
HER2 expressing cells, play a major role once circulating tu-
mor cells have reached a secondary site [35]. The importance of
epithelial-like traits to complete the seeding of foreign tissues
and to enable metastatic outgrowth is demonstrated by the fact
that EMT, which occurs in the primary site, needs to be follow-
ed by its reverse, i.e., mesenchymal-to-epithelial transition
(MET), in the secondary site [36]. As a consequence, EMT
may not be considered as the sole and direct inducer of metas-
tasis, but rather as the inducer of the switch towards TD.

Metastatic development may involve sequential steps:
EMT may induce TD, which in turn may foster the switch
from non-stem to stem features and allow metastasis to occur

(Fig. 5). An important caveat should, however, be addressed.
Since several cues are involved in inducing dormancy, EMT
may not to be strictly necessary for inducing TD and, conse-
quently, dedifferentiation and dissemination, even if it plays a
role. Both in vitro and in vivo evidence underscore this notion.
The expression of one of the most debated EMT-regulatory
factors, Prrx1 (Paired Related Homeobox 1) in differentiated
breast carcinoma cells promotes EMT, but not the recoup of
stemness [37]. Conversely, its suppression has been found to
foster the colonization of host tissues without promoting EMT
[36, 37]. This means that (i) TD, rather than EMT, may be the
direct mechanism underlying the non-CSC to CSC switch,
and (ii) EMT may induce TD since an association between
these processes has been reported [35], but it is neither

Fig. 4 Tumor dormancy and the unifying plastic cancer stem cell model.
Alternative putative fates (trackable by marked outlines) of a differentiated
cancer cell (blue) are represented in conformity with the paradigms of the
plastic cancer stem cell theory. If the balance between tumor dormancy
(TD) inducers and suppressors leans toward the first ones, then the cancer
cell becomes quiescent (pale blue). If the switch towards TD does not
involve detachment from the primary tumor (left half), the dormant cell
can regain stem-like features (light red), thereby stoking tumor growth after
the switch back to the proliferative state. Alternatively, since the cancer cell
may accumulate mutations (red flash) during TD, when it awakens and
restores stem features, the cell (green) may acquire the potential of gener-
ating new differentiated subclones, carrying unique traits. These will be
subjected to selection and enhance tumor heterogeneity and, thus, possible

resistance to therapy. The right half of the figure schematically shows the
fate of a differentiated cancer cell that, at the same time, enters dormancy
and detaches from the primary tumor, putatively as a consequence of
epithelial-to-mesenchymal transition (EMT). This cell can disseminate by
entering the circulation and infiltrating distant tissues. In the meantime,
dormancy may allow dedifferentiation to occur, converting the differenti-
ated cell into a stem-like cell and spawning metastasis development.
Metastatic subclones may differ from primary subclones since the new
microenvironment may alter the epigenetic state of the CSCs, thus modi-
fying their differentiation potential even in the absence of genetic muta-
tions. This phenomenon underlies the clinical differences that exist between
primary and secondary cancers
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sufficient nor necessary. That is, EMT can be uncoupled from
the re-acquisition of stem-like features [37].

Overall, the above data provide strong indications for the
existence of a bidirectional transition between CSCs and non-
CSCs, thereby appraising the plastic CSC theory rather than the
independent one. With regard to treatment resistance, the plastic
CSC theory posits that also a CSC-targeting therapy may fail in
eradicating the whole tumor, since differentiated subclones may
endure in a dormant state, either lodged in the primary tumor site
or disseminated to secondary sites. When they revive, cell in-
trinsic and/or extrinsic mechanisms may lead to a regain of
stemness, and hence to disease relapse and metastatic outgrowth
[38]. This scenario represents an alternative framework for ther-
apy resistant cases that were previously considered to rely on
CSC intrinsic features, such as chemotherapy-resistant breast
cancer cells [38]. Therefore, TD may represent an important
cornerstone of a plausible explanatory model of tumor progres-
sion. Funneling an increasing attention to this key step may be
far-reaching, i.e., it may reinforce the unified model of tumor
progression, allow a better understanding of its underpinnings
and enhance the effectiveness of stem-specific therapy by
comprehending how to block the dedifferentiation process [27].

2.4 Tumor dormancy as iterative process underlying
cancer progression

Several lines of evidence suggest that tumor cells can enter and
exit dormancy more than once in their lifespan [38–40].
Prostate cancer is a striking example of this iterative progres-
sion mode [41]. Indeed, the clinical course of prostate cancer is
characterized by progressively shorter cycles of treatment-dor-
mancy-relapse. Since also other cancer types, such as breast
and colorectal cancer [31, 41], may show a similar behavior,
TD has been proposed as the initial “steady state” of all neo-
plasms, i.e., the pre-diagnostic phase of a cancer in which it
coexists with its host harmlessly. After this first, and usually
long-lasting, period of TD, the ability to re-enter a quiescent
state is progressively lost along with cancer progression, as

indicated by the gradual shortening of TD periods observed
in several cancer types [38–40]. Of note, TD duration is esti-
mated on the basis of progression-free survival and tumor vol-
ume constancy after any therapeutic intervention.

Specifically, the diagnosis of prostate cancer at a localized
stage implies prostatectomy as elective cure. Despite some
cases of early metastatic relapse, the dormancy progression-
free period that follows surgical removal of the prostate usually
lasts 10 to 13 years [42]. The contingent metastatic onset is then
counteracted with an androgen-deprivation therapy, which can
stop disease progression for on average less than two years.
This shorter dormancy period may end with the development
of a castration-resistant prostate cancer type, which can be
counteracted with docetaxel treatment. The latter induces TD
by blocking its growth for a fewmonths, after which the disease
reaches its terminal stage, commonly with a mortal outcome
within weeks (Fig. 6). The main explicative model for this
pattern of tumor progression is still a matter of debate. Crea
et al. [8] have, for example, posited that the initial sub-clinical
phase of prostate cancer, which corresponds to the longest pe-
riod of dormancy, may be characterized by a hierarchical orga-
nization of the cancer population, with few CSCs at the apex
that are able to enter dormancy. Since the mutation rate be-
comes gradually higher with cancer progression, and thus with
the shortening of dormancy periods, they hypothesize that as
genetic alterations accumulate CSC lose their dormancy ability.
In their model they also assumed that TD was a CSC preroga-
tive, and hence a lack of differentiated cancer cells. Therefore,
the shortening of dormancy periods was thought to be due to
both an increase in genetic alterations and attainment of an
overall higher degree of differentiation of the tumor.
However, several lines of evidence call into question the plau-
sibility of this unique explicative model. The main counterar-
gument lies in considering TD as a non-distinctive ability of
CSCs, as such phase can be undergone also by committed and
differentiated tumor cells, mainly to regain stem properties, as
stated above [27]. Besides that, the TD model does not provide
an explanation for the occurrence of synchronous primary and
metastatic diseases, thereby keeping relevance for many but not
all tumor types. Since this model leaves that characteristic clin-
ical progression pattern without a suitable explanation, new
efforts should be undertaken to better understand this pattern
and to elaborate a model that entirely fits current TD evidence.

3 Tumor cell dormancy: Molecular
mechanisms and biochemical pathways

3.1 Intrinsic and extrinsic mechanisms underlying
tumor dormancy at the cellular level

As stated above, the dormant state is not considered to be
brought about by a single mechanism, but rather by the

Fig. 5 Putative sequential steps of cancer dedifferentiation. A
differentiated cancer cell (non-cancer stem cell, non-CSC) can revert
the differentiation process by passing through a dormant state. During
this process, epithelial-to-mesenchymal transition (EMT) does neither
seem to be a sufficient nor a direct stimulus to allow stemness recovery.
It rather represents an effective tumor dormancy (TD) inducer, whereas
tumor dormancy is the actual key step required to let cancer cells differ-
entiate. Therefore, EMT may not be involved in this process, since other
TD inducers can substitute for it
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interrelation of several ones: cellular pathways, neo-
angiogenesis and immunological cues [43]. Even in the ab-
sence of well-defined borders among them, it is useful to study
each isolated mechanism to understand its putative contribution
to the whole process. TD at the cellular level is classically
related to DTCs, which are cells in a quiescent state that are
characterized by a lack of both proliferative and apoptotic
markers [3]. Recently, it has been suggested that circulating
tumor cells (CTCs) share the same features, indicating that a
common dormancy mechanism may be at the root of both cell
types [43]. To ascertain that cellular dormancy is occurring in
tumor cells, they should be profiled for the proliferative marker
Ki67, the activity of apoptotic pathways through the terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay and more innovative M30 expression assays.
Only in case of a triple-negative outcome a cell is considered
dormant, and to the best of our knowledge it can be either a
DTC or a CTC. According to the aforementioned definition,
cellular dormancy characterizes cells in a quiescent state, i.e., a
stable non-proliferative state, similar to senescence but, con-
trary to the latter, reversible. Genes induced in normally quies-
cent stem cells, e.g. muscle, hair follicle or hematopoietic stem
cells, belong to a set of genes that are also upregulated in dor-
mant cancer cells, such as p38 and Notch [44]. Other factors
and related pathways governing cellular dormancy are BMPs.
These are produced by the tissue milieu and keep DTCs dor-
mant even upon their engraftment [31] and can induce dorman-
cy in e.g. prostate CSCs by increasing the expression of both
the anti-metastatic factor N-Myc Downstream Regulated 1
(NDRG1) and the cell-cycle inhibitor p21 [44, 45]. Cellular
dormancy can also be considered as a transient maladaptation

to e.g. a BMP-rich microenvironment, which can be reverted
by genetic and/or epigenetic changes that enhance fitness with-
in the engrafted milieu. Conversely, BMP pathway upregula-
tion has also been shown to block self-renewal activity and to
promote differentiation of both normal stem cells and CSCs
into mature cells [43].

It is important to note that, although dormancy at a single-
cell level can occur in isolated cancer cells, i.e., CTCs or
DTCs, so it can in constituent cells of tumor bulky masses.
Since those two processes are governed by the same mecha-
nisms, namely autophagy, stress-tolerance signaling, signals
from the microenvironment and epigenetics, some authors
have extended the concept of cellular dormancy to cells other
than CTCs and DTCs. As a consequence, cellular processes
may also affect population-level dormancy, underscoring the
existence of cross-talk at the root of overall TD.

3.2 Autophagy maintains metabolic homeostasis
in dormant tumor cells

When harbored in a harsh milieu, tumor cells secrete autocrine
and paracrine factors that inhibit the phosphoinositide 3-
kinase (PI3K) cascade, leading to quiescence and activation
of the autophagic program [3]. The activation level of AKT,
one of the direct downstream effectors of PI3K, has been
found to inversely correlate with the probability of entering
dormancy [46]. Counterintuitively, mammalian target of
rapamycin (mTOR), which is a known target of AKT, has
been found to be upregulated in quiescent cells of head and
neck squamous cell carcinoma [5, 46]. Its activation is actually
maintained independently of AKT through upregulation of
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Fig. 6 Prostate cancer as an iterative model of tumor dormancy. A prostatic
intraepithelial neoplasia (PIN) may persist sub-clinically for more than
10 years before being detected, during an initial “steady state” between
transformed cells and the host. The figure shows the trend of the overall
tumor volume in time (blue curve). Notably, the volume may fluctuate
depending on medical interventions (prostatectomy, androgen-deprivation

therapy and taxane-based chemotherapy) and disease responses (metastatic
onset, evolution to castration-resistant prostate cancer -CRPC- and terminal
mortal stage of the neoplasm). As shown, dormancy periods, characterized
by constant tumor volumes, shorten during disease progression and exhibit
increases in mutation rates. As yet, the functional underpinnings of this
trend have not been elucidated (adapted from [8])
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RHEB, a small GTPase that is under the control of the stress-
regulated transcription factor ATF6α and able to avoid apo-
ptosis. ATF6α is, in turn, activated by a unfolder protein re-
sponse (UPR), which is triggered by high p38 kinase activity.
However, the majority of dormant tumors expresses high
levels of ARHI, an inhibitor of the PI3K-AKT-mTOR cascade
[47, 48]. Thus, the constitutive inhibition that mTOR exerts on
autophagy-related (ATG) proteins vanishes during TD.
Therefore, mTOR is considered a meeting point of different
pathways involved in TD, thereby representing a crucial factor
in the regulation of the whole process (Fig. 7). On one hand,
inhibition of the PI3K pathway exerted by ARHI fosters dor-
mancy and autophagy, whereas on the other hand, stress sig-
nals such as osmotic shock, inflammatory cytokines and irra-
diation activate the p38 cascade, and thus mTOR, allowing
cell growth, proliferation, motility and survival.

In vivo studies have been carried out in mice to shed light
on those molecular pathways. By doing so, it has been found
that ARHI downregulation through RNA interference may
awake dormant cells of several tumor types, allowing them
to re-enter the proliferative state [17, 47, 48]. Conversely, it
has been found that direct inhibition of autophagy with
hydroxychloroquine, hence without modifying ARHI expres-
sion, does not lead to a resume in proliferation in vitro and a
reduction in tumor burden in vivo [47, 48]. ATG4, ATG7 and
ATG8 are known to be pivotal to maintaining metabolic fit-
ness in dormant cells by activating the autophagy program. In
particular, it has been found that ATG7 knockout impairs
breast DTC dormancy and late metastasis formation [49].
The most accredited mechanism underlying this effect in-
cludes decreased mitophagy alongside autophagy blockade,
leading to an accumulation of damaged mitochondria and re-
active oxygen species (ROS) in DTCs. Intriguingly, when
autophagy is inhibited after proliferation recovery, it seems
to be ineffective in blocking tumor progression [49].

3.3 Tumor cells enter dormancy to tolerate
intra- and extra-cellular stress signals

In addition to p38 and Notch (see above), master regulators of
cellular TD include the dual specificity tyrosine-
phosphorylation-regulated kinase 1B (DYRK1B), which is a
stress-activated protein. It can actively induce dormancy by
blocking proteins of the cell-cycle checkpoint transition ma-
chinery, i.e., cyclin D1, cyclin-dependent kinase 4 (CDK4)
and p27. A fundamental discovery has been made on
DYRK1B in a pancreatic cancer model, i.e., when inhibited,
it was found that only dormant cancer cells underwent apo-
ptosis, whereas quiescent normal cells kept themselves alive
and dormant [6, 49, 50]. This observationmay pave the way to
new therapies aimed at specifically targeting dormancy to pre-
vent pancreatic tumor cell awakening, including its fatal con-
sequences. Since also other stress signaling pathways, such as

the JUN N-terminal kinase (JNK) pathway, can induce dor-
mancy, it is likely that arresting proliferation to repair
damage represents a conserved stress response during
evolution. Although activation of p38 and UPR are con-
sidered stress-tolerance mechanisms that seem to be in-
volved in triggering dormancy in tumor cells [3, 50],
further investigation is required to establish whether dor-
mancy in tumor cells acts as a stress-tolerance mechanism or
not, and whether it holds other functions, such as the
ability to resist therapy-induced or microenvironment-
induced stress signals.

3.4 Microenvironmental regulation of tumor cell
dormancy

3.4.1 Dormancy-restrictive and -permissive niches

Microenvironmental signals may determine whether a DTC is
allowed to grow or is maintained in a dormant state after
colonization of the target tissue. In light of these alternatives,
microenvironments have been classified in dormancy-
restrictive and dormancy-permissive or “dormant niches”, re-
spectively [3]. Interestingly, a specific microenvironment is
not a priori permissive or restrictive, but the kind of DTC
involved in the process may also be crucial for its own devel-
opment. Bone marrow has, for example, been found to be able
to induce and/or preserve dormancy of DTCs derived from
different types of primary tumors. Leukemia cells in the bone
marrow may, for instance, be arrested in the G0 phase of the
cell cycle under the influence of osteoblast-derived growth
arrest-specific protein 6 (GAS6) [51]. By binding to the
tyrosine-kinase receptor MER, GAS6 avoids therapy-
induced apoptosis of leukemia cells by blocking their prolif-
eration [52]. Alternatively, GAS6 can bind and activate the
AXL (or UFO) receptor, which abounds on DTCs from pri-
mary prostate carcinoma cells, thereby maintaining dormancy
in these cells [52]. In addition, bone marrow stromal cells are
known to secrete BMP4 and BMP7, two agonists of the BMP
receptor 2 (BMPR2). The latter is variably expressed on pros-
tate DTCs that have engrafted the bone marrow following a
CXCL12 gradient [53]. Its transduction pathway allows the
maintenance of cells in a dormant state, which may also ex-
plain why the BMPR2-antagonist COCO is often detected in
dormancy-restrictive microenvironments [3]. In particular,
COCO has been found to accumulate on the surface of
DTCs that colonize specific organs, thereby avoiding the
dormancy-inducing action of BMPs and allowing their prolif-
eration. An organ-specific distribution of COCO is underlined
by several clinical studies showing that the COCO signature
may be predictive for lung relapses, but not for brain and bone
relapses, of breast cancer [31, 54].

Various studies have shown that non-stem DTCs can infil-
trate foreign organs and keep themselves dormant until signals
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from the niche foster their conversion to CSCs and reactiva-
tion [31]. Intriguingly, a mouse model of lung adenocarcino-
ma has shown that metastasis onset may be correlated to stem-
like feature recovery by DTCs, such as loss of Nkx2–1 [55].
Similarly, it has been found that breast cancer DTCs may
survive in the bone marrow milieu when their phenotype re-
verts to CSCs expressing Sox family proteins [56]. However,
a previous recirculation of the pre-metastatic founder cells
between different microenvironments seems to be necessary
for a rapid and proper final reactivation. This is because some
sites play key roles as so-called “sanctuaries”, i.e., temporary
stations where DTCs encounter conditions appropriate for
limited expansion and the acquisition of new traits that would
be required later to resume growth in the definitive metastatic
site. Therefore, microenvironments may provide signals that
dictate DTC fate and, as a direct consequence, the clinical
outcome of the disease, i.e., early relapse, late relapse and/or
relapse-free survival may be related to the dormancy-
permissive or dormancy-restrictive characteristics of the

colonized site. Similarly, breast DTCs with high Src activity
and CXCR4 expression have been found to be able to survive
in a bonemicroenvironment in response to local CXCL12 [15,
55]. These cells occupy a hematopoietic stem cell (HSC)-like
niche, in which the CXCR4 pathway guarantees homing and
quiescence, whereas the Src pathway confers resistance to
pro-apoptotic signals, such as Trail [57]. Another striking ex-
ample of a dormancy-inducing microenvironment is a TGF
β2-rich bone marrow for head and neck squamous cell carci-
noma DTCs [58].

On the other hand, bone marrow may act as a dormancy-
restrictive microenvironment for metastatic breast cancer cells
that highly express vascular cell adhesion molecule 1
(VCAM1) [59]. VCAM1 allows breast DTCs to recruit oste-
oclast progenitors by binding to their α4β1 integrins. After
differentiation, osteoclasts break down the bone matrix, hence
leading to DTC reactivation and metastasis. Given that reab-
sorption of the calcified matrix that lodges DTCs causes their
awakening, also physical stimuli may govern the switches
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Fig. 7 Molecular pathways converging on mTOR to regulate tumor
dormancy. In a dormant tumor cell, a high expression and activity of
ARHI leads to disinhibition of autophagy via the PI3K-AKT-mTOR cas-
cade, thus allowing tumor survival within the dormant state. This cascade
may be activated by several extra-cellular factors (blue box), which inter-
act with different types of receptors: integrins (blue) for ECM compo-
nents, tyrosine kinase receptors (TKR - violet) for survival and growth
factors and G protein-coupled receptors (GPCR - orange) for chemokines
and hormones. On the other hand, several cancer cells may enter into a

dormant state to resist stress conditions (red box), thereby activating
stress-tolerance pathways. Here, the p38 pathway is represented as a
trigger of the unfolded protein response (UPR), which in turn maintains
mTOR activation via ATF6α and RHEB. Since mTOR is involved is
several biological processes, such as cellular growth, proliferation, motil-
ity and survival, it can drive the cell fate towards awakening from tumor
dormancy (TD) and regrowth. This effect can be mediated by the block-
ade of several ATGmembers, which are known autophagy and dormancy
inducers
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from and towards dormancy, putatively via cytoskeletal mod-
ifications. In support of this notion, breast cancer DTCs have
been found to restore proliferation in response to IL11 and
Jagged only within bone, due to osteolysis induction, whereas
they stay dormant in colonized brain and lung tissues, where
physical changes do not occur in response to the above
factors [57–59]. Similarly, metastatic outgrowth follow-
ing skeletal trauma points at a key role played by bone remod-
eling in reactivating DTCs via TNFα, IL1β, IL6 and prosta-
glandin E2 [60].

Urokinase plasminogen activator (uPA) is another promot-
er of tumor regrowth. After binding to its receptor uPAR, the
complex recruits α5β1 integrin to activate ERK signal-
ing. A subsequent increase in the pERK/p38 ratio leads
to an overt proliferation of the tumor cells. The uPAR
expression level on the tumor cell membrane, and there-
by the ability to exit dormancy, is regulated by extra-
cellular matrix-integrin interactions. Its increase in ovar-
ian cancer cells has e.g. been found to be due toαvβ3 integrin-
fibronectin binding, whereas interactions between αvβ3

integrin and vitronectin have been found to result in a decrease
in uPAR expression on the tumor cells, thus favoring their
quiescence [43, 61].

3.4.2 Tissue stiffness regulates entrance and escape
from the dormant state

Extracellular matrix stiffness has been found to play a crucial
role in dictating DTC fate in both in vitro and in vivo studies
[21]. For instance, hepatocellular carcinoma cells that colo-
nize rigid microenvironments may activate TGF β1 signaling,
thereby restoring growth and proliferation, whereas less stiff
microenvironments appear to support dormancy [21].
Similarly, an integrin β1-mediated proliferative switch of dor-
mant DTCs has been found to occur in response to fibrosis in a
mouse model of breast cancer [21]. Several 3D-models and
in vivo studies support a pivotal role of type I collagen (Col-I)
in dictating the proliferative fate of DTCs [21, 60–62]. The
downstream effector pathways involve integrin β1, collagen
receptor DDR1, SFK (Src Family Kinase), MEK, ERK and
MLCK activation, and shRNA-based or pharmaceutical inhi-
bition of these cascades has been found to prevent metastatic
outgrowth [21, 62, 63].

Matrix periostin is an additional cue that, other than
VCAM1 expression, TGF β1 or integrin β1 signaling activa-
tion, drives tumor cell escape from dormancy. Periostin fosters
Wnt signaling, a known pathway required for restoring the
self-renewal ability of DTCs and, consequently, metastatic
outgrowth of e.g. breast carcinoma [64]. Specifically, periostin
is produced by stromal fibroblasts in response to TGF β1 and
by endothelial tips of de novo formed blood vessels [55, 65],
and acts as a scaffold to ease the presentation ofWnt ligands to
DTCs [31].

3.4.3 Role of basement membranes and blood vessels
in tumor dormancy

The basement membrane acts as a pivotal effector of signaling
that promotes survival, functional differentiation, growth ar-
rest and resistance against cytotoxic agents of both normal and
transformed epithelial cells, thereby representing a central
component of the dormant niche. When cells of the primary
tumor detach from the mass to enter the circulation, they also
lose contact with their “native” basement membrane.
Following hematogenous dissemination, DTCs may seed to
target organs, but before they can do so they encounter the
vascular basement membrane of the tissue-borne blood ves-
sels. Accordingly, live imaging studies and metastasis assays
have shown that DTCs often reside on the vascular basement
membrane of the vessels of the target organs [11, 65].
Therefore, the fundamental concept of perivascular niches,
i.e., niches surrounding the microvasculature, also extends to
tumors. In particular, survival, therapy resistance and dorman-
cy regulation are the main processes that are conveyed by the
vascular basement membrane. Of note, an important caveat
should be issued, i.e., while contact between mature blood
vessels and DTCs drives the latter towards a quiescent state,
endothelial tips of neo-formed vascular sprouts secrete
periostin and TGF β1, but not thrombospondin 1, to create a
microenvironment that facilitates reactivation of dormant
DTCs and even accelerates their proliferation [66]. In addi-
tion, the pro-tumorigenic function of the nascent endothelium
is thought to rely on its ability to trigger a T helper 2-mediated
inflammatory response, which has been found to accelerate
metastatic outgrowth in tumor models [67]. This effect may
be due mainly to macrophage polarization to the pro-tumor
M2 phenotype, which plays a major role in micro-metastatic
niche formation [66, 68, 69]. Conversely, besides the lack of
periostin and TGF β1 expression, the endothelium of mature
vessels peculiarly secretes thrombospondin 1 in its basement
membrane. This angiocrine factor is indeed known to act as a
dormancy inducer and putatively as a tumor suppressor, there-
by providing a molecular explanation for the differences ob-
served between mature and newly formed blood vessels in
DTC fate determination [55, 65]. It is also worth noting that
the perivascular niche not only provides a treatment safe ha-
ven to DTCs, but also increases their proliferative potential,
i.e., several anticancer drugs (such as taxol, cyclophospha-
mide and doxorubicin) can modify the signaling pathways
of endothelial cells, making them paradoxically suitable to
sustain the survival and proliferation of DTCs. The release
of low doses of TNF (tumor necrosis factor) by lung endothe-
lial cells is a clear example of this phenomenon. TNF has been
found to promote the growth of some cancer types via VEGF
induction [70]).

Since the vascular endothelium is a well-known compo-
nent of the stem cell niche and a putative key constituent of
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the dormant niche, this raises the possibility that these two are
actually one and the same [11]. In agreement with this hypoth-
esis, evidence other than the common involvement of the vas-
cular influence suggests the existence of only one type of
niche [67, 68]. Firstly, it has been found that the primary tumor
size correlates with the number of CTCs, but not DTCs de-
tected in a specific target organ, which is approximatively
constant [69, 70]. Thus, it seems that CTCs can seed to only
a limited number of niches in a target organ, as has e.g. been
found in late metastasis in the brain where they are exclusively
perivascular as determined by real-time imaging [71]. Those
niches appear to be defined in both numbers and dimensions.
Second, as the stem cell niche acts as a fate determinant for
daughter cells of stem cells, a differentiated DTC that seeds a
target niche may be epigenetically reprogrammed to recover
stemness [8]. According to the above data, a strong overlap
between stem cells and dormant niches is credible. Third,
evidence suggests that stem cells and DTCs are tethered to
their niches by the same molecular factors. In particular, inhi-
bition of the CXCL12-CXCR4 signaling axis has been found
to result in mobilization of both hematopoietic stem cells and
prostate DTCs from the bone marrow into the circulation [72].
In light of these observations, the above hypothesis seems
plausible, even though further studies are required to confirm,
or even refute, it [73].

The above data suggest that perivascular niches interact
with their harboring cells through both common and tissue-
specific mechanisms. In addition to differences in the molec-
ular constitution of the niches that define the vascular beds of
each tissue, also intra-tissue variability may exists. In view of
this, it may be more apt to refer to sub-niches as diverse mi-
croenvironments within the same tissue that differ from one
another by the molecular mechanisms through which they
govern the fate of the hosted cells. As an example, a very
recent study has pinpointed three distinct perivascular milieus
of the bone marrow that exert different effects on hematopoi-
etic stem cells: the proper perivascular, the periarteriolar and
the megakaryocytic sub-niches, hence questioning the exis-
tence of a unique niche within the bone marrow [74].
Eventually, it should be kept in mind that both cells of the
primary tumor and DTCs are involved in a bidirectional ex-
change of signals with their lodging milieus. In particular,
tumor cells homing within niches and sub-niches have obvi-
ated the influence of their key constituents, such as basement
membranes and microvasculature, whereas cell-derived fac-
tors and extracellular matrix compositions may drive the fate
of tumor cells towards proliferation or dormancy.

3.5 Influence of inflammatory states on dormancy
and awakening of tumor cells

It has amply been shown that inflammation may increase the
risk of tumor recurrence after remission, as in case of late

metastasis in smoking breast cancer patients [75]. Similarly,
surgery-related inflammatory states have been found to trigger
early outgrowth, ranging from 6 to 12 months, of previously
occult metastases, especially in breast cancer patients [13].
During recent years, several efforts have been made to under-
stand the molecular mechanisms underlying this awakening
process, which is apparently driven by neutrophils [76]. In
particular, neutrophils seem to release EMT-inducing cyto-
kines via Zinc finger E-box-binding homeobox 1 (Zeb1) acti-
vation in mammary carcinoma cells intravenously injected in
recipient mice [76]. More recently, it has been shown that
neutrophil extracellular traps (NETs) may play a major role
in the awakening of dormant cancer cells. Indeed, in mouse
models of metastatic breast and prostate carcinoma, NET for-
mation appears to be pivotal during acute inflammation to
awake DTCs [77]. In particular, it has been found that the
DNA scaffold of NET allows the accumulation of neutrophil
proteases, leading to proteolytic remodeling of the extracellu-
lar matrix protein laminin. The generation of these new lam-
inin epitopes activates integrin signaling and the pro-
proliferative FAK-ERK-MLCK cascade, thereby awakening
DTCs [77]. Myeloid cells are important players in resuming
DTC proliferation. It has e.g. been found that mice
orthotopically transplanted with mammary cancer that
underwent surgery may experience local and systemic inflam-
matory responses with myeloid cell mobilization in conjunc-
tion with both local and systemic metastatic outgrowth [13].
In line with these preclinical data, clinical data support the
preventive role of anti-inflammatory drugs on the occurrence
of metastasis in patients undergoing tumor resection [78].

3.6 Epigenetic origin of tumor cell dormancy

The concept that both tumorigenesis and cancer heterogeneity
do not require immediate genetic changes to take place is
becoming broadly accepted now, as reviewed elsewhere
[18]. Similarly, tumor entrance into a dormant state may rely
on non-genetic modifications, i.e., microenvironment-driven
variations in the epigenetic program. The latter is fundamental
to the fate not only of normal differentiating cells, but also of
cancerous cells, as these latter cells have been found to “keep
memory” of their original epigenetic pattern in several well-
documented cases [27, 75]. Therefore, the state of differenti-
ation of the tumor founder cell does matter, since the malig-
nant transformation of normal stem cells is generally associ-
ated with a more aggressive phenotype than that of differen-
tiated tumor cells derived from lineage-committed cells [79,
80]. A sizable number of epigenetic changes has been found to
occur during tumor progression, often underlying a dediffer-
entiation program that worsens the clinical outcome of previ-
ously differentiated neoplasms [27]. During both tumor onset
and progression, disruption of DNA methylation, histone
modification, chromatin remodeling, and alterations in the
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expression of non-coding RNAs (ncRNAs) occur stochasti-
cally. Along the same line, epigenetic alterations that affect
dormancy-associated master regulators may represent the
main driving force to dictate whether a cell has to undergo a
lag phase or, conversely, to enter a proliferative phase.
Epigenetic variations may indeed be the most suitable molec-
ular substrates of TD: they are stochastic, therefore supporting
evidence of sudden and unpredictable TD entrance or escape
and, possibly more important, reversible. These epigenetic
variations usually precede the establishment of genetic muta-
tions, which generally lead to an irreversible condition that
may not be compatible with a reversible mode of cancer pro-
gression involving TD [8, 18]. Moreover, genetic mutations
may not explain adaptation and reactivation of engrafted
DTCs in the pre-metastatic site, since they are less likely to
be established in a phase of replicative rest. Instead, the pre-
metastatic microenvironment may send signals to the DTCs,
directly affecting metastasis-associated signaling networks as
well as the epigenetic state of these cells [8, 31]. To recapitu-
late, epigenetic changes may be the main driving force of
short-term cancer progression.

Independent evidence supports the above theory on epige-
netic preponderance in governing TD. Gawrzak et al. [81], for
instance, have highlighted a pivotal role of mitogen- and
stress-activated kinase 1 (MSK1) in maintaining dormant
DTCs of breast cancer through a genome-wide short hairpin
RNA (shRNA)-based screening in a xenografted mouse mod-
el. MSK1 is a downstream effector of p38 MAPK, which can
regulate the chromatin state through histone 3 phosphoryla-
tion (on Serine 10 and 28), thereby easing its acetylation on
Lysine 9 and 27. Promoters of key differentiation genes, such
as GATA3 [82] and FOXA1 [83], are activated by these mod-
ifications. In DTCs, MSK1 is essential for dormancy, since its
depletion has been found to lead to increased bone homing
and early metastatic outgrowth of breast cancer cells.
Conversely, when MSK1 is re-expressed in highly proliferat-
ing MSK1-knockout cells, TD gets restored again [81].

Other epigenetic regulators include BMI1 (B lymphoma
Mo-MLV insertion region 1 homolog), which is known to
orchestrate drug resistance in several tumor types by regulat-
ing cell-cycle inhibitors like p16Ink4a and p19Arf [84]. In addi-
tion, reversible changes in DNAmethylation and histone acet-
ylation patterns have been found to govern iterative cycles of
dormancy and recurrence in ovarian carcinoma cells [17].
When the epigenetic state allows the expression of TIMP3
(tissue inhibitor of metalloproteinases 3) and E-cadherin,
two known anti-angiogenic factors, the tumor cell is
“switched off” to a dormant state, whereas their repression
leads to its reactivation [85]. Therefore, the silencer enzymes
DNAmethyl transferase 1 (DNMT1) and histone deacetylases
can be therapeutically inhibited to allow TIMP3 and E-
cadherin expression, and to avoid reactivation of ovarian can-
cer cells [86]. For instance, 5-azacytidine is a DNMT1

inhibitor that decreases the expression level of G0-to-G1 exit
genes and increases the expression level of TD inducers, in-
cluding TIMP3 and E-cadherin [3, 83].

Other epigenetic mechanisms include altered ncRNA ex-
pression patterns. Upregulation of stem-cell specific miRNAs
has e.g. been found to underlie chemoresistance development
and stemness recovery, two distinctive processes that usually
occur within a dormant state, in prostate and breast cancer
cells [8, 82]. Other tumor types, such as glioblastoma and
osteosarcoma, can similarly become quiescent in response to
the over-expression of a particular set of miRNAs, called
dormancy-associated miRNAs: miR-190, -580 and -588
[87]. Besides these miRNAs, metastatic breast cancer cells
can be driven into quiescence by miR-127, -197, -222, and -
223, which are produced by tumor-associated stroma cells and
transmitted to cancer cells via gap-junctions and exosomes
[87, 88]. All of them are known to target CXCL12 messenger
RNA (mRNA). The net effect of this post-transcriptional reg-
ulation is a decrease in chemokine concentration, thereby
leading to TD or to mobilization of DTCs, as can be deduced
from previously reported data on CXCL12 signaling [8, 11].
The above examples underscore the crucial role of epigenetic
modifications in governing TD.

4 Population-level tumor dormancy

4.1 Population-level dormancy entails a precise
balance between cell proliferation and death

Besides the cellular mechanisms of TD, incipient primary tu-
mors and micro-metastases can be kept clinically undetectable
because of an en-masse latency. This “macroscopic” TD relies
on an offsetting ratio between cell division and death that
impedes a net increase in the number of tumor cells [3, 89].
The main causes of tumor cell death result from blood supply
shortage due to so-called angiogenic dormancy, and immune
responses of the host causing immune-mediated dormancy.
These dormancy mechanisms will be further outlined
below, but it is worth noting here that also a lack of
fibroblast recruitment, and of the consequent fibrosis,
may curb tumor growth [21, 31].

The tumor-host complex may be compared with a typical
ecological system, in which the Verhulst logistic equation de-
scribes the tumor population growth over time (Fig. 8) [9].
According to this logistic, the population size increases expo-
nentially in the first period when resources exceed demands,
but then growth decelerates to asymptotically approach the
carrying capacity value, K. This value represents the maxi-
mum size that the population can reach within a specific en-
vironment. However, while in ecological models K is gener-
ally fixed, in tumor biology it can vary according to tumor
features, mainly angiogenic potential and immunogenic
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properties. Actually, a high angiogenic potential and a low
ability to trigger immune responses are associated with a var-
iable K, which increases progressively with tumor size.
Opposite tumor features may keep K constant, thus fixing a
threshold size that cannot be overcome by the tumor mass,
since cell division and death become counterbalanced [9].

4.2 Angiogenic and post-vascular dormancy

As stated above, if a tumor population, both primary and dis-
seminated, lacks angiogenic potential, it cannot grow beyond
a certain threshold size (generally 1 mm) due to nutrient and
oxygen deprivation and, thus, remains clinically undetected
[3]. Oxygen, for instance, diffuses at maximum 50 μm, and
beyond that the intracellular oxygen pressure decreases under
1 mmHg, thus causing metabolic and, subsequently, structural
damage that drives the cell towards death [42, 85]. Therefore,
an angiogenic switch should occur to allow tumor expansion,
i.e., tumor cells, especially DTCs, have to breach the barrier of
angiogenic competency, meaning expression of pro-
angiogenic cues to recruit and maintain blood supply to sus-
tain ongoing proliferation [41]. Counterintuitively, vessels
may also play a major role in the pre-angiogenic phase, since
angiocrine factors can modulate TD at the cellular level, as
outlined above. Therefore, a nascent vessel not only supplies
the tumor mass with nutrients, but its endothelium also re-
leases TGFβ1, periostin and epoxyeicosatrienoic acids
(EETs) to foster tumor proliferation and, in the case of mi-
cro-metastasis, their outgrowth [3, 65, 86]. Nevertheless, cel-
lular mechanisms are likely to precede population-level

mechanisms, but they necessarily crosstalk [41]. It has e.g.
been reported that down-regulation of Myc within tumor
cells may block angiogenesis by allowing the expression
and secretion of thrombospondin 1, a known anti-
angiogenic factor [43].

Interestingly, neo-angiogenesis may be regulated by both
local and systemic signals. In the case of micro-metastatic
lesions within a hypoxic milieu, DTCs that are endowed with
angiogenic potential have been found to express HIF1α
(hypoxia-inducible factor 1α) and specific miRNAs to recruit
endothelial cells through VEGF secretion [31]. In addition,
those DTCs have been found to release metalloproteinases
that degrade the extracellular matrix to allow a better diffusion
of pro-angiogenic molecules [43] Conversely, systemic cues
are usually anti-angiogenic, such as angiostatin and
endostatin, as well as those produced by the primary tumor,
such as prosaposin. In fact, prosaposin induces fibroblasts to
produce thrombospondin 1, which exerts anti-angiogenic ef-
fects [90]. In case of a decrease in prosaposin concentration,
caused e.g. by therapies targeting the primary tumor,
micro-metastatic lesions may outgrow, thus supporting
evidence of early metastatic onset after treatment of a
primary neoplasm [41].

To attain angiogenic competency, changes in gene expres-
sion patterns should take place in tumor cells. In the case of
DTCs, modifications of the epigenetic program after engraft-
ment into a new milieu may underlie these changes in gene
expression patterns [41]. Nevertheless, even once gained angio-
genic potential, these changes can be exhibited by the tumor or
not depending on interrelations with other angiogenesis
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regulators from either local or systemic sources. If pro-
angiogenic factors secreted by competent DTCs are not
surmounted by anti-angiogenic cues of different origins, then
new vessels will sprout to support micro-metastatic outgrowth.
On the contrary, if pro-angiogenic factors do not prevail, a new
latent state, called post-vascular dormancy, may be established
[9]. That state is supposed to bemacroscopically identical to the
classical angiogenic one, thus preventing tumor masses to be-
come clinically relevant even if endowed with angiogenic com-
petency. The difference between angiogenic and post-vascular
dormancy does not seem to rely on clinical manifestation, but
rather on the underlying mechanisms that require different ap-
proaches to be studied and, eventually, for the design of new
targeted therapies.

4.3 Immuno-mediated tumor dormancy

The role of immune cells in inducing dormancy was first
unintentionally noted during transplantation of organs from
disease-free donors who had previously suffered from mela-
noma. The recipients developed melanoma metastasis in the
transplanted organ after systemic immunosuppression [91].
Subsequently, four cases of breast cancer transmission to
transplant recipients from a single donor with occult diagnosis
have been reported. The latency time to the outgrowth varied
from 16 months to 6 years, and the only survivor was a recip-
ient with discontinued immunosuppression [92]. Recently, we
also reported the onset of an aggressive non-Hodgkin lympho-
ma of donor origin in a kidney-transplant recipient [93]. These
findings suggest that donor tissues may harbor DTCs,
which persist in a latent state because of the activity of
the donor’s competent immune system, but may reactivate
later-on taking advantage of the immunocompromised condi-
tion of the recipient.

To shed light on the regulatory mechanisms exerted by
immune cells in TD, an immune-mediated maintenance of
dormancy model, also called “equilibrium”, has been pro-
posed in which tumor cells and tumor-reactive immune cells
interact with each other without being eliminated or dominat-
ed [94]. During this dormant state, the main actors are repre-
sented by CD8+ and CD4+ T cells. In mouse models it has
been found that depletion of one of these two lymphocytic
subtypes allows the escape of tumor cells from quiescence
[95]. In fact, CD4+ T cells may lead to TD via angiogenesis
inhibition, thus establishing crosstalk with angiogenic dor-
mancy. In a pancreatic cancer xenograft model in immuno-
compromised mice, it was noticed that injection of CD4+ T
cells arrested tumor progression independent of CD8+ T cells
[96]. Instead, CD4+ Tcells were found to inhibit TNF receptor
1 (TNFR1) signaling and angiogenesis through the release of
CXCL9 and CXCL10 [96]. Moreover, CD4+ T helper 1 (TH1)
cells were found to produce interferon-γ (IFN-γ) that through
its pleiotropic signaling pathways, was found to lead to

different effects. Firstly, it caused upregulation of tumor
MHC (major histocompatibility complex) class I expression,
so that the cancer cells could become more accessible targets
for CD8+ T cells [96]. Another IFN-γ effect is its direct stim-
ulation of CD8+ T cells, thereby increasing their cytotoxic
action. Since it is known to induce the irreversible state of
senescence instead of quiescence, IFN-γ may be considered
as not only a dormancy inducer, but also as a DTC killer with
therapeutic implications [3, 92]. The expression of this inter-
cellular mediator relies, however, on a multitude of other fac-
tors, one of which is the level of adenosine. Within solid
tumors, the adenosine level is usually high and, as such, pro-
motes the growth of the tumor mass [97]. Experimental block-
ade of the adenosine receptor A2B (using the receptor antago-
nist aminophylline) in bladder and breast tumors has led to an
increased production of IFN-γ and, consequently, to a boost
of its related effects [93, 94].

On the other hand, CD8+ T cells have been shown to carry
out a preponderant function in maintaining TD in an animal
model of methylcholanthrene-induced sarcoma [9598]. This
study revealed that the main strategy to keepmalignant cells in
permanent dormancy is CD8+ T cell-mediated cytotoxicity
and cytostasis, due to degranulation and excretion of
apoptosis-inducing enzymes, namely perforin and granzymes.
The latent tumors indeed manifested a high apoptotic fraction,
establishing the above-mentioned “equilibrium”with prolifer-
ation. In addition, a decrease in CD8+ T cells has been shown
to shorten the latent period that usually precedes metastatic
outgrowth in spontaneous mouse uveal melanoma models,
demonstrating once again the crucial role of those cells in
maintaining immunological TD [99]. Although CD8+ T cells
represent the major antitumor component of the immune sys-
tem, some tumor cells avoid T cell-induced apoptosis through
immuno-editing, necessitating the participation of natural kill-
er (NK) cells, which may act by eliminating tumor cells too
[94]. In fact, it has been found that also immune-escape from
NK activity through repression of NK cell-activating ligands
may lead to DTC survival, putatively in a dormant state,
whereas complete depletion of NKs was found to lead to a
resumed proliferation of latency-competent DTCs [54, 55].

Despite the antitumor functions of T and NK cells, some
immune components may promote DTC reactivation, al-
though their exact interactions with other microenvironmental
cues are still unclear. Some evidence suggests that certain
immune cell types may infiltrate into the tumor microenviron-
ment and indirectly facilitate the escape from dormancy [43].
Those immune components include myeloid-derived suppres-
sor cells, regulatory T (Treg) cells and a subset of tumor-
associated macrophages (TAMs), whose contribution is based
on secretion of mitogens, proangiogenic compounds, metallo-
proteinases and cytokines, which in turn favor cellular prolif-
eration, angiogenesis and immunosuppression [100]. TAMs
may have a pro-tumor M2 phenotype and produce pro-
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inflammatory and angiogenic molecules, such as VEGF, me-
talloproteinases and prostaglandin E2, which are known to
foster tumor growth. TAMs have, for example, been found
to play a major role in metastatic lung colonization of bladder
cancer cells [101]. In fact, bladder DTCs secrete endothelin-1
to chemoattract macrophages. Interestingly, TAMs release tro-
phic and immunosuppressive factors in the microenviron-
ment, thus fostering metastatic outgrowth [101]. Treg cells,
instead, play a preponderant role in suppressing the immune
response, so that they can dampen cytotoxic CD8+ T cell
function against cancer cells and inhibit immunotherapeutic
strategies that stimulate T cell responses [42, 96]. It has
indeed been found that Treg cells can indirectly deplete
tryptophan and release TGF-β, which compromises proper
proliferation and activation of T cells and promotes tumor
reactivation [100].

5 Therapeutic tumor dormancy approaches
against metastasis development

5.1 Tumor dormancy: A desirable condition to reach
or a key step in cancer progression to prevent?

Clinical and experimental evidence suggests that targeting
dormant DTCs may prevent metastasis, but whether trying
to keep them asleep or awake them before time is due is still
controversial [11, 97]. At a cellular level, direct inhibition of
SFK with AZD0530 has been found to prevent the prolifera-
tive switch of murine mammary DTCs if continuously admin-
istered, while the application of a selective MEK1/2 inhibitor,
i.e., AZD6244, has been found to result in their definitive
apoptosis [63]. Such a combination therapy may be effective
for both late stage cancers and recurrence prevention.
Interventions at population-level TD, instead, may comprise
angiogenesis blockade with classical anti-VEGF targeted ther-
apies or inhibition of metalloproteinases, so that they cannot
degrade the DTC surrounding matrix [11, 102]. Alternatively,
dormant components, such as thrombospondin 1 and other
glycoproteins, may be specifically delivered to maintain
DTCs in a latent state for a longer time [90]. However, deliv-
ering those molecules may be troublesome, given their high
molecular weight. Thus, increasing their endogenous produc-
tion by tumor-associated cells may represent a more effective
way to enhance their concentration within the niche. To date,
instead, experimental approaches are focusing on a small
prosaposin-derived peptide that has been synthetized and
injected in immunocompromised mice bearing human
breast DTCs. In doing so, it has been found that it
can systemically increase thrombospondin 1 production
and that, compared to a scramble peptide, this prosaposin
derivative can cause a significant reduction in lung metastasis
onset in these mice [42, 99, 130].

Besides, immunotherapy represents another implementa-
tion of this strategy, focusing on the immunological rather
than cellular or angiogenic TD. It may be aimed at increasing
the T cell-mediated apoptosis rate of tumor cells to counter-
balance their proliferation. For this purpose two methods
based on in vivo animal work have been developed. The first
one entails radiotherapy-induced overexpression of MHC
class I on tumor cells to increase their immunogenicity
[104]. The second one involves direct stimulation of CD8+

T cells via upregulation of different pathways, such as the
IFN-γ pathway [105]. Recent observations suggest, however,
that therapeutic escape and relapse occur after tumor antigen
and/or MHC class I loss due to immuno-editing. This is an
adaptive process based on a Darwinian-like selection, i.e.,
DTCs with an immunogenic phenotype are promptly killed
by T cells, so that the only cells to survive are those endowed
with a non-immunogenic phenotype. As a result, these
“adapted” cells should be targeted through another strategy,
putatively including NK cells instead of only CD8+ T cells
[94]. Nonetheless, therapeutic dormancy maintenance has
several technical and practical drawbacks. First, altered ex-
pression of relevant factors may be associated with toxicity.
Sustained systemic overexpression of thrombospondin 1 may
e.g. also inhibit physiological angiogenesis. Second, “thera-
peutic” TD will not be irreversible. Intense pro-proliferative
conditions, such as wounding and inflammation, may awaken
DTCs, with nocuous consequences. This is because TD is
governed by a dynamic balance of pro- and anti-dormancy
factors. Third, such a chronic therapy may have a low patient
compliance, even for those who apparently have a good prog-
nosis [11]. On the other hand, killing DTCs may be preferable
since less practical troubles may arise than chronic mainte-
nance of TD, and relapse may be avoided. In clinical practice,
drugs aimed at eradicating DTCs should be administered
alongside the common adjuvant therapies in the period around
surgical removal of the primary neoplasm, when indicated.
Therefore, patient compliance could be higher, or their enrol-
ment in clinical trials easier. Moreover, elimination of DTCs
from biopsies of previously colonized organs may represent a
short-term reliable indicator of therapeutic effectiveness [11].

With regard to technical details of a therapy aimed at killing
dormant DTCs, a putative attempt could entail sensitization of
dormant DTCs to conventional treatments. A Smoothened
(SMO) antagonist, PF-04449913, has e.g. been shown to ab-
rogate myeloid leukemia stem cell dormancy, thus sensitizing
them to tyrosine kinase inhibitors [106] or conventional che-
motherapeutics through GLI2 pathway blockade [107]. This
approach may also be suitable to treat early-stage metastatic
diseases, i.e., just after the metastasis onset, thereby making
enrollment in clinical trials even less stringent. Taking into
account that in a large number of chemo-resistant dormant
cancers the ability to resist therapy-induced death is mainly
conferred by the dormant niche rather than cell intrinsic
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mechanisms, an effective combinatorial approach may be
preferable, also to target different tumor sub-populations. As
suggested by several clinical trials (NCT00990054,
NCT01120457 , NCT00943943 , NCT00906945 ,
NCT01027923, NCT01160354) in patients with acute mye-
loid leukemia (AML), molecular tethers can be targeted with a
first drug to detach DTCs from their milieu and deprive them
from their microenvironmental protection. Then the second
drug, e.g. a conventional chemotherapeutic, may be more ef-
fective in eradicating the tumor cells. In case of AML, osteo-
pontin and CXCL12 signaling, which are known to tether
both HSCs and DTCs to the bone marrow perivascular niche,
can be inhibited by blocking their receptors,α4β1 integrin and
CXCR4, respectively, with specific antagonists as reviewed
elsewhere [108]. Mobilization of leukemic DTCs sensitizes
them to chemotherapy but, in the meantime, there is the risk
of exacerbating HSC mobilization and/or depletion, thereby
amplifying chemotherapy side effects [109]. Alternatively, a
difficult but potentially game-changing attempt may involve
the identification of target genes that specifically induce dor-
mant DTC death, as in case of DYRK1B inhibition that is
known to kill quiescent pancreatic cancer cells, but not the
normal ones [6].

5.2 Clinical translation of experimental data on tumor
dormancy

Consistent with both preclinical and clinical evidence of the
suppressive control exerted by primary tumors over metastatic
deposits, clinical efforts to prevent early metastatic outgrowth
immediately after the removal of the primary mass have been
undertaken, especially in conjunction with adjuvant regimens
[43]. Clinical breakthroughs are, however, still needed to obvi-
ate the inability of classical adjuvant therapies in eradicating
tumor cells that disseminated prior to surgery [31]. A complete
bench-to-bedside translation has so far been reached for only a
few therapies. The first antitumor drug based on TD precepts to
be approved for clinical use was sunitinib, a VEGFR inhibitor,
directed against advanced-stage renal-cell carcinoma [110]. By
impeding endothelial cell recruitment, sunitinib “switches off”
the carcinoma into angiogenic dormancy. As such, this agent
may be tested in patients at high risk for relapse, but without
current evidence of disease, to prevent metastasis onset from
DTCs. Alternatively, therapeutic angiogenic TD may be pur-
sued using a metronomic strategy, that is frequent administra-
tion of low-dose chemotherapy. This approach may drive the
growing tumor mass toward a quiescent state via
thrombospondin 1 induction and may show fewer side effects
than classical chemotherapy, as suggested by the metronomic
use of cyclophosphamide and dexamethasone against advanced
castration-resistant prostate cancer [42, 106].

Another strategy aimed at targeting tumor dormancy may
rely on mTOR inhibitors. Everolimus has, for example, been

shown to ameliorate survival and reduce bone metastatic out-
growth in patients with luminal-type breast cancer when com-
bined with aromatase inhibitors [111]. Indeed, everolimus has
been found to decrease osteoclast activation by DTCs and
their own maintenance through the autophagy pathway, thus
decreasing chances of DTC survival, even if in a quiescent
state [112]. There is also a glimmer for a further preventive use
of these adjuvant therapies in other types of breast and non-
breast cancers, counteracting TD and subsequent metastatic
outgrowth.

6 Conclusions and perspectives

TDmay be considered as a platform allowing for a full devel-
opment of the “hallmarks” of cancer. In fact, tumors can be
endowed with only some of these features, and progress to
develop the missing ones. The multistep process of tumori-
genesis is widely considered to be a stochastic process by
which several changes in gene expression consecutively affect
a founder cell and its progeny. The initiation process, which is
broadly accepted to rely on mutational hits affecting the ex-
pression of proto-oncogenes and/or tumor suppressor genes,
may vary on an individual basis. During the progression pro-
cess, tumor cells may undergo additional changes in gene
expression that, together, may result in a drift towards the
overall “hallmarks” of cancer. This scenario is supported by
numerous, but sometimes ambiguous, lines of evidence. The
stochastic multistep tumorigenesis model may, thus, suffer
from some caveats. In fact, epigenetic changes, even if revers-
ible, are de facto master regulators of short-term tumor pro-
gression, since they may affect gene expression in response to
inherent or environmental factors, are inherited by the proge-
ny, and occur at a high rate even in the absence of prolifera-
tion, as has extensively been reported [18, 110, 113]. While
genetic mutations are more likely to occur in proliferating
cells rather than resting ones, epi-mutations also affect, possi-
bly even mainly, dormant cells. Thus, the longer the lag time,
the higher the probability for cells to finally re-enter into the
cell cycle with a distorted epigenetic program [8, 17, 18,110,
113]. This suggests that TD may represent a transitory phase
duringwhich a developing tumor refines its features to acquire
the overall “hallmarks” of cancer.

When changes in microenvironment and/or immune re-
sponse occur spontaneously or as a consequence of therapy,
the subsequent acquisition of cancer “hallmarks” may vary
accordingly, and a new latency period may be required to
adapt to the new situation via additional epigenetic modifica-
tions. In addition, genetic mutations may succeed epigenetic
modifications in reactivated proliferating cells, or even in cells
in a population-level dormant state. As such, genetic muta-
tions may confer further distinctive long-term features to the
tumor cells. These considerations are consistent with the
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existence of an initial steady state in the vast majority of tu-
mors, and with that of iterative cycles, exemplified by the
above described treatment-dormancy-relapse cycles of pros-
tate cancer. In light of this perspective, TDmay play a key role
in both primary and secondary tumor development. It may be
assumed that a primary tumor is fully adapted to its milieu,
which is rich in growth factors by chance. Therefore, the tu-
mor cells may proliferate, even if they are not able to grow in
the absence of these cues (contrary to self-sufficiency in
growth signals, which is a distinctive trait of cancer). When
cells of such a tumor detach and disseminate, theymay engraft
in a growth factor-deficient microenvironment. As a conse-
quence, these incompetent DTCs may enter into a quiescent
state until a specific epimutation endows them with the ability
of being self-sufficient in growth signals, thereby restoring
their proliferative capacity and allowing the accumulation of
genetic mutations and the acquisition of a new phenotype,
closer to the final stage of cancer development.

In brief, since it is unlikely for a novel tumor to manifest all
the distinctive traits of a developed tumor mass, it has to un-
dergo iterative dormant phases to adapt to changing contexts
through epigenetic modifications that confer new characteris-
tics to it. As such, variability in nascent tumors may also
underlie differences in TD duration and outcome. One current
caveat is the need of in vitro and in vivo TD models to fill the
gap to clinical practice. To this end, CTCs and DTCs from
patients should be functionally characterized in terms of tu-
morigenic, stemness, dormancy and metastatic capacities.
This information may yield new short-term indicators of ther-
apy efficacy to be used in the clinic. Identification of new
biomarkers, gene signatures and functional mediators of TD
and tumor reactivation, in addition to improvements in single
cell genomic and epigenomic analyses, will allow the execu-
tion of more detailed tumor lineage tracing studies. All this is
of prime relevance since TD may often, if not always (i.e., in
case of synchronous metastases), represent a pivotal step in
cancer progression and metastatic dissemination and, finally,
acquisition of the overall cancer “hallmarks”. Only detailed
knowledge on these issues may allow the development of
effective strategies to block the disease and to improve the
prognosis of the patients.
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