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Abstract
Although many drugs/treatments are now available for most diseases, too often,
resistance to these treatments impedes complete therapeutic success. Acquired resistance is a
major problem in many pathologies but it is an acute one in cancers and infections. This is
probably because these diseases often require long durations of treatment, which ascribe to
the selection of resistant cells. However, the actual mechanisms implicated in the selection
process are still under debate. It is becoming increasingly clear that resistance is associated
with the heterogeneity of cancer cells or micro-organisms and that multiple mechanisms
underlie the emergence of drug-resistant subpopulations. Recently, it has been suggested that
a subpopulation of drug tolerant cells present in cancer populations and called “persisters”
play a major role in this resistance. Recent studies have shown that microorganisms share
similar properties. Still, how persister/tolerant cells intervene in the development of resistance
is not completely elucidated but seems to be related to epigenetic changes in treated cells and
the capacity of persisters to modulate and/or highjack their microenvironment. Due to the
complexity of this process, the input from mathematicians, as well as new methods of
bioinformatics and statistics, is necessary to fully comprehend the acquisition of
resistance/tolerance deriving from and leading to the heterogeneous cell populations. The
present review will give a brief overview of the most recent data available on drug tolerant
cells in cancers and their similarities with microorganisms.
Key words: persisters, drug resistance, drug tolerance, recurrent disease, cell dormancy,
quiescence
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1. Introduction
Tumor development has originally been described as a linear process initiated by the
transformation of normal cells following overexpression or mutations of oncogenes.
Additional mutations and/or epigenetic alterations would markedly contribute to increase the
tumor heterogeneity and progression (Figure 1) [1-5]. However, genomic studies of cancer
cells and clinical observations have strongly altered the vision of linear and hierarchical
events leading to homogenous tumors. Asymmetric division is a fundamental biological
process resulting in the generation of distinct cell types within multicellular organisms and
consequently plays a key role in tissue homeostasis [6]. During asymmetric division,
components of cell machinery (e.g. organelles, RNA, proteins) are differentially segregated
into the two daughter cells leading to the generation of two different cells such as one stem
cell (or undifferentiated cell) that guarantee the self-tissue renewal and one differentiated cell
dedicated to functional tasks. A similar process has been observed in tumors allowing tumors
to generate a pool of cancer “stem-like” cells contributing to a continuous enrichment of the
tumor heterogeneity [7]. This asymmetrical mitosis would contribute to the disruption the
linear concept of tumor progression (Figure 1). Long-term relapse in patients considered
clinically disease-free is a conventional clinical feature of numerous cancers including breast,
prostate, thyroid or renal carcinomas and reinforce the notion of non-linear tumor growth.
Breast cancer perfectly illustrates this; late relapse in about 20% of disease-free patients show
recurrence of the disease locally or in distant organs 7-25 years after resection of the primary
tumor [8,9]. This process called clinical cancer dormancy in patients without any apparent
clinical symptoms or detectable disease; is characterized by persistent cancer cells. Based on
recent observations, the notion of dormant, quiescent or persistent cells has progressively
emerged. The present review will give a brief overview on their origin, properties, control and
main clinical impacts and will discuss the stop or grow processes implicated. Thus,
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characterization of this particular population of cancer cells is a major challenge in cancer
biology.
2. Dormant, quiescent, tolerant and persister cells in cancer: are these four terms
designating the same population?
Even if there is no clear consensus on the latency period, the risk of recurrence in cancer is
directly related to the persistence of undetectable cancer cells after the resection of the
primary tumor [10]. The latency can occur after long periods of time and this state is called
“dormancy” in which cancer cells exhibit slow cycling, low metabolism and fitness, and longterm survival mechanisms. Probably due to environmental changes, these cells become active
and this occurs usually at a distance from the primary tumor site. Several teams were able to
isolate tumor cells in the blood and bone marrow following the resection of the primary tumor
demonstrating the early dissemination of solitary cancer cells from the primary site [11-14].
On the other hand, Meng et al. isolated circulating tumor cells in breast cancer patients 7-22
years after removal of the initial disease years and without any sign of metastatic
dissemination [15]. More recently, Vishnoi et al. have isolated circulating tumor cells with
stemness properties in patients diagnosed with and without breast cancer brain metastasis
[16]. The half-life of these rare cell events was estimated to be a few hours and revealed that
dormancy is a dynamic persistence in peripheral organs by cancer cells with distinct
properties [17]. Dormancy has been considered as a steady state characterized by a balance
between low cell proliferation and active cell death programs. However, the cell death status
of these cells is still a matter of debate (autophagy, apoptosis or…?) and its implication in
dormancy not firmly established. Exiting dormancy means the cells re-enter the cell cycle,
have increase fitness and adapt their metabolism for faster growth. The implication of
immune system and/or inflammation in this process remains to be investigated in depth both
for its role in induction and reactivation of these cells [18]. Similarly, micro-environmental
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constraints (O2 pressure, acidic environment, non cancer cell contacts and stiffness) have been
implicated in the induction and maintenance of dormancy [19] and the implication of
treatments on the induction of quiescence/dormancy through tumor editing remains also a
matter of debate.
Dormant/quiescent/persister cells exhibit the molecular profile of stem cells. The concept
of cancer initiating cells or cancer stem-like cells refers to a subset of cells within the tumor
that uniquely sustains malignant growth. “Cancer initiating cells” or “cancer stem-like cells”
are used interchangeably although the first denomination is more associated with the cell of
origin and the second to the propagation of cancer [20]. Although numerous publications have
described the self-renewing and stemness nature of these cells in different types of cancer, the
concept of “stem-like cells” in cancer is subject to controversy for certain authors. Cancer
stem-like cells define a subpopulation of self-renewing cells that are able to reproduce all the
features of tumor cells, regardless of their tumorigeneic status. In addition, they should
express likeness markers, be able to remain viable in a quiescent state, to divide in response to
appropriate stimuli and to form spheroids (“oncospheres”) under three-dimensional (3D)
conditions [20]. Consequently, stemness in cancer can be defined as cells with an enhanced
plasticity, a loss of cell identity, an altered self-renewed/differentiation balance and an
acquisition of de novo self-renewal with daughter cells committed to specific differentiation
[21]. These stem cells express markers such as high aldehyde dehydrogenase (ALDH)
activity, CD44, CD133 and can be identified by flow cytometry as a side population (Hoechst
exclusion) and be potentially responsible for tumor relapse like dormant/quiescent/persister
cells [22-26]. Furthermore, the link between stemness properties and dormancy has been
already established in various cancer types including for instance glioblastoma [27], sarcoma
[25], colon [28], breast [29,30], prostate [31], lung [32,33], and ovarian cancers [34].
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In this context, after long-term treatment without detectable tumor regrowth, a fraction of
these cells can persist and gain the ability to expand in the presence of drugs and become
progressively drug tolerant and/or drug resistant (Figure 2). The later stage is directly linked
to patients with high numbers of recurrence [8,9]. It is confusing to use so many different
names (persistant/tolerant/dormant/quiescent) for a population, which stands in between
sensitive and resistant cells. Indeed, Ramirez et al. has demonstrated recently that drug
tolerance is a stage between sensitivity and resistance from which can emerge resistant clones
with diverse drug-resistance properties [35]. A reduction in the proliferation rate gives a
selective advantage to cancer cells to resist to drug pressure and this in turn would cause the
enrichment of dormant cells with a stem-like phenotype of dormant cells as shown by Zhou et
al. in ovarian cancer [34]. Similarly, Touil et al. demonstrated that colon cancer cells escape
5-FU-induced cell death by expressing a cancer stem-like cell profile and enter into a
reversible dormant/quiescent G0 state [36]. This process required the activation of the
tyrosine kinase c-Yes leading to the dissociation of Yes/YAP (Yes-associated protein) and a
depletion of nuclear YAP. Silencing of YES1 mimicked the effect of 5-FU by inducing cell
dormancy [36]. In addition, dormant/quiescent/tolerant/persister cells may hijack their
environment, which could become an immune tolerant environment and consequently a
sanctuary for drug resistance and tumor development [37]. For instance, it has been shown
that cancer stem-like cells are able to facilitate the selection of TH2 type T cells in an in vitro
co-culture of peripheral blood lymphocytes and autologous cancer stem-like cells. Similarly,
cancer stem-like cells have been characterized by a defective expression and/or function of
HLA class I antigen-processing machinery [37]. These cells then regulate the expression of
tumor-associated antigens and molecules involved in antigen processing and presentation on
their membrane that facilitate the immune evasion and yield to more aggressive tumors
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[38,39].

Previous

studies

have

revealed

the

low

immunogenicity

of

dormant/quiescent/tolerant/persisters by the regulation of tumor-associated antigens and
molecules involved in antigen processing and also by the release of a large variety of
immunosuppressive cytokines (e.g. IL-4, IL-10, TGF-β) [40]. Thus, defective expression of
tumor-associated antigens and molecules involved in antigen processing could result in a
lower sensitivity of persister cells to interferon stimulation and a failure to elicit a T cellmediated response [41,42]. The intrinsic and acquired properties (e.g. low cycling level, low
immunogenicity, drug resistance) of dormant/quiescent/tolerant/persister cells result in a key
selective advantage (Figure 3).

3. Involvement of the tumor microenvironment in the control of dormancy
Using in silico modeling, Poleszczuk et al. hypothesized the competition between the
different cell clones which compose the tumor mass and more particularly between cancer
cells with stem-like phenotype and the others. In their models, within a proliferative tumor,
non-stem

cancer

cells

tend

to

inhibit

cancer

stem-like

cell

division

(dormant/quiescent/tolerant/persisters) while in a low proliferative tumor these cells
advantages an increase in persister cells by facilitating their division [43]. Furthermore, in
addition to their internal fight for cell survival, the local tumor microenvironment (TME) acts
as a referee regulating this fragile balance. Sir James Paget presented the first evidence for the
role of the TME in tumorigenesis at the end of the 19th Century with the “seed and soil”
theory [44]. Indeed, he postulated that a combination of genetic events and a favorable
microenvironment drive tumor initiation and growth and allows for the maintenance of
dormant cells. This theory is now recognized by the scientific community and observes most
of the cancer entities. Consequently, Cahu et al. recently compared the characteristics of Tcell acute lymphoblastic leukemia cells located in various bone marrow sites of the body and

7

demonstrated that cancer cells exhibited a high proliferation profile in the bone marrow of tail
vertebrae with a phenotype of dormancy (e.g. decreased metabolism and cell cycle
progression) compared to the bone marrow of thorax vertebrae [45]. Interestingly, cancer cells
isolated from bone marrow of tail vertebrae displayed higher drug resistance illustrating the
role of the local TME in the orchestration of T-cell acute lymphoblastic leukemia
propagation, dormancy and drug resistance.
Bone is also a sanctuary for breast and prostate cancer cells. Bone is the physiological
niche for hematopoietic stem cells, and one of the roles of osteoblast as reticular cells is the
control of the self-renewal and differentiation of hematopoietic stem cells through cytokine
release and specific inter-cellular contacts [46]. In oncologic context, the compartment of
hematopoietic stem cell competes with cancer cells. This territorial fight leads to the
replacement of hematopoietic stem cells by cancer cells [47]. This mechanism has been
recently confirmed by Jeong et al. who demonstrated the dynamic adaptation of the bone
niche to changes in stimulation like chemotherapy [48]. 5-FU inhibited the proliferation of
leukemic cells and concomitantly induced the remodeling of the bone marrow niche,
reorienting towards a regeneration of normal hematopoietic stem cells. This observation
clearly demonstrated the influence of adaptive changes of the bone marrow niche to the host
cell. Such a switch in bone niche activity may be a potential therapeutic strategy for boneassociated cancers [49]. In the bone marrow niche, osteoblasts play a crucial role in the
physiological control of hematopoiesis and in the pathological context by regulating the
phenotype of disseminated cancer cells [50]. In this context, Shiozawa et al. studied the
behavior of prostate cancer cells disseminated in bone marrow. These authors demonstrated
the contribution of Gas-6 released by osteoblasts in the conversion of prostate cancer to the
cancer stem-like cells within the marrow microenvironment [50]. Furthermore, osteoblasts
release soluble factors mediating the dormancy of prostate cancer in the bone environment
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[51]. Growth Differentiation Factor (GDF)-10 and Transforming Growth Factor (TGF)-β2 are
two protagonists involved in this process and regulate dormancy through activation of the
TGFβRIII-p38MAPK-pS249/T252RB pathway. Leukemia Inhibitory Factor (LIF), a member
of the IL-6 cytokine, is produced by osteoblasts [52] and provides a pro-dormancy signal to
breast cancer cells [53]. Secreted Protein Acidic and Rich in Cysteine (SPARC) induces
similar activity on prostate cancer cells and increases Bone Morphogenetic Protein (BMP-7)
expression by bone marrow stromal cells [54]. By using osteoblast-specific Jagged1
transgenic mouse, Zheng et al. demonstrated Jagged1 mediated tumor-stromal interactions
and provided a survival niche for cancer cells thereby validating the osteoblast niche as a
drugable target [55].
The notion of tumor niche should not be restricted to bone but to all vascularized tumor
sites [56]. Indeed, cancer cell dormancy appears tightly regulated by the microvasculature.
Ghajar et al. used engineered organotypic vasculature niches to determine the involvement of
endothelia cells in cancer cell growth and demonstrated that endothelial-derived
thrombospondin-1 supported breast cancer cell dormancy and that the stable microvasculature
formed a perfect niche for promoting dormancy [57]. Angiogenesis is a critical process of
tumor growth and cancer cell spreading. The hypoxic environment within the tumor tissue
activates of specific signaling pathways, which initiate cancer cell invasion and neoangiogenesis. Among the key molecular pathways involved in hypoxia, hypoxia-inducible
factor (HIF)-1 and lysyl oxidase (LOX) appear as two central mediators of the metastatic
niche and regulate cell dormancy and stem-like phenotype [58-62]. In addition to polypeptidic
mediators, lipids fuel metastatic cells. Recently, Pascual et al. identified a subpopulation of
CD44bright cells in human oral carcinomas characterized as slow-cycling, no overexpression of
mesenchymal markers, expressing high levels of the fatty acid receptor CD36 and lipid
metabolism genes, and capable of initiating metastasis. They demonstrated that suppression
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of CD39 impaired the metastatic process [63]. Overall, the literature demonstrates the central
role of all components (cell, extracellular matrix, physicochemical parameters) of tumor niche
in

the

induction,

maintenance

and

regulation

as

well

as

drug

resistance

of

dormant/quiescent/tolerant/persister cells [64].
4. Persisters and drug resistances: a common property shared between cancers and
infectious diseases
In bacteria, a link between dormant/quiescent cells and cell with properties of longterm persistence (persister cells) as a response to antibiotics has been established [65].
Persisters in microorganisms have been defined as dormant variants of regular cells formed
stochastically or in response to stress (including antibiotics to bacteria). Most importantly, the
formation of persister cells can induce a non-genetic heterogeneity within a bacterial
population (especially as “biofilms”), which in turn may contribute to the functional adaption
to environmental changes [66]. It is well-known that pathogens can easily acquire resistance
mechanisms to survive the effects of antimicrobial agents. Similarly to cancer cells, pathogens
can

reduce

their

metabolism

to

move

progressively

to

a

dormancy/quiescence/tolerance/persistence state without any genetic modifications [67].
Present at low frequency in the normal population, persisters increase under drug pressure and
could explain chronic bacterial and fungal infections [68]. In cancers, the notion of persisters
has been introduced in lung cancer treated with EGFR inhibitors [69]. These data suggested
that tumor resistance could be mediated by a dynamic process that accumulated temporarily
into distinct subpopulations [35,70]. Similar observations in bacteria and yeast also suggested
that the dormancy/quiescence/tolerance/persistence phenomenon is a dynamic process with
different genes playing roles of variable significance at different times [71,72]. Thus cancer
cells and pathogens seem to follow similar patterns.
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Mycobacterium tuberculosis is one of the best examples of dormancy in bacteria.
Epidemiological studies revealed the resurgence of the infection despite multiple antibiotic
therapies and showed the high risk of relapse associated with the emergence of antibiotic
resistance and the ability of Mycobacterium tuberculosis to become dormant in infected
organs. Similarly to dormant cancer cells, Mycobacterium tuberculosis dormancy is also
characterized by its capacity to modulate the local immune cells and as such escape from
immune system control [73,74]. Bacteria infect pneumocytes and alveolar phagocytic cells
such as dendritic cells in which they replicate before spreading to pulmonary lymph nodes
and to several distant foci. Mycobacterium tuberculosis hijacks the environment to facilitate
its dormancy and drug resistance by masking the pathogen-associated molecular patterns of
macrophages or by regulating TLR4 expression on the cell surface of mononuclear
phagocytes causing a down-regulation of TH1 cytokine release [75]. In addition,
immunosuppression can also result from a bystander effect in phagocyte population with an
inhibition of dendritic cell differentiation and apoptosis of T cells leading to a survival
advantage of the pathogen [76,77]. A similar bystander effect has been observed in the control
of dormancy in thyroid cancer [78]. Using a fibrosarcoma model, Liu et al. demonstrated the
protection of proton-irradiated cancer stem-like cells by bystander cancer stem-like cells
[79].
Finally, adaptive resistance emerges in populations of bacteria in the presence of
antibiotic. Antibiotic resistance can be driven by epigenetic inheritance of variant gene
expression patterns similarly to drug resistance observed in cancer [80]. Knoechel et al.
provides evidence of a mechanism of drug resistance that appears to reflect an alternative
epigenetic cell state and establish a role for epigenetic heterogeneity in leukemia resistance
that may be addressed by incorporating epigenetic modulators in combination therapy [81].
Several other studies have concurred with these results and recently persisters have been
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shown to be the target for epigenetics drugs in lung cancer [82]. As such dormancy in cancer
could have a noncoding origin through epigenetic control of cell division [83]. Together,
these data suggest that the acquisition of therapeutic resistance may occur in multiple stages,
through rare cells, which later develop into stable resistant cells through epigenetic
reprogramming.
Thus, similar to cancer, the host-pathogen arms race implicate deception plus hide and
seek strategies within heterogeneous populations, which can include non-pathogenic cells if
necessary.

5. Dormancy/Quiescence/Tolerance/Persistance: a specific process in response to
environmental stress for cell survival
Mechanisms of resistance of biofilms formed by microorganisms possess many
common

points

[84].

The

mechanisms

proposed

to

account

for

the

dormant/quiescent/tolerant/persistent cell subpopulation in bacteria are nonetheless multiple.
However, recent studies have indicated that conserved genes can be identified and are
implicated in basic cellular functions such as the anti-oxidative defense pathway, heat shock
proteins, energy production and specific bacterial mechanisms (e.g. toxin-antitoxin, module
and SOS systems) [72]. The latter study also suggests that the persistence phenomenon is a
dynamic process with different persister genes playing roles of variable significance at
different times. Many other publications emphasize the role of the stress response to the
generation of the persister population [85]. Interestingly, many known mechanisms of
resistance in cancer appear to be related to similar pathways [86] (Figure 4). Dormancy and
the related functional consequences (e.g. drug resistance) is a conserved mechanism of
survival that allows an evolutionary adaptation to various hostile environments. This
parameter of evolution has been observed in C.elegans, which is able to sense stress and to
induce cellular dormancy in order to resist to nutrient deprivation [87]. In cancer cells, stress12

induced pathways combine the endoplasmic unfolded protein response and autophagy
[88,89]. The endoplasmic reticulum plays a central role in this process. Eukaryotic translation
initiation factor 2-alpha kinase 3 (EIF2AK3) also known as protein kinase R-like endoplasmic
reticulum kinase (PERK) inactivates EIF2 by phosphorylation that results in a marked
blockade of global protein synthesis triggering dormancy by initiating a cell cycle arrest in
G0/G1 phase thereby fostering the survival of drug-tolerant persister cells [88,90]. Al Emran
et al. identified early stress-induced multi-drug tolerant cancer cells in different cancers [91].
In response to drug exposure or nutrient starvation, epigenetic changes were observed (e.g.
loss of the H3K4me3 and H3K27me3 and gain of H3K9me3) leading to cell survival.
Autophagy is another mechanism for dormant cells to improve their survival and to initiate
recurrent disease [89]. Autophagy gene autophagy-related 7 (ATG7) appears to be essential
for dormancy-associated autophagy and the inhibition of the autophagy in dormant breast
cancer cells leads to the accumulation of altered mitochondria and reactive oxygen species
(ROS) and finally to apoptotic cell death [89]. In addition to the conventional mechanisms
(e.g. reticulum endoplasmic response, autophagy) of cell survival to stress environment,
cancer cells practice cannibalism of their neighbors to survive [92]. Indeed, Bartsoch et al.
observed the entrance to dormancy of breast cancer cells deprived in nutrients after
cannibalizing mesenchymal stem cells. Tumor dormancy is thus a selective, adaptive and
evolutionary mechanism in response to stress.

6. An ecological/sociological/Darwinian view of drug resistance: interest of mathematic
models
The current “Darwinian” description of cancer implies that multiple clones with
different levels of fitness interfere with each other in different ways (positive or negative) and
are dependent on the environment [93]. From these interactions, the average “fitness” of the
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tumor can be increased when equilibrium between clones is achieved and if cancer
phenotypes are plastic enough to sustain small variations in the environment. The selective
pressure induced by the treatment allows the Darwinian selection of the fittest cells (or group
of cells) not necessarily of the “strongest” or more aggressive at first. This is similar in
essence to what is observed in an ecological habitat shared by diverse species, heterogeneous
populations of cancer cells that reside in close proximity are thought to engage in a variety of
interactions that may influence their fitness and survival. Thus targeting one dominant clone
would affect the equilibrium but not necessarily eradicate the tumor.
The cellular interactions can be direct or be mediated via the TME. Similar
interactions can be found in microorganism biofilms. Very broadly, the interactions, similar to
that observed in ecological systems, can be classified into negative (competition or
amensalism for example) or positive interactions (commensalism, mutualism or synergism)
[94]. Of note, there are now plenty of examples of the predatory mechanisms used by cancer
cells on the non-cancer components of the TME. Drug treatment is likely to significantly
disrupt the equilibrium attained by cancer cells at the time of the treatment. This implies that
minor sub-clones can determine the clinical course and response of disease, and that temporal
and spatial heterogeneity needs to be considered not only before but also post-treatment [95].
There are numerous examples that suggest the possibility to exploit the ecology of tumors for
treatment [96].
Predictive models demonstrate the potential of applied evolutionary biology to
improve public health and disease control. The mathematical modeling of cancer has
increasingly been sought in the past years [97], not only for improving treatments and drug
discovery [98], but also for modeling cancer interaction with its microenvironment [99]. The
impact of tolerant cells has also been studied both in bacteria and in cancer [100]. However,
modeling resistance to treatment needs to take in consideration many aspects of population
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biology (cell types and clones differential dynamics, metabolism adaptation, positive and
negative influences of micro-environmental factors, drug concentrations…) in order to
elucidate the roles of phenotypic plasticity and selection pressures in tumor relapse [101]. So
next-generation models capable of simulating highly detailed somatic genetic and epigenetic
events are probably still to be created.
7. Perspectives and conclusions
It is becoming increasingly clear that there is significant heterogeneity to drug
response within a bacterial and cancer populations and that multiple mechanisms underlie the
emergence of drug-tolerant and drug-resistant subpopulations. The emergence of
dormant/quiescent/tolerant/persistent cells is an ancestral and conserved mechanism directly
related to cell survival and involves multiple parameters: genetic, epigenetic, selectivity,
relationship with the local microenvironment (e.g. cell cannibalism, immune repression),
diversity/heterogeneity. Together, these data suggest that the acquisition of therapeutic
resistance may occur in multiple stages, through rare cells, which later develop into stable
resistant cells through epigenetic reprogramming. Strikingly, the comparison of the two
seemingly different types of diseases: cancer and infectious, show common traits and
strategies to evade drug effects. Further analyses of the resemblance and the differences
between the different pathologies could provide new therapeutic tactics for treating resistant
cells. This study would require multidisciplinary approaches from the clinic to cell biology
and molecular biology as illustrated by the recent works of Hangauer et al. who demonstrated
the dependency of persister cells on the lipid hydroperoxydase GPX4 and showed that loss of
GPX4 function led to selective ferroptotic death of persister cells [102]. This loss of function
was directly associated with a prevention of tumor relapse and supports the potential targeting
GPX4 as therapeutic option to prevent or cure acquired drug resistance. New mechanisms of
drug resistance enrich the panel of existing process and illustrate the unlimited “imagination”
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of cancer cells to survive. Thus, loss of cilia was able to confer resistance to Smoothened
inhibitor sonidegib in medulloblastoma cells illustrating a novel mechanism driven drug
resistance [103].
Because of the complexity of the problem and the connections with Darwinian
mechanisms, the input of mathematicians and ecologists is a necessity to fully comprehend
the acquisition of resistance in a heterogeneous population. In addition, a better understanding
of coding and noncoding (epigenetic) mechanisms controlling cell dormancy would lead to
the development of new drug resistant therapies to eradicate residual diseases and to prevent
tumor recurrence.
References
[1]. A. Marusyk, V. Almendro, K. Polyak, Intra-tumour heterogeneity: a looking glass for
cancer? Nat. Rev. Cancer 12 (2012) 323-34. doi: 10.1038/nrc3261.
[3]. M.J. Pienta, N. McGregor, R. Axelrod, D.E. Axelrod, Ecological therapy for cancer:
defining tumors using an ecosystem paradigm suggests new opportunities for novel cancer
treatments, Transl. Oncol. 1 (2008)158-64.
[4]. L.j. Barber, M.N. Davies, M. Gerlinger, Dissecting cancer evolution at the
macroheterogeneity and micro-heterogeneity scale, Curr. Opin. Genet. Dev. 30 (2015) 1-6.
doi: 10.1016/j.gde.2014.12.001.
[5]. L.M. Merlo, J.W. Pepper, B.J. Reid, C.C. Maley, Cancer as an evolutionary and
ecological process, Nat. Rev. Cancer 6 (2006) 924-35.
[6]. Vertii, P.D. Kaufman, H. Hehnly, S. Doxsey, New dimensions of asymmetric division in
vertebrates. Cytoskeleton 75 (2018) 87-102, doi: 10.1002/cm.21434.
[7]. A. Santoro, T. Vlachou, M. Carminati, P.G. Pelicci, M. Mapelli, Molecular mechanisms
of asymmetric divisions in mammary stem cells, EMBO Rep. 17 (2016) 1700-1720. Doi :
10.15252/embr.201643021.
[8]. T.G. Karrison, D.J. Ferguson, P. Meier, Dormancy of mammary carcinoma after
mastectomy, J. Natl. Cancer Inst. 91 (1999) 80-85.
[9]. M. Osisami, E.T. Keller, Mechanisms of metastatic tumor dormancy, J. Clin. Med. 2
(2013) 136-150. doi: 10.3390/jcm2030136.

16

[10]. M.J. Arlt, I.J. Banke, J. Bertz, R.M. Ram Kumar, R. Muff, W. Born, B. Fuchs, Reduced
Latency in the metastatic niche contributes to the more aggressive phenotype of LM8
compared to Dunn osteosarcoma cells, Sarcoma 2013 (2013) 404962. doi:
10.1155/2013/404962.
[11]. S. Braun, C. Schindlbeck, F. Hepp, W. Janni, C. Kentenich, G. Riethmüller, K. Pantel,
Occult tumor cells in bone marrow of patients with locoregionally restricted ovarian
cancer predict early distant metastatic relapse, J. Clin. Oncol. 19 (2001) 368-75.
[12]. E. Racila, D. Euhus, A.J. Weiss, C. Rao, J. McConnell, L.W. Terstappen, J.W. Uhr,
Detection and characterization of carcinoma cells in the blood, Proc. Natl. Acad. Sci.
U.S.A. 95 (1998) 4589-4594.
[13]. S. Braun, N. Harbeck, Recent advances in technologies for the detection of occult
metastatic cells in bone marrow of breast cancer patients, Breast Cancer Res. 3 (2001)
285-288.
[14]. G. Riethmüller, C.A. Klein, Early cancer cell dissemination and late metastatic relapse:
clinical reflections and biological approaches to the dormancy problem in patients,
Semin. Cancer Biol. 11 (2001) 307-311.
[15]. S. Meng, D. Tripathy, E.P. Frenkel, S. Shete, E.Z. Naftalis, J.F. Huth, P.D. Beitsch, M.
Leitch, S. Hoover, D. Euhus, B. Haley, L. Morrison, T.P. Fleming, D. Herlyn, L.W.
Terstappen,T. Fehm, T.F. Tucker, N. Lane, J. Wang, J.W. Uhr, Circulating tumor cells in
patients with breast cancer dormancy, Clin. Cancer Res. 10 (2004) 8152-8162. Doi :
10.1158/1078-0432.CCR-04-1110.
[16]. M. Vishnoi, S. Peddibhotla, W. Yin, T Scamardo A, G.C. George, D.S. Hong, D.
Marchetti, The isolation and characterization of CTC subsets related to breast cancer
dormancy, Sci. Rep. 5 (2015) 17533. doi: 10.1038/srep17533.
[17]. S.L. Stott, R.J. Lee, S. Nagrath, M. Yu, D.T. Miyamoto, L. Ulkus, E.J. Inserra, M.
Ulman, S. Springer, Z. Nakamura, A.L. Moore, D.I. Tsukrov, M.E. Kempner, D.W. Dahl,
C.L. Wu, A.J. Iafrate, M.R. Smith, R.G. Tompkins, L.V. Sequist, M. Toner, D.A. Haber,
S. Maheswaran, Isolation and characterization of circulating tumor cells from patients
with localized and metastatic prostate cancer, Sci. Transl. Med. 2 (2010) 25ra23. doi:
10.1126/scitranslmed.3000403.
[18]. S. Avnet, G. Di Pompo, T. Chano, C. Errani, A. Ibrahim-Hashim, R.J. Gillies, D.M.
Donati, N. Baldini, Cancer-associated mesenchymal stroma fosters the stemness of
osteosarcoma cells in response to intratumoral acidosis via NF-κB activation, Int. J.
Cancer 140 (2017) 1331-1345. doi : 10.1002/ijc.30540.
[19]. N. Linde, G. Fluegen, J.A. Aguirre-Ghiso, The relationship between dormant cancer
cells and their microenvironment, Adv. Cancer Res. 132 (2016) 45-71. doi:
10.1016/bs.acr.2016.07.002.
[20]. J.E. Visvader, Cells of origin in cancer, Nature 469 (2011) 314-322. doi:
10.1038/nature09781.

17

[21]. E.N. Wainwright, P. Scaffidi, Epigenetics and cancer stem cells: unleashing, hijacking,
and restricting cellular plasticity, Trends Cancer 3 (2017) 3:372-386. doi:
10.1016/j.trecan.2017.04.004.
[22]. P.M. Glumac, A.M. LeBeau, The role of CD133 in cancer: a concise review, Clin.
Transl. Med. 7 (2018) 18. doi: 10.1186/s40169-018-0198-1.
[23]. D. Zhang, D.G. Tang, K. Rycaj, Cancer stem cells: Regulation programs,
immunological properties and immunotherapy, Semin. Cancer Biol. In press. doi:
10.1016/j.semcancer.2018.05.001.
[24]. G. Kaur, P. Sharma, N. Dogra, S. Singh, Eradicating cancer stem cells: concepts, issues,
and challenges, Curr. Treat. Options Oncol. 19 (2018) 19:20. doi: 10.1007/s11864-0180533-1.
[25]. H.K. Brown, M. Tellez-Gabriel, D. Heymann, Cancer stem cells in osteosarcoma,
Cancer Lett. 386 (2017) 386:189-195. doi: 10.1016/j.canlet.2016.11.019.
[26]. A.P. Kusumbe, S.A. Bapat, Cancer stem cells and aneuploid populations within
developing tumors are the major determinants of tumor dormancy, Cancer Res. 69 (2009)
9245-9253. doi: 10.1158/0008-5472.CAN-09-2.
[27]. V. Adamski, A. Hempelmann, C. Flüh, R. Lucius, M. Synowitz, K. Hattermann, J. HeldFeindt, Dormant glioblastoma cells acquire stem cell characteristics and are differentially
affected by Temozolomide and AT101 treatment, Oncotarget 8 (2017) 8 108064-108078.
doi: 10.18632/oncotarget.22514.
[28]. F. Alowaidi, S.M. Hashimi, N. Alqurashi, R. Alhulais, S. Ivanovski, B. Bellette, A.
Meedenyia, A. Lam, S. Wood, Assessing stemness and proliferation properties of the
newly established colon cancer 'stem' cell line, CSC480 and novel approaches to identify
dormant cancer cells, Oncol. Rep. in press. doi: 10.3892/or.2018.6392.
[29]. X. Bai, J. Ni, J. Beretov, P. Graham, Y. Li, Cancer stem cell in breast cancer therapeutic
resistance, Cancer Treat. Rev. 69 (2018) 69:152-163. doi: 10.1016/j.ctrv.2018.07.004
[30]. A. Carcereri de Prati, E. Butturini, A. Rigo, E. Oppici, M. Rossin, D. Boriero, S.
Mariotto, Metastatic breast cancer cells enter into dormant state and express cancer stem
cells phenotype under chronic hypoxia, J. Cell Biochem. 118 (2017) 3237-3248. doi:
10.1002/jcb.25972.
[31]. S. Skvortsov, II Skvortsova, D.G. Tang, A. Dubrovska, Prostate cancer stem cells:
current understanding, Stem Cells in press. doi: 10.1002/stem.2859.
[32]. D. Prabavathy, Y. Swarnalatha, N. Ramadoss, Lung cancer stem cells-origin2
characteristics and therapy, Stem Cell Investig. 5 (2018) 6. doi: 10.21037/sci.2018.02.01.
[33]. I. Kobayashi, F. Takahashi, F. Nurwidya, T. Nara, M. Hashimoto, A. Murakami, S.
Yagishita, K. Tajima, M. Hidayat, N. Shimada, K. Suina, Y. Yoshioka, S. Sasaki, M.
Moriyama, H. Moriyama, Takahashi K, Oct4 plays a crucial role in the maintenance of
gefitinib-resistant lung cancer stem cells, Biochem. Biophys. Res. Commun. 473 (2016)

18

125-132. doi: 10.1016/j.bbrc.2016.03.064
[34]. N. Zhou, X. Wu, B. Yang, X. Yang, D. Zhang, G. Qing, Stem cell characteristics of
dormant cells and cisplatin‑induced effects on the stemness of epithelial ovarian cancer
cells, Mol. Med. Rep. 10 (2014) 2495-504. doi: 10.3892/mmr.2014.2483.
[35]. M. drug , S. Rajaram, R.J. Steininger, D. Osipchuk, M.A. Roth, L.S. Morinishi, L.
Evans, W. Ji, C.H. Hsu, K. Thurley, S. Wei, A. Zhou, P.R. Koduru, B.A. Posner, L.F.
Wu, S.J. Altschuler, Diverse drug-resistance mechanisms can emerge from drug-tolerant
cancer persister cells, Nat. Commun. 7 (2016) 10690. doi: 10.1038/ncomms10690.
[36]. Y. Touil, W. Igoudjil, M. Corvaisier, A.F. Dessein, J. Vandomme, D. Monté, L. Stechly,
N. Skrypek, C. Langlois, G. Grard, G. Millet, E. Leteurtre, P. Dumont, S. Truant, F.R.
Pruvot, M. Hebbar, F. Fan, L.M. Ellis, P. Formstecher, I. Van Seuningen, C. Gespach, R.
Polakowska, G. Huet, Colon cancer cells escape 5FU chemotherapy-induced cell death
by entering stemness and quiescence associated with the c-Yes/YAP axis, Clin Cancer
Res. 20 (2014) 837-46. doi: 10.1158/1078-0432.CCR-13-1854.
[37]. C. Maccalli, K.I. Rasul, M. Elawad, S. Ferrone, The role of cancer stem cells in the
modulation of anti-tumor immune responses, Semin. Cancer Biol. in press. doi:
10.1016/j.semcancer.2018.09.006.
[38]. D. Zhang, D.G. Tang, K. Rycaj, Cancer stem cells: Regulation programs,
immunological properties and immunotherapy, Semin. Cancer Biol. in press. doi:
10.1016/j.semcancer.2018.05.001.
[39]. K.P. Wilkie, P. Hahnfeldt, Mathematical models of immune-induced cancer dormancy
and the emergence of immune evasion, Interface Focus 3 (2013) 20130010. doi:
10.1098/rsfs.2013.0010.
[40]. C. Maccalli, G. Parmiani, S. Ferrone, Immunomodulating and immunoresistance
properties of cancer-initiating cells: Implications for the Clinical Success of
Immunotherapy,
Immunol.
Invest.
46
(2017)
221-238.
doi:
10.1080/08820139.2017.1280051.
[41]. T. Di Tomaso, S. Mazzoleni, E. Wang, G. Sovena, D. Clavenna, A. Franzin, P. Mortini,
S. Ferrone, C. Doglioni, F.M. Marincola, R. Galli, G. Parmiani, C. Maccalli,
Immunobiological characterization of cancer stem cells isolated from glioblastoma
patients, Clin. Cancer Res. 16 (2010) 800-813. doi: 10.1158/1078-0432.CCR-09-2730.
[42]. C. Maccalli, A. Volontè, C. Cimminiello, G. Parmiani, Immunology of cancer stem cells
in solid tumours. A review, Eur. J. Cancer 50 (2014) 649-55. doi:
10.1016/j.ejca.2013.11.014.
[43]. J. Poleszczuk, P. Hahnfeldt, H. Enderling, Evolution and phenotypic selection of cancer
stem cells, PLoS Comput. Biol. 11(2015) e1004025. doi: 10.1371/journal.pcbi.1004025.
[44]. S. Paget, The distribution of secondary growths in cancer of the breast. 1889, Cancer
Metastasis Rev. 8 (1989) 98-101.

19

[45]. X. Cahu, J. Calvo, S. Poglio, N. Prade, B. Colsch, M.L. Arcangeli, T. Leblanc, A. Petit,
F. Baleydier, A. Baruchel, J. Landman-Parker, C. Junot, J. Larghero, P. Ballerini, E.
Delabesse, B. Uzan, F. Pflumio, Bone marrow sites differently imprint dormancy and
chemoresistance to T-cell acute lymphoblastic leukemia, Blood Adv. 1 (2017) 17601772. doi: 10.1182/bloodadvances.2017004960.
[46]. S.J. Morriso, D.T. Scadden, The bone marrow niche for haematopoietic stem cells,
Nature 505 (2014) 327-34. doi: 10.1038/nature12984.
[47]. G. Ren, M. Esposito, Y. Kang, Bone metastasis and the metastatic niche, J. Mol. Med.
(Berl) 93 (2015) 1203-12. doi: 10.1007/s00109-015-1329-4.
[48]. S.Y. Jeong, J.A. Kim, I.H. Oh, The adaptive remodeling of stem cell niche in stimulated
bone marrow counteracts the leukemic niche, Stem Cells in press. doi:
10.1002/stem.2870.
[49]. T. Celià-Terrassa, Y. Kang, Metastatic niche functions and therapeutic opportunities,
Nat. Cell Biol. 20 (2018) 868-877. doi: 10.1038/s41556-018-0145-9.
[50]. Y. Shiozawa, J.E. Berry, M.R. Eber, Y. Jung, K. Yumoto, F.C. Cackowski, H.J. Yoon,
P. Parsana, R. Mehra, J. Wang, S. McGee, E. Lee, S. Nagrath, K.J. Pienta, R.S.
Taichman, The marrow niche controls the cancer stem cell phenotype of disseminated
prostate cancer, Oncotarget 7 (2016) 41217-41232. doi: 10.18632/oncotarget.9251
[51]. L.Y. Yu-Lee, G. Yu, Y.C. Lee, S.C. Lin, J. Pan, T. Pan, K.J. Yu, B. Liu, C.J. Creighton,
J. Rodriguez-Canales, P.A. Villalobos, I.I. Wistuba, E. de Nadal, F. Posas, G.E. Gallick,
S.H. Lin, Osteoblast-secreted factors mediate dormancy of metastatic prostate cancer in
the bone via activation of the TGFβRIII-p38MAPK-pS249/T252RB pathway, Cancer
Res. In press. doi: 10.1158/0008-5472.CAN-17-1051.
[52]. D. Heymann, A.V. Rousselle, gp130 Cytokine family and bone cells, Cytokine 12
(2000) 1455-68.
[53]. R.W. Johnson, E.C. Finger, M.M. Olcina, M. Vilalta, T. Aguilera, Y. Miao, A.R.
Merkel, J.R. Johnson, J.A. Sterling, J.Y. Wu, A.J. Giaccia, Induction of LIFR confers a
dormancy phenotype in breast cancer cells disseminated to the bone marrow, Nat. Cell
Biol. 18 (2016) 1078-1089. doi: 10.1038/ncb3408.
[54]. S. Sharma, F. Xing, Y. Liu, K. Wu, N. Said, R. Pochampally, Y. Shiozawa, H.K. Lin,
K.C. Balaji, K. Watabe, Secreted protein acidic and rich in cysteine (SPARC) mediates
metastatic dormancy of prostate cancer in bone, J. Biol. Chem. 291 (2016) 19351-19363.
doi: 10.1074/jbc.M116.737379.
[55] H. Zheng, Y. Bae, S. Kasimir-Bauer, R. Tang, J. Chen, G. Ren, M. Yuan, M. Esposito,
W. Li, Y. Wei, M. Shen, L. Zhang, N. Tupitsyn, K. Pantel, C. King, J. Sun, J. Moriguchi,
H.T. Jun, A. Coxon, B. Lee, Y. Kang, Therapeutic antibody targeting tumor- and
osteoblastic niche-derived jagged1 sensitizes bone metastasis to chemotherapy, Cancer
Cell. 2017 Dec 11;32(6):731-747.e6. doi: 10.1016/j.ccell.2017.11.002.
[56] L. Lenk, M. Pein, O. Will, B. Gomez, F. Viol, C. Hauser, J.H. Egberts, J.P. Gundlach, O.
20

Helm, S. Tiwari, R. Weiskirchen, S. Rose-John, C. Röcken, W. Mikulits, P. Wenzel, G.
Schneider, D. Saur, H. Schäfer, S. Sebens, The hepatic microenvironment essentially
determines tumor cell dormancy and metastatic outgrowth of pancreatic ductal
adenocarcinoma, Oncoimmunol. 7 (2017) e1368603. doi: 10.1080/2162402X.2017.
[57] C.M. Ghajar, H. Peinado, H. Mori, I.R. Matei, K.J. Evason, H. Brazier, D. Almeida, A.
Koller, K.A. Hajjar, D.Y.R. Stainier, E.I. Chen, D. Lyden, M.J. Bissell, The perivascular
niche regulates breast tumor dormancy, Nat. Cell Biol. 15 (2013) 807–817.
doi: 10.1038/ncb2767.
[58]. I. Amelio, G. Melino, The p53 family and the hypoxia-inducible factors (HIFs):
determinants of cancer progression, Trends Biochem. Sci. 40 (2015) 425-34. doi:
10.1016/j.tibs.2015.04.007.
[59]. S. Peppicelli, E. Andreucci, J. Ruzzolini, A. Laurenzana, F. Margheri, G. Fibbi, M. Del
Rosso, F. Bianchini, L. Calorini, The acidic microenvironment as a possible niche of
dormant tumor cells, Cell. Mol. Life Sci. 74 (2017) 2761-2771. doi: 10.1007/s00018017-2496-y.
[60]. J.T. Erler, K.L. BennewithL, Nicolau M, Dornhöfer N, Kong C, Le QT, Chi JT, Jeffrey
SS, Giaccia AJ, Lysyl oxidase is essential for hypoxia-induced metastasis, Nature 440
(2006) 1222-1226. doi: 10.1038/nature04695
[61]. K. Hoppe-Seyler, F. Bossler, C. Lohrey, J. Bulkescher, F. Rösl, L. Jansen, A. Mayer, P.
Vaupel, M. Dürst, F. Hoppe-Seyler F, Induction of dormancy in hypoxic human
papillomavirus-positive cancer cells, Proc. Natl. Acad. Sci. U.S.A. 114(2017):E990E998. doi: 10.1073/pnas.1615758114.
[62]. K. Weidenfeld, S. Schif-Zuck, H. Abu-Tayeh, K. Kang, O. Kessler, M. Weissmann, G.
Neufeld, D. Barkan, Dormant tumor cells expressing LOXL2 acquire a stem-like
phenotype mediating their transition to proliferative growth, Oncotarget 7 (2016) 7136271377. doi: 10.18632/oncotarget.12109.
[63] G. Pascual, A. Avgustinova, S. Mejetta, M. Martín, A. Castellanos, C.S. Attolini, A.
Berenguer, N. Prats, A. Toll, J.A. Hueto, C. Bescós, L. Di Croce, S.A. Benitah, Targeting
metastasis-initiating cells through the fatty acid receptor CD36, Nature 541 (2017) 41-45.
doi: 10.1038/nature20791.
[64] S. Keeratichamroen, K. Lirdprapamongkol, J. Svasti, Mechanism of ECM-induced
dormancy and chemoresistance in A549 human lung carcinoma cells, Oncol. Rep. 39
(2018) 1765-1774. doi: 10.3892/or.2018.6258.
[65] E.V. Koonin, K.S. Makarova, Y.I. Wolf, Evolutionary Genomics of Defense Systems in
Archaea and Bacteria, Annu. Rev. Microbiol. 71 (2017) 233-261. doi: 10.1146/annurevmicro-090816-093830.
[66] R.A. Fisher, B. Gollan, S. Helaine, Persistent bacterial infections and persister cells, Nat.
Rev. Microbiol. 15 (2017) 453-464. doi: 10.1038/nrmicro.2017.42.
[67] T.K. Wood, S.J. Knabel, B.W. Kwan, Bacterial persister cell formation and dormancy,

21

Appl. Environ. Microbiol. 79 (2013) 7116-7121. doi: 10.1128/AEM.02636-13.
[68] M. Fauvart, V.N. De Groote, J. Michiels, Role of persister cells in chronic infections:
clinical relevance and perspectives on anti-persister therapies, J. Med. Microbiol. 60
(2011) 699-709. doi: 10.1099/jmm.0.030932-0.
[69] S.V. Sharma, D.Y. Lee, B. Li, M.P. Quinlan, F. Takahashi, S. Maheswaran, U.
McDermott, N. Azizian, L. Zou, M.A. Fischbach, K.K. Wong, K. Brandstetter, B.
Wittner, S. Ramaswamy, M. Classon, J. Settleman, A chromatin-mediated reversible
drug-tolerant state in cancer cell subpopulations, Cell 2010 141 (2010) 69-80. doi:
10.1016/j.cell.2010.02.027.
[70]. A. Roesch, M. Fukunaga-Kalabis, E.C. Schmidt, S.E. Zabierowski, P.A.Brafford, A.
Vultur, D. Basu, P. Gimotty, T. Vogt, M. Herlyn, A temporarily distinct subpopulation of
slow-cycling melanoma cells is required for continuous tumor growth, Cell 141 (2010)
583-94. doi: 10.1016/j.cell.2010.04.020.
[71]. H. Van Acker, P. Van Dijck, T. Coenye, Molecular mechanisms of antimicrobial
tolerance and resistance in bacterial and fungal biofilms, Trends Microbiol. 22 (2014)
326-33. doi: 10.1016/j.tim.2014.02.001.
[72]. N. Wu, L. He, P. Cui, W. Wang, Y. Yuan, S. Liu, T. Xu, S. Zhang, J. Wu, W. Zhang, Y.
Zhang. Ranking of persister genes in the same Escherichia coli genetic background
demonstrates varying importance of individual persister genes in tolerance to different
antibiotics, Front. Microbiol. 6 (2015) 1003. doi: 10.3389/fmicb.2015.01003.
[73]. H.P. Gideon, J.L. Flynn, Latent tuberculosis: what the host "sees"? Immunol. Res. 50
(2011) 202-12. doi: 10.1007/s12026-011-8229-7.
[74]. J.M. Cliff, S.H. Kaufmann, H. McShane, P. van Helden, A. O'Garra, The human
immune response to tuberculosis and its treatment: a view from the blood, Immunol. Rev.
264 (2015) 88-102. doi: 10.1111/imr.12269.
[75]. C.J. Cambier, K.K. Takaki, R.P. Larson, R.E. Hernandez, D.M. Tobin, K.B. Urdahl,
C.L. Cosma, L. Ramakrishnan, Mycobacteria manipulate macrophage recruitment
through coordinated use of membrane lipids, Nature 505 (2014) 218-22. doi:
10.1038/nature12799.
[76]. M.E. Remoli, E. Giacomini, E. Petruccioli, V. Gafa, M. Severa, M.C. Gagliardi, E. Iona,
R. Pine, R. Nisini, E.M. Coccia, Bystander inhibition of dendritic cell differentiation by
Mycobacterium tubercolisi-induced IL10, Immunol. Cell. Biol. 89 (2011) 437-446. doi:
10.1038/icb.2010.106.
[77]. S.Sharma, M. Sharma, M. Bose, Mycobacterium tuberculosis infection of human
monocyte-derived macrophages leads to apoptosis of T cells, Immunol. Cell. Biol. 87
(2009) 226-234. doi: 10.1038/icb.2008.97.
[78]. L. Kucerova, L. Feketeova, M. Matuskova, Z. Kozovska, P. Janega, P. Babal, M.
Poturnajova, Local bystander effect induces dormancy in human medullary thyroid

22

carcinoma model in vivo,
10.1016/j.canlet.2013.02.040.

Cancer

Lett.

335

(2013)

299-305.

doi:

[79]. Y. Liu, A. Kobayashi, Q. Fu, G. Yang, T. Konishi, Y. Uchihori, T.K. Hei, Y. Wang,
Rescue of targeted nonstem-Like cells from bystander Stem-Like cells in human
fibrosarcoma HT1080, Radiat. Res. 184 (2015) 334-340. doi: 10.1667/RR14050.1.
[80] M. Adam, B. Murali, N.O. Glenn, S.S. Potter, Epigenetic inheritance based evolution of
antibiotic resistance in bacteria, BMC Evol. Biol. 8 (2008) 52. doi: 10.1186/1471-2148-852.
[81] B. Knoechel, J.E. Roderick, K.E. Williamson, J. Zhu, J.G. Lohr, M.J. Cotton, S.M.
Gillespie, D. Fernandez, M. Ku, H. Wang, F. Piccioni, S.J. Silver, M. Jain, D. Pearson,
M.J. Kluk, C.J. Ott, L.D. Shultz, M.A. Brehm, D.L. Greiner, A. Gutierrez, K. Stegmaier,
A.L. Kung, D.E. Root, J.E. Bradner, J.C. Aster, M.A. Kelliher, B.E. Bernstein, An
epigenetic mechanism of resistance to targeted therapy in T cell acute
lymphoblastic leukemia, Nat. Genet. 46 (2014) 364-370. doi: 10.1038/ng.2913.
[82] G.D. Guler, C.A. Tindell, R. Pitti, C. Wilson, K. Nichols, T. KaiWai Cheung, H.J. Kim,
M. Wongchenko, Y. Yan, B. Haley, T. Cuellar, J. Webster, N. Alag, G. Hegde, E.
Jackson, T.L. Nance, P.G. Giresi, K.B. Chen, J. Liu, S. Jhunjhunwala, J. Settleman, J.P.
Stephan, D. Arnott, M. Classon, Repression of stress-induced LINE-1 expression
protects cancer cell subpopulations from lethal drug exposure, Cancer Cell 32 (2017)
221-237.e13. doi: 10.1016/j.ccell.2017.07.002.
[83] F. Crea, N.R. Nur Saidy, C.C. Collins, Y. Wang, The epigenetic/noncoding origin of
tumor
dormancy,
Trends
Mol.
Med.
21
(2015)
206-211.
doi:
10.1016/j.molmed.2015.02.005.
[84]. H. Van Acker, P. Van Dijck, T. Coenye, Molecular mechanisms of antimicrobial
tolerance and resistance in bacterial and fungal biofilms, Trends Microbiol. 22 (2014)
326-33. doi: 10.1016/j.tim.2014.02.001.
[85]. R.A. Fisher, B. Gollan, S. Helaine, Persistent bacterial infections and persister cells, Nat.
Rev. Microbiol. 15 (2017) 453-464. doi: 10.1038/nrmicro.2017.42.
[86]. C. Holohan, S. Van Schaeybroeck, D.B. Longley, P.G. Johnston, Cancer drug
resistance: an evolving paradigm, Nat. Rev. Cancer 13 (2013) 714-726. doi:
10.1038/nrc3599.
[87]. M.H. Manjili, Tumor dormancy and relapse : from a natural bioproduct of evolution to a
disease state, Cancer Res. 77 (2017) 2564-2569. doi: 10.1158/0008-5472.CAN-17-0068.
[88]. A.C. Ranganathan, S. Ojha, A. Kourtidis, D.S. Conklin, J.A. Aguirre-Ghiso, Dual
function of pancreatic endoplasmic reticulum kinase in tumor cell growth arrest and
survival, Cancer Res. 68 (2008) 3260-3268. doi: 10.1158/0008-5472.CAN-07-6215.
[89]. L. Vera-Ramirez, S.K. Vodnala, R. Nini, K.W. Hunter, J.E. Green. Autophagy promotes
the survival of dormant breast cancer cells and metastatic tumour recurrence. Nat
Commun 9 (2018) 1944. doi: 10.1038/s41467-018-04070-6
23

[90]. H. Terai, S. Kitajima, D.S. Potter, Y. Matsui, L.G. Quiceno, T. Chen, T.J. Kim, M.
Rusan, T.C. Thai, F. Piccioni, K.A. Donovan, N. Kwiatkowski, K. Hinohara, G. Wei,
N.S. Gray, E.S. Fischer, K.K. Wong, T. Shimamura, A. Letai, P.S. Hammerman, D.A.
Barbie, ER stress signaling promotes the survival of cancer "persister cells" tolerant to
EGFR tyrosine kinase inhibitors, Cancer Res. 78 (2018) 1044-1057. doi: 10.1158/00085472.CAN-17-1904.
[91]. A. Al Emran, D.M. Marzese, D.R. Menon, M.S. Stark, J. Torrano, H. Hammerlindl, G.
Zhang, P. Brafford, M.P. Salomon, N. Nelson, S. Hammerlindl, D. Gupta, G.B. Mills, Y.
Lu, R.A. Sturm, K. Flaherty, D.S.B. Hoon, B. Gabrielli, M. Herlyn, H. Schaider, Distinct
histone modifications denote early stress-induced drug tolerance in cancer, Oncotarget 9
(2017) 8206-8222. doi: 10.18632/oncotarget.23654.
[92]. T.J. Bartsoch, M. Ullah, S. Zeitoni, J. Beaver, D.J. Prockop, Cancer cells enter
dormancy after cannibalizing mesenchymal stem/stromal cells (MSCs), Proc. Natl. Acad.
Sci. U.S.A. 113 (2016) E6447-E6456. doi: 10.1073/pnas.1612290113.
[93]. M. Greaves, C.C. Maley, Clonal evolution in cancer, Nature 481 (2012) 306–313.
doi: 10.1038/nature10762
[94]. D.P. Tabassum, K. Polyak, Tumorigenesis: it takes a village, Nat. Rev. Cancer 15
(2015) 473-83. doi: 10.1038/nrc3971.
[95]. R.A. Burell, C. Swanton, Re-evaluating clonal dominance in cancer evolution, Trends
Cancer 2 (2016) 263-276. doi: 10.1016/j.trecan.2016.04.002.
[96]. K.S. Korolev, J.B. Xavier, J. Gore, Turning ecology and evolution against cancer, Nat.
Rev. Cancer 14 (2014) 371-80. doi: 10.1038/nrc3712.
[97] P.M. Altrock, L.L. Liu, F. Michor, The mathematics of cancer: integrating quantitative
models, Nat. Rev. Cancer 15 (2015) 730-45. doi: 10.1038/nrc4029.
[98] Z.Wang, T.S. Deisboeck, Mathematical modeling in cancer drug discovery, Drug
Discov. Today 19 (2014) 145-50. doi: 10.1016/j.drudis.2013.06.015.
[99] K.P. Wilkie, A review of mathematical models of cancer-immune interactions in the
context of tumor dormancy, Adv. Exp. Med. Biol.734 (2013) 201-2 34. doi: 10.1007/9781-4614-1445-2_10.
[100] G. Carvalho, C. Guilhen, D. Balestrino, C. Forestier, J.D. Mathias, Relating switching
rates between normal and persister cells to substrate and antibiotic concentrations: a
mathematical modelling approach supported by experiments, Microb. Biotechnol. 10
(2017) 616-1627. doi: 10.1111/1751-7915.12739.
[101] T. Lorenzi, R.H. Chisholm, J. Clairambault, Tracking the evolution of cancer cell
populations through the mathematical lens of phenotype-structured equations, Biol.
Direct 11 (2016) 43. doi: 10.1186/s13062-016-0143-4.
[102]. M.J. Hangauer, V.S. Viswanathan, M.J. Ryan, D. Bole, J.K. Eaton, A. Matov, J.

24

Galeas, H.D. Dhruv, M.E. Berens, S.L. Schreiber, F. McCormick, M.T. McManus, Drugtolerant persister cancer cells are vulnerable to GPX4 inhibition, Nature 551 (2017) 247250. doi: 10.1038/nature24297.
[103]. X. Zhao, E. Pak, K.J. Ornell, M.F. Pazyra-Murphy, E.L. MacKenzie, E.J. Chadwick,
T. Ponomaryov, J.F. Kelleher, R.A. Segal, A transposon screen identifies loss of primary
cilia as a mechanism of resistance to SMO inhibitors, Cancer Discov. 7 (2017) 14361449. doi: 10.1158/2159-8290.CD-17-0281
Figure Legends
Figure 1: High heterogeneity of cancer cells in a tumor mass. The appearance of a first
mutation in cancer driver gene, which can occur in the bulk population or in a cancer stemlike cell, (1) leads to a clonal expansion of the damaged cell (2). The abnormal clones exhibit
consequently chromosome instabilities resulting in polyclonal proliferation of cancer cells
harboring diverse mutation profiles following secondary oncogenic events (3). From this
highly heterogeneous population, cancer cells spread to distant organs and establish metastatic
foci (4). Asymmetric division is a basic biological process leading to the formation of distinct
cell types within multicellular organisms and which markedly contribute to maintain a pool of
cancer stem-like cells in a tumor mass. Migrating and/or disseminating cancer cells can be in
a dormant state and be reactivated by unknown mechanism sometime many years after their
implantation. In addition to genetic alterations, epigenetic modifications markedly contribute
to increase the tumor heterogeneity and cell dormancy.

Figure 2: Origin of dormant/quiescent/tolerant/persistent cells. (A) Conventional model
of acquisition of resistance through mutations present before the treatment (heterogeneous
population) or induced by the drug followed by Darwinian selection. Mutations occurring in
blue cancerous cell population lead to the development of red and green mutated cancer cells
and then to a polyclonal population. Drug induces the selection of specific resistant red cells
and to a clonal expansion. (B) Persisters (red cells) are present in the initial population of
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cancer or normal cell cells (blue cells) and these cells have low metabolic activities or slow
proliferation. As such they are not targeted by the drugs and hence escape the treatment.
Population regrowth occurs identical (similar) to the original population or mutations lead to a
new population with similar persister properties (other colored cells). (C) Persisters (red cells)
compose a side population, which is genetically different (heterogeneity) or in equilibrium
with “normal” or proliferating cancer cell population due to stress signaling (blue cells).
Obviously, the two models are not exclusive.

Figure 3: A model for the relationship between dormant/persisters and cancer stem-like
cells. Similar to what has been described for hematopoietic stem cells (HSC), a small
population of cancer cells with self-renewal and asymmetric division properties exist under 2
classes: long-term (LT) cells with slow cycling and long-lived properties or short-term (ST),
cells which are derived from LT cells and give rise to cancer cells. Similar to HSC these cells
could be in contact/dependent on their interactions with normal cells such as mesenchymal
stem cells, while cancer cells would interact with other cell types (A). Treatment would
eradicate cancer cells but have little affect LT cells (B). At this stage LT cells would migrate
away from the original site and enter latency (B), possibly under the control of the immune
system (C). ST cells would undergo apoptosis and as such would not give rise to cancer cells
(C). Stress or other changes in the environment would rescind the cell death induction in ST
cells, paving the way for tumor formation. LT cells could be considered as dormant/persister
cells while ST cells may be considered as cancer stem-like cells.

Figure 4: Dormancy is a conserved mechanism dedicated entirely to cell survival in
response to stress signals. Summary of the main characteristics of cancer cell dormancy (in
blue) and their key regulators (in red).

26

Figure 1

1

2

Tissue homeostasis

Primary oncogenic
events

3

Clonal expansion
(with chromosomic instabilities)

Polyclonal expansion
Dormant cells
(G0/G1 phase)

Secondary oncogenic
events

Symmetric
mitosis
Cancer
stem-like cell
Stem cell
Asymmetric
mitosis
Differentiated
cells

- Angiogenesis
- Epithelial-mesenchymal transition
- Intravasation
- Migration (circulating tumor cells)
- Extravasation

Asymmetric
mitosis

4
-

Bone marrow

Lung

Dormancy (disseminating tumor cells)
Cell reactivation
Metastasis

Liver

Brain

Figure 2

A

B

C
Stress signaling

Mutations
Selection

Drug

Persister cells

Selection

Drug

High mutation
rate

Slow mutation
rate

Figure 3
A

C

LT
LT

ST
ST

Immune cells
B

Normal cells (local microenvironment)
LT
Dead cells
LT
ST

Alive cells

Treatment

Cell migration

Figure 4
Cannibalism

Genetic and epigenetic
control
Low cell cycling

Autophagy

Control of the local
microenvironment

Reduced
metabolism

persiter cells

Bystander
property

Stem-like cell
properties

Immunosuppression
Drug resistance

