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Abstract—Many cells are capable of maintaining viability in a non-dividing state with minimal metabolism
under unfavorable conditions. These are germ cells, adult stem cells, and microorganisms. Unfortunately, a
resting state, or dormancy, is possible for tuberculosis bacilli in a latent form of the disease and cancer cells,
which may later form secondary tumors (metastases) in different parts of the body. These cells are resistant
to therapy that can destroy intensely dividing cells and to the host immune system. A cascade of reactions that
allows cells to enter and  exit dormancy is triggered by regulatory factors from the microenvironment in niches
that harbor the cells. A ratio of forbidding and permitting signals dictates whether the cells become dormant
or start proliferation. The only difference between the cell dormancy regulation in normal and pathological
conditions is that pathogens, mycobacteria, and cancer cells can influence their own fate by changing their
microenvironment. Certain mechanisms of these processes are considered in the review.
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INTRODUCTION
Oncology diseases are still among the leading

causes of deaths. This is explained by the fact that the
disease may recur months, years, or even decades after
diagnosis and removal of the primary tumor. The
development of secondary, metastatic disease prevents
effective treatment and causes many deaths [1]. The
mechanism of metastasis is still poorly understood.

Like oncology diseases, tuberculosis caused by
Mycobacterium tuberculosis (Mtb) killed more people
than any other infection before the pandemic of coro-
navirus disease. According to the World Health Orga-
nization, more than 10 million new cases of tubercu-
losis infection were diagnosed and more than 1.5 mil-
lion deaths were due to tuberculosis in 2020 [2].
Tuberculosis is still a major healthcare problem,
mostly because infection is latent in a substantial por-
tion of patients and may reactivate several months or
several decades after diagnosis [3].

Antibiotic treatment, which is most commonly
used in tuberculosis, is similar to anticancer chemo-
therapy and radiotherapy in that only rapidly prolifer-

ating cancer cells and mycobacteria are eliminated.
However, undividing or dormant (from the Latin
dormire, “to sleep”) cells, which are in a resting state,
may survive and cause disease recurrence.

DORMANCY OF Mycobacterium tuberculosis
Entering lung alveoli with inhaled air, Mtb bacilli

inhabit macrophages, where they are replicated and
evade the host defense mechanisms by various means
[4, 5].

Culturable Mtb cells were isolated from patient
sputum samples and counted over 14 days of drug
therapy. The Mtb count rapidly decreased in the first
two days of therapy, and then the elimination rate
decreased [6]. The observation indicates that a sub-
stantial portion of mycobacteria might be preserved in
a less drug-sensitive (dormant) physiological state [7].

Macrophages are known to internalize mycobacte-
ria to produce phagosomes, which have higher levels
of acidity, reactive oxygen species, and reactive nitro-
gen species and lack nutrients. Bacterial cells may be
destroyed on exposure to low pH, which arises in pha-
gosomes as a result of proton pumb function, and
reactive oxygen and reactive nitrogen species, which
are produced by phagocytic NADPH oxidase and NO
synthase. Macrophage activation processes in
response to bacterial infection are controlled by the
host immune system, for instance, the cytokine inter-

Abbreviations: MSC, mesenchymal stem cell; BM, bone mar-
row; EMT, epithelial-to-mesenchymal transition; MET, mes-
enchymal-to-epithelial transition; CTC, circulating tumor cell;
ECM, extracellular matrix; DTC, disseminated tumor cell;
CSC, cancer stem cell; HSC, hematopoietic stem cell; PMN,
premetastatic niche; MN, metastatic niche; PVN, perivascular
niche.
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feron γ. Microbial metabolism is decelerated at the
same time [8, 9]. It was believed that the host immune
response determines the formation of dormant Mtb
forms, resulting in granulomas. The granuloma is a
separate structure and initially consists of innate
immunity cells, such as infected macrophages and
neutrophils. Then antigen-specific T cells are
recruited and infected macrophages activated. The
formation of granulomas facilitates dissemination of
infected macrophages [10]. As a result, Mtb spreads
from dying macrophages to newly recruited ones. A
central core is a hallmark of a granuloma and contains
infected macrophages surrounded by foamy macro-
phages, phagocytes of a monocytic origin, and T cells.
The core was thought to provide a niche where dor-
mant bacilli persist during latent infection [11]. Gran-
uloma formation was considered as the host’s attempt
to localize infection. The resulting infection foci with
unfavorable conditions were thought to facilitate the
induction and maintenance of the dormant state of
bacilli for long periods of time (years or even decades)
[12]. It is known now that bacteria play an active role
in granuloma formation [11, 13]. Experiments where
Danio embryos were infected with Mycobacterium
marinum showed that the bacterial 6-kDa virulence
protein ESAT-6 (early secretory antigenic target 6)
stimulates the epithelium to produce matrix metallo-
proteinase 9 (MMP9), which alters the structure of
the extracellular matrix (ECM), and activates macro-
phage recruitment to the infection site [14].

In addition, bacilli actively recruit mesenchymal
stem cells (MSCs) into the granuloma interior, where
MSCs act to suppress T-cell immunity by producing
nitric oxide, tumor necrosis factor α (TNF-α), and
the chemokine RANTES (regulated on activation,
normal T cell expressed and secreted), which is
encoded by human CCL5 [4]. Macrophage infection
was additionally found to arrest the mycobacterial cell
cycle at the G0/G1 transition. The mechanism proba-
bly allows mycobacteria to avoid being eliminated by
cytotoxic T cells [15]. Products of the mycobacterial
gene for the σ factor SigH, which regulates transcrip-
tion intiation, most likely play a substantial role in
modulating the host immune response by affecting
chemotaxis- and apoptosis-related processes. The
product of this gene was shown to partly decrease
expression of β-chemokines, which are the main che-
moattractants that attract cells of the immune system
to the infection site. This ensures Mtb protection. It is
known additionally that the induction of proinflam-
matory factors during infection is accompanied by the
activation of prostaglandin synthesis driven by cycloo-
xygenase 2, which decreases the intracellular concen-
tration of proapoptogenic arachidonic acid and dis-
torts p53-dependent apoptosis. Stimulation of cycloo-
xygenase expression by SigH prevents apoptosis in
infected cells and promotes the persistence of infec-
tion [16].
It was thought earlier that nondividing bacilli sur-
vive in the lung within MSC-containing granuloma
regions, which are poorly accessible to therapeutics.
More recent studies showed that MSCs are also
infected by Mtb [17, 18]. Mycobacteria can long
remain viable within human bone marrow (BM) stem
cells in vitro. In addition, mycobacteria are found in
BM stem cells of mice with dormant tuberculosis
infection. Finally, viable bacilli were observed in BM
stem cells of patients after successful long-term drug
therapy. Genes for ATP-dependent ABC transporters
are intensely expressed in MSCs to ensure their drug
resistance [19]. A study of the effect of Mtb infection
on human MSC metabolism showed that mycobacte-
ria induce expression of quiescence markers, the
FOXO3a transcription factor (a member of the Fork-
head box O3 family), NOTCH1 (a member of the
transmembrane protein family), and SOX9 (sex deter-
mining region Y-box transcription factor 9), which are
characteristic of stem cells. At the same time, they
inhibit expression of cell cycle progression markers. In
contrast, expression of the proliferation markers S-
phase kinase-associated protein 2 (SKP2) and cyclin
A1 (CCNA1) is upregulated in infected macrophages.
Thus, Mtb occurs in a dormant state in infected MSCs
during latent infection [20].

A specific microenvironment of infected human
MSCs was found in vitro to facilitate more intense
synthesis of mycobacterial Rv1734, which triggers dor-
mancy, and the α-crystallin homolog HspX, which is
associated with the cell wall and is responsible for its
gradual thickening upon a transition to the nonrepli-
cative dormant state. An accumulation of lipid bodies
was additionally observed in MSCs. Expression of the
virulence protein ESAT-6 is downregulated. It is of
interest that the above changes occur in early infec-
tion, as soon as bacilli find their way into MSCs, but
never take place in infected macrophages. Early exper-
imental attempts to induce Mtb dormancy in human
macrophages and dendritic cells in vitro did not meet
with success [21–23].

Normally, MSCs are capable of self-renewal, pro-
duce chemokines, cytokines, and growth factors to
maintain homeostasis, to ensure wound healing, and
to inhibit inflammatory responses [24, 25]. It is known
that human MSCs exert direct and indirect antimicro-
bial activities against Pseudomonas aeruginosa, Staph-
ylococcus aureus, and Streptococcus pneumonia by
secreting the antimicrobial peptide LL-37 [26]. MSCs
act to suppress the immune response mediated by T
cells, dendritic cells, and macrophages and thus create
the microenvironment for drug-resistant Mtb [27].
Mycobacterial infection of MSCs activates the MSC
production of exosomes, which are nanovesicles of
30–150 nm in diameter and are produced by many
cells. Nanovesicles are encircled by a lipid bilayer and
contain a variety of biomolecules, including regulatory
proteins, glycans, lipids, RNA, DNA, and metabolites
[28, 29]. Exosomes can be captured by other cells, and
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their contents are internalized and affect the pheno-
type of the recipient cell; i.e., exosomes act as import-
ant mediators of cell-to-cell communication. MSC
exosomes are captured by macrophages, thus trigger-
ing the inflammatory response and upregulating
expression of TNF-α, RANTES, and inducible nitric
oxide synthase (iNOS) [30].

Human immunodeficiency virus type 1 (HIV-1) is
also capable of persisting in a latent state for decades
and reactivating afterwards. It is therefore of interest to
study the mechanism of HIV-1 reactivation induced
by Mtb infection [31]. Earlier studies showed that the
mechanism involves a standard set of regulator factors,
such as inflammation, major histocompatibility com-
plex class II (MCH-II) processing, the Toll-like
receptor signaling pathway, expression of the
CXCR4/CCR5 chemokine receptors, and activation
of the regulators of transcription from the HIV LTR.
In combined infection, exosomes secreted by Mtb-
containing macrophages were observed to reactivate
HIV-1 by inducing oxidative stress. A proteome anal-
ysis of the exosomes revealed the host signaling mole-
cules that are capable of reactivating HIV-1 by altering
redox metabolism with subsequent development of
inflammation and the immune response [31].

The following features are now commonly
accepted for the dormant Mtb phenotype.

(1) Replication is impossible. The state is defined
as “viable but nonculturable” or “nongrowing but
metabolically active” [32]. The state is due to expres-
sion of many mycobacterial genes. For example, relA,
which codes for (p)ppGpp synthase, controls many
synthetic processes, including ATP and GTP synthe-
ses, DNA replication, and protein synthesis [16].

(2) Dormancy genes are expressed. There are 4173
genes in the Mtb genome, and more than one-fourth
of them are responsible for entering and exiting the
dormant state [3, 33]. A proteome analysis was carried
out with dormant Mtb cells and cells that are exiting
dormancy [34]. The functional aspects of dormancy-
associated Mtb genes were reviewed in detail [35]. For
example, the DosR (dormancy survival regulator) reg-
ulon consists of 48 genes. Their expression is activated
in the granuloma in conditions of oxygen deficiency
and NO stress and facilitates the transition of intensely
replicating bacteria into the dormant state to with-
stand stress and to ensure long-term survival in the
host and reactivation in favorable conditions [35].
Cells occurring in the dormant state for a long period
of time (8 months) are characterized by an accumula-
tion of enzymes responsible for cell protection from
oxidative stress (superoxide dismutases and catalases-
peroxidases), DNA-binding proteins (НupB/Rv2986
and IniB/Rv0341), and protein aggregation-prevent-
ing chaperones [36].

(3) Metabolism changes. All metabolic changes are
generally associated with inhibition of cell processes
and, eventually, an arrest of the cell cycle and division.
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
However, increased synthesis is observed for the
enzymes that are atypical to the usual cell state. For
example, the glyoxylate pathway is activated to allow
Mtb to utilize lipids as the only carbon source, energy
metabolism changes to a lower intracellular ATP con-
tent and a higher NADН/NAD ratio, and changes
occur in lipid and nitrogen metabolism [37].

(4) Cell morphology changes. These changes usu-
ally accompany functional reorganization of nonrepli-
cating bacilli and involve their size, shape, and ultra-
structure. Sporulation of certain Gram-positive bac-
teria provides the most brilliant example of such
changes and is thought to be a truly dormant state [38].
Although Mtb is known to be incapable of sporulation,
altered shapes, including an ovoid shape, were
described for dormant bacilli [39]. Forms that have a
changed staining pattern and contain lipid bodies were
detected for Mtb. Lack of nutrients and oxygen was
similarly found to induce a gradual transition from
rod-like to ovoid shapes in nonpathogenic M. smeg-
matis [40]. Scanning electron microscopy showed that
dormant Mtb cells change in appearance and substan-
tially decrease in length, while their initial morphol-
ogy is gradually restored after a restart of aeration [41].

(5) Drug tolerance is acquired. Many molecular
and cell mechanisms of tolerance are still poorly
understood. It is known that ABC transporters are
expressed in MSCs harboring dormant Mtb forms,
thus preventing drug accumulation in the cell [19].
Dormant cells do not express catalase-peroxidase,
which is necessary for activation of the antituberculo-
sis antibiotic Isoniazid [42]. Cell-wall thickening,
which is observed in dormant Mtb cells within MSCs,
is possibly accompanied by structural changes that
also provide for antibiotic resistance [23].

(6) The state is reversible. A modeling of Mtb dor-
mancy in vitro showed that many factors play a role in
the process, including a decrease in oxygen content,
an increase in nitric oxide and carbon oxide contents,
nitrogen starvation, deficient or excessive metal ions,
potassium deficit, lipids as the only carbon source,
and antibacterial drugs [5]. The physiology and gen-
eral transcriptomic profiles of Mtb were studied during
reactivation from a hypoxia-induced nonreplicative
state, and the results showed a lag phase, in which
physiology and metabolism are restored prior to the
start of cell division. Reaeration led to repression of
dormancy-associated regulons, including DosR,
MprA, SigH, SigE, and ClgR and inhibition of lipid uti-
lization metabolic pathways. Regulons and metabolic
pathways that are upregulated at the exit from the non-
replicative state were identified and were found to
include metal ion transport, DNA recombination and
repair, and syntheses of major components of the cell
wall [43]. Factors that impair host immunity are
known to promote reactivation of dormant Mtb forms.
The set includes HIV infection, organ transplantation
with immunosuppressive therapy, silicosis, tight con-
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tacts with patients with active tuberculosis, use of
blockers of proinflammatory TNF-α, chronic kidney
failure with hemodialysis, corticosteroid administra-
tion, tobacco smoking, and metabolic disorders (dia-
betes mellitus and rheumatoid arthritis) [44].

CANCER CELL DORMANCY

A concept of tumor dormancy, or quiescence, was
proposed as a model where an increase in cell number
in the tumor as a result of proliferation is balanced
with a decrease in cell number as a result of cell death
[45, 46].

Another type of tumor quiescence is dormancy of
individual disseminated tumor cells. Their dormancy
is induced by factors that trigger growth arrest pro-
grams and include signals from the microenvironment
and the extracellular matrix of metastatic niches,
hypoxia, and various stress factors [47]. Cell dor-
mancy is characterized by minimal proliferation, min-
imal death, and reversibility. A quiescent state (dor-
mant status) is observed in stem cells of various plant
and animal tissues and cancer stem cells [48]. A direct
relationship was established between cancer recur-
rence in the form of metastasis and dormancy of can-
cer cells [49].

The history of cancer cell dormancy studies was
briefly described in a recent review, starting from the
1st century AD [50]. In 2019, the dormant cell tran-
scriptome was described for human myeloma [51]. A
time scale was constructed to demonstrate the devel-
opment of the concepts of dormancy of individual
cancer cells and dormancy of the whole tumor. The
idea of cancer recurrence formed as early as the 1st
century, when Celsus, a Greco-Roman philosopher,
was the first to observe that after a tumor was removed
and even a scar has formed, the disease may recur and
cause death [50]. In 1934, Rupert Willis noted that
metastases found in patients without recurrence at the
tumor excision site indicate that “neoplastic cells must
have lain dormant in the tissues in which they were
arrested”; the term “dormancy,” or quiescence, was
coined at that time [50].

Convincing evidence that dormant cancer cells can
cause the disease to recur after a long quiescent period
is provided by the cases where tumors were detected in
patients who underwent transplantation of donor
organs. Inadvertent transfer of cancer cells through
transplants from seemingly healthy donors was first
described in a case where a patient had kidney trans-
plantation and was diagnosed with renal squamous
cell cancer 8 months after surgery. It was found out
later that the donor had lung cancer. In another study,
a prostate tumor was found in a heart donor upon
postmortem examination, and the recipient was diag-
nosed with multiple metastasis in the vertebral col-
umn, sacral region, and ribs 10 months after heart
transplantation. Histochemistry with antibodies
against prostate antigens showed that biopsy material
from a rib (but not the prostate) of the recipient con-
tained cancer cells characteristic of metastases that
prostate cancer cells produce [46, 52, 53].

COMPARISON OF EMBRYONIC DIAPAUSE 
AND CANCER CELL DORMANCY

Quiescence of cancer and Mtb cells is not a unique
phenomenon and seems to employ the universal dor-
mancy mechanisms that work in embryonic cells and
adult stem cells of plants and animals [47, 54].
According to current concepts described in a recent
review, environmental signals (light, temperature, and
nitrate content) control dormancy of embryonic cells
in plant seeds by changing the hormone levels [55].
Regulatory gene networks responsible for dormancy of
plant stem cells were considered in our review [56]. A
quiescent period may occur in the normal embryonic
development in animals. The period is known as
embryonic diapause in mammals and the Dauer larva
period in the nematode Caenorhabditis elegans, and its
activation helps to preserve the offspring in adverse
environmental conditions [57–59]. Diapause mecha-
nisms can be activated in C. elegans, Fundulus fish,
and even mice [60, 61]. For example, the majority of
cells proved arrested at G1/G0 in samples isolated from
Austrofundulus limnaeus fish embryos in stress due to
oxygen starvation [60]. Gene expression profiling
showed activation of approximately 100 genes in
mouse embryos during diapause. Some of these genes
are upregulated in dormant cancer cells as well [58].
For example, a specific regulation of cell cycle inhibi-
tors and chromatin remodeling factors was observed in
embryonic cells during diapause and dormant cancer
cells. A transition of blastocysts (preimplantation
mammalian embryos) to a quiescent state was shown
to require sustained expression of pluripotency genes
and a decrease in c-Myc protooncogene level, the
finding relating dormant cancer cells with dormant
blastocysts. The main role of DNA-binding factors of
the Myc family is presumably not to maintain plurip-
otency in itself (in particular, in mouse embryonic
stem cells), but rather to suppress early differentiation
stages [59]. Expression of the main pluripotency
markers Oct4 (octamer-binding transcription factor 4)
and Nanog (from Keltic mythological “Tir nan Og”,
Land of Eternal Youth) gradually decreases during dif-
ferentiation. The pluripotency factors are seemingly
coexpressed with early differentiation markers at the
initial stages of differentiation. The quiescent state of
dormant cells with intense expression of NANOG,
OCT4, and SOX2 (SRY (sex determining region Y)-
box transcription factor 2) coincides with lower c-Myc
expression and a general decrease in expression of cell-
cycle genes targeted by c-Myc [62, 63]. The immedi-
ate microenvironment that is in contact with blasto-
cysts upon their implantation can also provoke hor-
monal reactivation of diapause cells. For example,
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
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expression of the heparin-binding EGF-like growth
factor (HB-EGF) was decreased in diapause embryos.
An increase in HB-EGF expression led to the estab-
lishment of a uterus–embryo connection, thus facili-
tating embryo implantation and growth [58]. It is of
interest that embryonic diapause is an evolutionarily
conserved phenomenon and can be induced in dia-
pause-free mammals, such as sheep [61].

In vivo experiments with three-dimensional cul-
tures showed that some cancer cells that survived che-
motherapy display a reversible transcription program
that is observed in embryo cells during embryonic dia-
pause and is associated with suppression of the Myc-
related factors. These cells are inactive in terms of bio-
synthesis and proliferation. Oppositely, induced Myc
activation increased the efficacy of chemotherapy [64].

Inhibition of mTOR (mammalian target of rapa-
mycin) and Myc activities and activation of autophagy
factors determine the diapause-like state of breast can-
cer and colorectal cancer cells. However, a compre-
hensive transcriptome analysis showed that the quies-
cent state of cancer cells differs from embryonic dia-
pause and rather resembles the quiescence of
embryonic stem cells [65–67].

COMPARISON OF EMBRYONIC 
AND CANCER CELLS

Many cells form far away from the sites of their
future location and function during embryo develop-
ment and have to migrate over great distances. To start
moving, embryonic epithelial cells undergo the so-
called epithelial-to-mesenchymal transition (EMT),
which destroys intercellular contacts and ensures cell
mobility. Cells that have arrived to their destination
have to undergo a reverse mesenchymal-to-epithelial
transition (MET) to proliferate and differentiate into
particular tissue cells [68, 69]. Movements of neural
crest cells were studied most comprehensively [70].
Best evidence for EMT occurring in cancer cells is
provided by the facts that individual cells break away
from the primary tumor and that circulating and dis-
seminated cancer cells display signs of EMT and high
epithelial-mesenchymal plasticity [71, 72].

However, EMT is not an all-or-nothing transition.
Partial EMT was observed in Drosophila during gas-
trulation and in amniotes (amphibians and fish)
during early migration of groups of neural crest cells,
when cells display both epithelial and mesenchymal
features. The EMT program has already been triggered
in these cells: the cells gradually decrease transcription
of the gene for the cell adhesion protein E-cadherin,
lose their apical–basal polarity, but still preserve their
intercellular contacts and migrate in groups. Cancer
cells with a transition phenotype were found to be the
most aggressive [73, 74]. The hybrid phenotype allows
cancer cells to separate from the primary tumor and to
rapidly colonize new regions. Although EMT in
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
embryo development and EMT in pathology have
many common features, their differences are also evi-
dent. An EMT classification was developed. Type 1
EMT is characteristic of embryo development; type 2
EMT is observed in wound healing, tissue regenera-
tion, and fibrosis of organs; and type 3 EMT occurs in
carcinogenesis. Embryonic EMT includes a transition
from epithelial to mesenchymal properties, but not
induces an inflammatory response in embryos, while
such a response is typical of type 2 and type 3 EMTs.
Cancer cells undergo type 3 EMT during tumor devel-
opment. Type 3 EMT ensures not only invasiveness
and mobility, but also penetration of separated cells
into lymphatic and blood vessels and back into tissues.
These intravasation and extravasation phenomena are
not observed in fibrosis or embryonic cell migration.

It is of interest that an epithelial phenotype is usu-
ally expressed by metastases, suggesting an important
role in tumor development for epithelial-mesenchy-
mal plasticity. In other words, there must be an EMT
reversion, which was first hypothesized in [75] and
was observed in a study of embryo development [76].

Like in embryos, cancer cell EMT coincides with a
decrease in expression of EMT-associated transcrip-
tion factors. MET includes not only a reversion to the
epithelial phenotype, but also an increase in prolifera-
tion, which is important for the growth of both
embryos and secondary tumors [68, 69, 77].

CIRCULATING CANCER CELLS
Hypoxia and nutrient deficiency arise in growing

tumors. Subpopulations of aggressive invasive cells are
presumably formed and selected under the influence
of these factors [78–80]. These cells rapidly change
their metabolism and start utilizing alternative energy
sources, such as remains of necrotic cells or their lip-
ids, which are internalized via macropinocytosis [81].
Chronic stress leads to a transformation of benign
tumors with noninvasive cells to malignant tumors
[69]. Genetic [82, 83] and epigenetic changes arise as
a result in some cancer cells to allow their migration
and invasion into the circulatory and lymphatic sys-
tems [79]. The cells undergo EMT, which is character-
ized by loss of intercellular contacts and apical–basal
polarity and acquisition of mobility and invasiveness.
The changes are accompanied by dramatic alterations in
cell behavior, which are due to upregulation of EMT
markers, including transcription factors of various fami-
lies, such as SNAIL, TWIST, and ZEB [68, 69, 77].

Cancer cell exfoliation and dissemination into
lymph nodes and the liver may occur in early develop-
ment of the primary tumor, before the tumor is exerted
or even detected [74].

Whichever the mechanism cells separate from the
primary tumor, penetrate into the basement mem-
brane, migrate to blood vessels, enter circulation, and
circulate until reaching their destination, where they
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may produce secondary tumors, or metastases [79,
85]. Although all cells that underwent EMT have
higher invasiveness and higher migration activity, only
their minor specific subpopulation, known as circulat-
ing tumor cells (CTCs), survives in the blood and
lymph. CTCs are resistant to chemotherapy and
radiotherapy. Their resistance is due to the accumula-
tion of somatic mutations, which abolish their sensi-
tivity to signals of anoikis, which is a form of pro-
grammed cell death that is characteristic of normal
cells when they detach from their support [86]. Anoi-
kis occurs in cells detached from the extracellular
matrix (ECM) and neighbor cells. The factor PHD2,
which is also known as hypoxia-inducible factor
(HIF) prolyl hydroxylase 2 HIF-PH2, is an oxygen-
sensitive molecule and normally inhibits HIF. HIF
hydroxylation and degradation are impossible in
hypoxic conditions within the tumor, and HIF rapidly
accumulates to trigger the adaptive response, where
cells become capable of remodeling their metabolism,
changing pH of their environment, and activate
expression of the vascular endothelial growth factor
(VEGF) [79]. HIF upregulates TWIST expression and
triggers EMT and SNAIL1 expression, leading to loss
of epithelial markers, such as E-cadherin and the epi-
thelial cell adhesion molecule (EpCAM), and acquisi-
tion of mesenchymal markers, such as vimentin and
N-cadherin [69]. Then the cells penetrate through the
basement membrane, enter circulation, and become
CTCs.

It should be noted that a similar situation occurs
when neural crest cells exfoliate from the neuroepithe-
lium in vertebrate embryos. Cells similarly undergo
EMT and lose the cell adhesion proteins, thus acquir-
ing the capability of migration [70, 87, 88].

To exit vessels and enter new niches for coloniza-
tion and metastasis formation, CTCs lose mesenchy-
mal features and undergo a reverse transition, MET.
Two models were advanced to explain how coloniza-
tion occurs. An EMT/MET model suggests that single
CTCs change their phenotype and restore their epi-
thelial properties at a colonization site. According to a
collective migration model, circulating cells move in
large clusters, varying in the degree of EMT. A cluster
may harbor not only epithelial cells, but also fully mes-
enchymal cells and cells with a hybrid phenotype.
Both of the models may be true in principle [73, 79].

CTCs remain in circulation no longer than 1–2 days,
and the majority of them die. Cells of the immune sys-
tem were shown to play a certain role in CTC migra-
tion, the set including leukocytes, neutrophils, and
macrophages attracted by growth factors and cyto-
kines. Platelets greatly contribute to CTC survival in
the blood. Their prometastatic effect is exerted at the
physical and molecular levels. Physically, platelets
quickly cover CTCs and protect them from mechani-
cal damage in circulation. Tumor cells utilize their sur-
face integrins to bind the platelet adhesion proteins
(fibronectin and von Willebrand factor), thus causing
platelet aggregation. In addition, platelets increase
CTC adhesion to the vascular endothelium through
their surface molecules selectins. Protection from the
immune system is also ensured by platelets. Namely,
platelets secrete the transforming growth factor β
(TGF-β), which inactivates natural killer (NK) cells
by downregulating expression of the NKG2-D antigen
receptor. To further weaken the effect of the immune sys-
tem, MHC molecules are transferred from the surfaces of
granulated platelets to CTCs, thus providing them with
platelet identity and disorienting NK cells [78].

CLUSTERS OF CIRCULATING TUMOR CELLS

Apart from single CTCs, CTC clusters are found in
the patient blood [78]. CTC clusters are rarer and con-
tain 2–50 cells each. Larger clusters, which are known
as tumor microemboli, were observed in patients with
lung and breast tumors [89, 90].

A shift in metabolism was observed to occur in
CTC clusters and to confer stem cell features on
CTCs; CTC clusters grown in vitro form spheroids
[79]. This is due to higher secretion of plakoglobin and
the transmembrane glycoprotein CD44, which pro-
tects cancer stem cells (CSCs). Plakoglobin gene
silencing decreased the number of metastases in mice
with breast tumors by a factor of 30–40. Overexpres-
sion of keratin-14 increased the likelihood of metasta-
sis formation by these cells [91]. In addition, binding
sites for the transcription factors OCT4, NANOG,
SOX2, and SIN3A, which are characteristic of stem
cells, are hypermethylated in CTC clusters, as is typi-
cal for embryonic stem cells [92].

Large clusters can pass through microchannels of
50–300 μm in diameter [93]. It was found that a clus-
ter unfolds with disruption of intercellular connections
to form a cell chain, which squeezes through capillar-
ies and forms a cluster again at a destination site. Mor-
phological changes occur in the cells in the process. As
cells are constricted, their nuclei are deformed and
lose their rounded shape to become ellipsoid. These
properties seem to ensure a high metastatic potential of
CTC clusters [94].

Thus, CTCs are a highly heterogeneous cell sub-
population rather than a single general population.
Single CTCs, CTC clusters, and CTCs with stem cell
properties [94] are members of the same family of aggres-
sive cells that derive from the primary tumor [95].

Clusters of CTCs may get stuck in small capillaries
to produce small thrombi. Fibronectin is consequently
activated and interacts with CTC integrins [96]. Resi-
dent cells also interact with CTC integrins to stimulate
expression of S100, which regulates protein phosphor-
ylation, cell growth, differentiation, and inflamma-
tion. Expression of this gene plays an important role in
cytoskeletal dynamics and premetastatic niche prepa-
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ration and triggers CTC settlement in metastatic
niches [78, 79, 97].

DISSEMINATED TUMOR CELLS
CTCs can leave the blood stream at any place, but

can survive and subsequently start proliferating only in
a particular organ, which depends on the origin and
histological subtype of the primary tumor [98, 99]. It
is known that only one out of 40 disseminated tumor
cells (DTCs) forms a micrometastasis and that only
one out of 100 micrometastases progresses to a macro-
scopic tumor [48, 50, 100]. Signs of metastatic lesions
can develop several years or decades after primary
tumor excision. Such clinical observations indicate
that DTCs do not always start dividing at once, but can
persist in a dormant state. Dormant DTCs survive
chemotherapy courses by utilizing the conserved
mechanisms of adaptation and survival that work in
both embryonic and adult tissues [48, 54, 101].

The ability of dormant cells to slow down their own
metabolism is of particular interest. The conditions in
which DTCs occur were described as hypoxia, higher
acidity, and low glucose [102]. Glycolysis is used to
produce energy in rapidly proliferating cancer cells
even when the available oxygen is sufficient for mito-
chondrial function. The phenomenon is known as the
Warburg effect [103]. Acidification of the environment
blocks glycolysis, and cell metabolism switches to fatty
acid oxidation and slows down. The changes allow the
cell to stop growing and to survive in adverse condi-
tions.

CANCER STEM CELLS
The concept of cancer stem cells (CSCs) is based

on a series of teratocarcinoma studies, which made it
possible to assume that malignant neoplasms are a
mixture of malignant stem cells, which have a pro-
nounced potential to proliferate and a limited poten-
tial to differentiate, and the differentiated, possibly
benign, progeny of these malignant cells [104].

Stem cells are cells that have a potential for self-
renewal and differentiation into various cell types
[105]. The capability of self-renewal is due to expres-
sion of telomerase, which prevents telomere shorten-
ing during cell division and provides for infinite prolif-
eration [106]. It was believed that embryonic stem cells
can differentiate in any adult cells, while adult stem
cells can give origin to and fully replace only differen-
tiated cells of the cognate tissue, thus maintaining the
tissue and organ structure throughout life [107]. This
model of unidirectional development from a pluripo-
tent state to complete differentiation was put to doubt.
A hypothesis was advanced that, in certain conditions,
single stem cells can acquire a phenotype other than
that of cognate tissue cells and that adult cells can be
dedifferentiated to stem cells and give origin to cells of
various tissues. Takahashi and Yamanaka [108] con-
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
firmed the hypothesis by demonstrating that adult dif-
ferentiated cells are possible to reprogram to induced
pluripotent stem cells, which are capable of differenti-
ating to any endodermal, ectodermal, or mesodermal
cell lineage. To allow the reprogramming, differenti-
ated cells are engineered to overexpress the genes for
stem cell-associated factors known as the Yamanaka
factors: c-MYC, Kruppel-like factor 4 (KLF4), Sox2,
and Oct-3/4 [109, 110]. The findings confirmed the
dedifferentiation and transdifferentiation phenomena,
which underlie the modern CSC theory. CSCs were
first isolated from acute myeloid leukemia patients in
1997 [111]. It is thought that CSCs originate either
from MSCs found in adult tissues or from differenti-
ated cells that are reprogrammed to pluripotent cells
via dedifferentiation. Normal stem cells and CSCs are
similar in properties, including the capability for self-
renewal, unlimited growth, invasiveness, and blocked
differentiation [112]. The properties allow CSCs to
initiate and sustain tumor growth. The factors SOX2,
OCT4, and NANOG are components of the main reg-
ulatory chain that ensures the maintenance of self-
renewal potential and pluripotency in stem cells [110].
CSCs have high plasticity and can change their pheno-
type and functions in response to the changes that
radiotherapy and chemotherapy induce in the tumor
microenvironment.

It should be noted that overlapping signaling path-
ways regulate the maintenance of stem-cell properties
and cell senescence [113]. Key signaling molecules
that regulate cell senescence, the cyclin-dependent
kinase inhibitors p16 (also known as Ink4a or Arf) and
p21(Cip1), and the tumor suppressor p53 (also known
as Trp53) play an important role in maintaining cell
stemness as well [114]. For example, the senescence-
triggering factors p53, p16, and active centromere
component Suv39h1 prevent conversion of normal
differentiated cells to induced pluripotent cells. Aging
cells were recently found to secrete the cyclin-depen-
dent kinase inhibitor p21, which helps to stop prolifer-
ation of aging cells and provides a signal to trigger
immune surveillance [115].

Aging may directly facilitate CSC plasticity by
inducing expression of genes characteristic of stem
cells in nonstem tumor cells [116]. CSCs undergo
EMT in many cancers, leading to metastasis.

It is often thought that CSCs and DTCs are the
same cells [50]. DTCs most likely combine both stem
and nonstem tumor cell populations [117]. In fact, sin-
gle-cell studies showed that DTCs are highly hetero-
geneous and include groups of aging, quiescent, and
intensely proliferating cells [118].

The mechanisms that regulate cell behavior in
CSCs are highly similar to those of stem cells, includ-
ing hematopoietic, muscle, nervous, and hair follicle
stem cells. CSCs utilize similar programs of growth
arrest, pluripotency, and epigenetic plasticity [48].
Activation of the mTOR pathways was observed to
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increase the CSC pool in DTCs within a bone marrow
metastatic niche (MN) by promoting the release of the
growth arrest specific 6 (GAS6) factor from osteo-
blasts [119]. An increase in p38-MAPK (mitogen-
activated protein kinase)-to-ERK (extracellular sig-
nal-regulated kinase)–MAPK ratio was shown to
induce dormancy in DTCs of various tumors [120]
and prostate CSCs [121].

The Notch and Wingless (Wnt) signaling pathways,
which control the CSC pool and the balance between
quiescence and proliferation of dormant DTCs, can
activate the growth of metastases originating from var-
ious solid tumors [46, 48, 100]. The pathways appar-
ently activate the cell cycle through the c-Myc pro-
tooncogene, while their blockage induces CSC quies-
cence and tumor dormancy. In addition, c-Myc
increases Bmi-1 (polycomb repressor complex 1 com-
ponent Bmi-1) expression, which regulates the self-
renewal capacity of breast CSCs and correlates with
disease recurrence [122]. Another example of similar-
ities between dormant DTCs and CSCs is provided by
the interleukin 6 (IL-6)‒leukemia inhibitory factor
(LIF)–LIF receptor (LIFR) cascade, which is neces-
sary for maintaining dormancy and stemness in breast
DTCs within bone marrow (BM). Finally, the
mechanical properties of the ECM and the EMT pro-
cess play a substantial role in the acquisition of stem-
cell properties by tumor cells and their metastatic
growth [123]. For example, ZEB1, which is a key EMT
regulator and is responsible for the cell response to
microenvironmental stimuli, such as local inflamma-
tion, and TGF-β activate the transcriptional program
that helps DTCs to exit dormancy, confers stem-cell
properties on DTCs, and ensures their capacity for
proliferation [124].

PREMETASTATIC NICHES
While tumor cells are major cells in the primary

tumor mass, DTCs enter a hostile aggressive environ-
ment. The idea underlies the well-known seed and soil
hypothesis, which was advanced in 1889 and states
that DTCs will grow only in a favorable environment,
like seeds will grow only on fertile soil [125]. This clas-
sical concept emphasizes that the properties of the
environment (soil) are as important for DTC survival
as the properties of DTCs (seeds) are. The concept of
a niche (from French niche or German Nische, a nest)
was first coined in 1978 when describing immortality
of hematopoietic stem cells (HSCs) [126]. It was stated
that the stem cell should be considered in association
with surrounding cells, which determine its behavior,
and that this niche plays an active role in preventing
the stem cell from maturation and proliferation. The
concept defines the cell niche as a dynamic ecosystem
where certain cell types interact with each other to per-
form certain functions. The function is to maintain the
stem-cell properties in the case of the HSC niche. In
fact, it was demonstrated that the malignant pheno-
type of tumor cells can be reversible and depend on
their microenvironment [127].

Even before DTC spreading, factors determined by
the primary tumor recruit immune cells to the sites
where they change the conditions to produce a
premetastatic niche (PMN) prepared for being colo-
nized by DTCs [128, 129]. Namely, an immunosup-
pressive microenvironment is prepared. The microen-
vironment consists of myeloid suppressor cells, regula-
tory T cells (Treg), tumor-associated macrophages
(TAMs), and tumor-associated neutrophils and does
not hinder DTC colonization [130–133]. Systemically
spreading exosomes can act as one of the factors [134].
Cells that express VEGF receptor 1 (VEGFR1) and
originate from BM were found to settle in the lung
before tumor cells arrive. The cells interact with the
stroma and form sites for prospective metastatic cells
[135]. Exosomes produced by the primary tumor act as
key mediators of the process. For example, mela-
noma-derived exosomes, which contained the c-Met
(tyrosine protein kinase) oncogene, were captured by
BM cells and ensured their infiltration in the lung,
where they contributed to the PMN formation by
increasing the permeability of capillaries and facilitat-
ing metastasis [134]. In addition to recruiting immune
cells to the lung and increasing the capillary permea-
bility, exosomes of breast cancer and melanoma cells,
but not pulmonary epithelial cells, were observed to
modulate resident pulmonary fibroblasts by inducing
S100 expression and thus stimulating cell proliferation
and migration [136, 137].

Although the seed and soil (organotropism) con-
cept was advanced more than 120 years ago to describe
the propensity of particular tumors to produce metas-
tases in certain organs [125], the mechanism of the
phenomenon is still unclear. It is known that the PMN
location in the lung, liver, and brain is partly deter-
mined by the exosomes of a tumor origin that contain
certain integrins, namely, α6β1, α6β4, αvβ5, and
αvβ3, which are associated with the ECM molecules
laminin and fibronectin, and by certain cells of the tar-
get organs [136]. In addition, adhesion molecules and
other components exposed on the exosome surface
can determine organotropism of DTCs from various
tumors. Studies of the exosome role showed that
niches are not uniform and that unique properties are
characteristic of pulmonary, bone, and liver PMNs.
The contents of exosomes originating from various
cells and their contribution to PMN formation and
organ-specific metastasis were reviewed in [138].

Liver metastasis occurs more often than primary
tumors and is characteristic of many tumors, espe-
cially gastrointestinal, breast, lung, and pancreatic
cancers. Exosomes that are produced by pancreatic
cancer cells with integrin αvβ5 expression and carry
the macrophage migration inhibitory factor (MIF)
were shown to induce TGF-β secretion from Kupffer
cells and thus to lead to fibronectin synthesis in stellate
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
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cells of the liver [139]. In the lung, small nuclear RNAs
contained in exosomes activate expression of MMP9,
which remodels the ECM at the prospective niche site,
and fibronectin to facilitate neutrophil recruitment
[136, 137].

While immune cells are affected by exosomes in the
case of lung and liver metastasis, stromal cells, osteo-
blasts, and osteoclasts act as exosome-modulated tar-
gets in bones.

Brain metastasis and the role of exosomes in the
formation of PMNs in the brain are poorly under-
stood. It is known that exosomes that contain integrin
αvβ3, but not any other integrin, are captured by
endothelial cells of the brain [136].

A unique method of co-culturing tumor cells with
cells of the target organ was recently used to study the
spatiotemporal aspects of breast cancer cell migration
and invasion in pulmonary tissue. Changes that tumor
cell exosomes induced in fibroblasts of the target organ
facilitate the PMN formation, and, in turn, PMNs
attract DTCs upon organotropic metastasis [140].

Exosomes of the primary tumor are not the only
factor that facilitates dissemination of its cells. MSC
exosomes were found to promote breast cancer cell
migration upon activation of the Wnt signaling path-
way [141].

METASTATIC NICHES
Once colonized by DTCs, a PMN becomes a met-

astatic niche (MN) and retains the spatial architecture
and functional status of the PMN, including growing
vessels, their permeability, and immunosuppressive
conditions. This specific microenvironment ensures
the survival of DTCs with or without stem-cell prop-
erties in secondary organs (BM, lymph nodes, the
lung, the liver, and the brain) [46, 101].

Changes that occur in niches harboring DTCs and
CSCs dictate whether the cells will survive, trigger
long-term quiescence programs, or start proliferating.

Bone marrow is possible to consider as a “sacred
space” where DTCs and CSCs originating from breast
and prostate tumors hide for long periods of time. It is
of interest that Notch2 induces tumor cell prolifera-
tion in the primary tumor in breast cancer [46, 142]
and exerts an opposite effect in BM MNs, causing qui-
escence and long-term survival of disseminated breast
CSCs [143]. The Wnt signaling pathway in its canoni-
cal variant regulates cell proliferation and stem-cell
properties, but is associated with dormancy of prostate
cancer cells in BM niches that utilize the noncanoni-
cal ROR2/Siah E3–SIAH2 pathway, which inhibits
the canonical Wnt/β-catenin pathway. These opposite
effects are possible to explain only by influences from
microenvironmental factors in the MN. For instance,
several repressor signals were identified, including
TGF-β2, bone morphogenetic protein 7 (BMP7),
GAS6, LIF, Wnt5α, and chemokine (C-X-C motif)
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ligand 12 (CXCL12). TGF-β2 is intensely expressed in
BM and causes quiescence in CSCs [144] and DTCs,
leading to a lower ERK/p38 kinase ratio. The BMP7
transcription factor is secreted by bone stromal cells
and induces dormancy in stem-like prostate cancer
cells by stimulating expression of the NRDG1 (N-myc
downstream regulated 1) metastasis suppressor gene
and p38 signaling [121].

GAS6 is secreted by osteoblasts and promotes dor-
mancy of prostate DTCs by activating the MER tyro-
sine kinase receptor and mTOR [119]. This activation
correlates with the appearance of a stem-cell pheno-
type in DTCs.

LIF is also secreted by the BM stroma and facili-
tates quiescence of breast CSCs in bones, while loss of
LIFR determines the exit from dormancy and pro-
gression of metastasis by repressing the genes respon-
sible for maintaining stemness. It is thought that
osteoblasts induce DTC dormancy in BM [145], while
osteoclasts play a role in exit from dormancy and
osteolytic metastasis into bones [146]. These cells are
known to physically interact with osteogenic cells, and
the osteogenic niche, including osteoblasts, conse-
quently serves as a calcium reservoir for micrometas-
tasis. Breast and prostate cancer cells contain calcium-
sensitive receptors, and calcium ions activate the reg-
ulatory cascades that inhibit apoptosis and stimulate
proliferation in these cells. In addition, calcium ions
induce secretion of the parathyroid hormone-related
protein (PTHRP), which facilitates further resorption
of bone tissue and the release of calcium. Calcium ions
can additionally serve as a chemoattractant for breast
cancer cells and determine their localization in bones
[147]. Age-related phenotypic changes and senes-
cence of osteoblasts increase metastasis [148].

It is probably no accident that the normal HSC
niche provides a site for DTCs to stop in BM [119].
The role of Notch2 was established. To induce dor-
mancy of breast DTCs in BM, Notch2 mimics the
internal cell mechanisms that are responsible for HSC
quiescence [143]. As numerous studies demonstrated,
the specific factors BMP7, TGF-β2, BMP4, and
GAS6, which ensure quiescence of normal stem cells,
induce DTC dormancy in pulmonary and BM niches
[121, 149, 150]. Strict control of HSC dormancy in
BM suggests similar dormancy mechanisms for HSCs
and DTCs [150–152]. Moreover, dormant breast
DTCs express the same stem-cell genes that HSCs do.
However, these DTCs additionally have certain
embryonic stem cell features, such as higher-level
expression of the pluripotency-associated genes
NR2F1, SOX9, SOX2, OCT4 (POU5F1), and NANOG,
which provides DTCs with higher plasticity and ren-
ders their complete differentiation less likely [54].

Brain metastases are most often observed at sites of
contacts between gray and white matters and at the
boundaries between territories of neighbor blood ves-
sels. The blood velocity in these regions is low enough
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to allow CTCs to penetrate the blood–brain barrier
and to exit the blood stream. However, tumor cells
inevitably die if moving away from vessel walls. Metas-
tases of malignant tumors are found, in fact, along the
outer walls of cerebral blood vessels. Neuronal stem
cells similarly occur in the same perivascular space,
and their maintenance and differentiation in normal
neurogenesis are sustained by growth factors, such as
VEGF. The same factors ensure the growth of cancer
cells. It is of interest to note that cancer cells are sensi-
tive to normal neuronal stem cell signaling and, in
turn, release BMP-2 and thus force neuronal stem
cells to differentiate into astrocytes for their own pur-
poses because, in contrast to astrocytes, neuronal stem
cells are capable of preventing tumor growth [154, 155].

As is known, niches of normal adult stem cells are
protected from the immune system [156], and this is
favorable for dormant DTCs. Lower antigenicity is
characteristic of both normal stem cells and dormant
DTCs. The fact agrees with the assumption that eva-
sion from immune surveillance is their common fea-
ture. Expression of FBXW7 ubiquitin ligase is possibly
another common feature. FBXW7 inhibition distorts
quiescence in lymphoma stem cells and lung adeno-
carcinoma cells and facilitates resuscitation and, con-
sequently, chemotherapeutic elimination of dormant
breast DTCs [48, 157, 158].

The lung provides another shelter to dormant DTCs
and CSCs of many tumors. Like in BM, BMP4 (a
member of the TGF-β family) is secreted by resident
cells and prevents self-renewal of breast cancer cells.
DTCs are capable of interacting with the ECM
through their integrin receptors when colonizing the
lung, and this capability also facilitates their dormancy
and survival [46, 159].

Perivascular niche. Because blood and lymphatic
vessels are used by DTCs to leave the primary tumor,
the vascular endothelium is the first barrier that DTCs
encounter in new environments [78]. It is not surpris-
ing that breast, lung, and melanoma DTCs were
tightly associated with the vascular basement mem-
brane in various experimental models. Their microen-
vironment is known as the perivascular niche (PVN)
and is involved in normal tissue differentiation and
development. PVN contains oxygen, nutrients, and
paracrine factors to support DTC and CSC prolifera-
tion [46, 160]. Stem cells of various organs are known
to reside in PVNs at the ends of capillaries, where their
growth is regulated and maintained by factors pro-
duced in the vascular endothelium. The maintenance
of the stem cell state agrees with the induction and
maintenance of DTC dormancy in PVNs. BM PVNs
induce long-term dormancy of DTCs and protects
them from chemotherapy by ensuring their interac-
tions through integrins with the von Willebrand factor
and the integrin ligand VCAM1 [161]. Distortion of
these contacts with the use of integrin-binding anti-
bodies led to DTC resuscitation and chemotherapeu-
tic elimination.

It is of interest that different loci are occupied in
perivascular regions by dormant and proliferating
breast cancer cells. Proliferating cells are closer to the
bone surface in macrometastases, while dormant cells
are closer to perisinusoidal venules. The venules
express the adhesion molecules E-selectins, which are
characteristic of vascular cells in inflammation, and
their expression facilitates tumor cell penetration into
BM. Stromal cell-derived factor 1 (SDF-1), which is
characteristic of stromal cells, is also expressed to
ensure cell fixation in the niche by interacting with C-
X-C chemokine receptor type 4 (CXCR4) [162].

MSCs of various human and animal organs and tis-
sues, including the umbilical cord, and their roles in
DTC dormancy and reactivation was reviewed in
detail in [163].

FACTORS AFFECTING DORMANCY 
MAINTENANCE AND EXIT FROM 

DORMANCY IN DTCs
Role of the Microenvironment

The concept of reversibility of the malignant phe-
notype of tumor cells suggests that tumor cells are
capable of remodeling their epigenetic programs in a
certain microenvironment, such as the embryonic one
[164]. An extract of axolotl embryos was observed to
suppress the growth of breast tumor cells and to induce
their dormancy, including activation of expression of
the cell-cycle inhibitor p27 and inhibition of phos-
phorylation of the tumor suppressor retinoblastoma
protein (RB) and key signaling pathways of cell prolif-
eration [165]. The findings indicate that homeostasis
of the microenvironment in secondary target organs
apparently maintains tumor cell dormancy in a man-
ner similar to that utilized in niches of quiescent adult
stem cells.

While conditions created in PMNs facilitate DTC
fixation and survival in the dormant state, any change
in MN triggers the cell cycle in dormant DTCs and
results in metastatic growth [48, 54, 100]. Various MN
components were tested for the ability to convert dor-
mant DTCs from quiescence (like in stem cells) to the
state of self-renewal and proliferation. The conversion
was due to EMT induction in DTCs and their acquisi-
tion of stem-cell properties in many cases [109, 166].

The extracellular matrix (ECM), which is defined
as the noncellular component of a dormant DTC
niche, is a quickly changing and physiologically active
structure that surrounds cells and plays an important
role in cell–cell interactions. ECM is highly struc-
tured in embryo development and tissue homeostasis,
but becomes unstructured in metastasis. ECM pro-
vides a background in which physical and chemical
factors create the conditions for quiescence or prolif-
eration for dormant cells. The ERK/p38MAPK
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kinase activity ratio upon binding with ECM was
shown to act as a molecular switch of dormancy. The
higher the ratio, the lower is the proportion of dor-
mant cells. Thus, ECM determines dormancy of
DTCs by affecting their survival and proliferation [47,
48, 167–170].

In the state of long-term dormancy, cells are tightly
associated with the rigid matrix via integrin α5β1
adhesion and Rho-associated kinase (ROCK)-gener-
ated tension. Moreover, the possibility to exit dor-
mancy is most likely due to fibronectin 1 degradation
in ECM by matrix metalloproteases and a weakening
of the above association [118].

In addition, the urokinase plasminogen activator
surface receptor (uPAR), which is a membrane glyco-
protein and ensures cell interactions with ECM, was
shown to bind with integrins of squamous cell head-and-
neck cancer cells, leading to inactivation of their mito-
genic cascades and thus inducing dormancy [168, 171].

Osteopontin and tenascin C are components of
PMN ECM and also regulate the CSC survival, self-
renewal, and resuscitation by regulating expression of
the Wnt, Nanog, and Oct4 (POU5F1) transcription
factors [46].

It is important that, apart from the effects of cellu-
lar MN structures on the DTC state, resident DTCs
can themselves create favorable conditions for their
growth or quiescence. For example, breast DTCs were
shown to activate stromal cells located in their imme-
diate vicinity to release periostin and tenascin C. In
turn, these activate the Wnt, Nanog, and Oct4 stem-
cell proliferative pathways in dormant DTCs, leading
to metastatic growth [100, 172, 173]. Interstingly, peri-
ostin secreted by newly growing blood capillaries in
PMNs acts together with TGF-β1 to induce prolifer-
ation of dormant breast tumor cells, while thrombos-
podin 1 secreted by preexisting normal vessels leads to
dormancy of these cells [174].

Roles of Autophagy and Apoptosis
It is known that autophagy may be induced by dis-

torted adhesion of DTCs to ECM. Autophagy is an
evolutionarily conserved mechanism that is triggered
to maintain energy balance in cells exposed to meta-
bolic stress and consists in degradation of damaged
proteins, organelles, and part of the cytosol. In fact,
autophagy was shown to regulate the CSC survival
[175]. Autophagy is tightly associated with stress sig-
nals and metabolic changes. Autophagy is characteris-
tic of dormant cancer cells to a greater extent than of
their proliferating counterparts and allows them to
survive stress in a quiescent state [157]. Inhibition of
autophagy leads to exit from the dormant state [120,
158, 176]. Types and fine mechanisms of autophagy
were reviewed in detail [177].

Proteins of the Bcl-2 mitochondrial apoptosis inhibi-
tor family are known to regulate apoptosis. Bcl-2 overex-
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pression is characteristic of breast and prostate CSCs.
In the latter case, Bcl-2 overexpression is due to
upregulation of Notch and the Hedgehog morphoge-
netic factor, which are responsible for CSC self-
renewal and differentiation [178]. The canonical
Wnt/β-catenin signaling pathway provides another
example of the relationships between apoptosis and
CSC maintenance. Inhibition of the pathway leads to
cell exit from the dormant state [179, 180].

Role of Neoangiogenesis
Processes related to the formation of new vessels

are also involved in remodeling the microenvironment
of dormant DTCs. Dormant cells reside in PMN due
to interactions with its endothelial cells through
thrombospondin 1, and new growing vessels stimulate
dormant cell reactivation and tumor growth by pro-
ducing periostin and TGF-β1 [174]. The Coco mem-
brane factor, which acts as an inhibitor of the BMP
pathway (members of the TGF-β family), facilitates
reactivation of breast cancer cells in the lung [149].
The mechanism is apparently possible to consider as a
universal organ-independent mechanism of dormant
cell reactivation [50].

Several factors are known to regulate angiogenesis,
including the fibroblast growth factor (FGF), PDGF,
VEGF, and-IL-8 [181].

It is known also what changes occur in the tumor
cell that undergoes the so-called angiogenic switch
[182]: thrombospondin (angiogenesis inhibitor)
expression decreases, while upregulation is observed
for genes that have not been related to tumor dor-
mancy as of yet, including ESM1 (endothelial cell spe-
cific molecule 1), TIMP3 (tissue inhibitor of metallo-
proteinase 5'-ectonucleotidase), EGFR (epidermal
growth factor receptor), IGF1R (insulin-like growth
factor 1 receptor), PI3K (phosphatidylinositol 3-kinase,
a signaling pathway component), EphA5 (ephrin A5
receptor), and H2BK (histone Н2BK) [46, 183]. A bal-
ance between the angiogenic switch and dormancy is
finely regulated by microenvironmental factors, includ-
ing proangiogenic VEGF, PDGF, antiangiogenic
thrombospondin 1, angiostatin, and endostatin [184].

Role of the Inflammatory Response and Fibrosis
The processes that occur in chronic inflammation

and, in particular, promote the activation of metastatic
growth were reviewed in detail [185]. Chronic inflam-
mation leads to immunosuppression in the microenvi-
ronment of dormant tumor cells as a result of recruit-
ment of M2 macrophages, Treg cells, myeloid sup-
pressor cells, and other cells and cytokines. This is
accompanied by oncogene activation, stimulation of
cell proliferation, and metastasis. The process is facil-
itated by various epigenetic alterations, including
DNA methylation, histone modification, chromatin
remodeling, and synthesis of noncoding RNAs. For
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example, the inflammatory response induced by renal
tumor cells was observed to promote metastatic
growth in the lung. Epigenetic chromatin remodeling
led to transcriptional activation of inflammation-
associated genes in the process. Inflammation is often
accompanied by recruitment of tumor-associated
fibroblasts, which are responsible for the accumula-
tion of collagen and various ECM components that
facilitate cell proliferation and angiogenesis. The
fibroblasts additionally produce a variety of cytokines
and chemokines, including osteopontin, CXCL1,
CXCL2, CXCL12, CXCL13, IL-6, IL-1β, and CCL-5,
which change the behavior of surrounding epithelial
cells and promote tumor cell proliferation. Induction
of the inflammatory reaction in the lungs with bacte-
rial polysaccharides or tobacco smoke led to EMT
induction, ZEB1 expression, and reactivation in dor-
mant DTCs [186]. A study performed to understand
the relationship between damage to normal tissues,
inflammation, and tumor growth showed that neutro-
phils trigger the Notch-dependent signaling pathway
of cell proliferation to ensure regeneration of damaged
tissue. Neutrophils are therefore also responsible for
creating favorable conditions that allow DTCs to
acquire stem-cell properties and to subsequently start
metastatic growth [187].

Distortions of wound healing result in fibrosis. The
formation of fibrosis-like foci enriched in type 1 colla-
gen and fibronectin creates the environment that is
permissive for reactivation of dormant DTCs. Colla-
gen and fibronectin were shown to trigger the integrin
1β (Intβ1) signaling pathway by activating focal adhe-
sion kinase (FAK). Then ERK kinase is activated and,
in turn, activates myosin light-chain kinase (MLCK).
As a result, F-actin stress fibrils form, and tumor cells
pass from the quiescent state to proliferation. Inhibition
of MLCK activation or Intβ1 expression prevented DTC
reactivation both in vitro and in vivo [53, 188].

The hypoxia-induced multifunctional factor
LOXL2 (lysyl oxidase-like 2) was observed to cause
posttranslational crosslinking of fibroblast-produced
type 1 collagen in pulmonary fibrosis-like foci. This
increased the mechanical rigidity of ECM and created
favorable conditions for tumor cell colonization and
subsequent metastatic growth. Inhibition of LOXL2
prevented colonization and metastasis [189]. It is of
interest that, apart from playing a role in the formation
of fibrosis foci outside the cell, intracellular LOXL2
induces EMT, promotes invasiveness, and confers
stem-cell properties on cells, leading to their transition
from dormancy to proliferation and metastatic growth
[190]. When the inflammatory response in the lung
was modeled in mice via inhalation of tobacco smoke
or nasal administration of a polysaccharide solution,
neutrophil extracellular traps (NETs) were observed to
form in the extracellular space from chromatin regions
associated with proteolytic enzymes that neutralize
foreign substances. Chromatin-associated proteases
remodeled laminin, which accumulates in inflamma-
tion, in such a manner that laminin acted to activate
integrin α3β1 on the tumor cell membrane, and the
integrin triggered the FAK/ERK/MLCK/YAP in the
cell. The YAP (yes-associated protein) transcription
factor activated the genes that are responsible for pro-
liferation of dormant breast cancer cells and metastasis
in the lung [191].

Cancer and tuberculosis are highly similar immu-
nologically. However, tuberculosis studies focus pre-
dominantly on the means to prevent the disease, while
cancer studies are mostly aimed at eliminating the
existing disease by activating the patient’s immune
system [192]. Administration of the common anti-
tuberculosis BCG (bacillus Calmette–Guérin) vac-
cine is one of the most effective methods to treat blad-
der cancer at early stages. Apart from inducing the
immune response, BCG stimulates NET formation.
However, in vitro experiments and studies with a
mouse model of bladder cancer showed that incuba-
tion of cancer cells with NET preparations decreased
their mobility, arrested the cell cycle, and induced
apoptosis, thus exerting a dose-dependent cytotoxic
effect [193]. To explain the discrepancy, it is possible
to assume that the NET mechanisms of action differ
depending on the NET concentration and cell type.
The NET concentration is possibly low in niches of
dormant cancer cells, and the activating effect of
NETs is mediated by ECM modifications. A cytotoxic
effect is exerted when NETs are used to treat primary
tumor cells in vitro.

It is of interest to note that surgery-induced sys-
temic inflammation stimulates proliferation of dor-
mant immunogenic DTCs in various organs, while
administration of nonsteroidal anti-inflammatory
drugs prior to surgery prevents DTC reactivation in the
lung [194].

Role of Immune Control
Two mechanisms are possible for tumor cell dor-

mancy. One is a proliferation arrest, when the cell can-
not divide. The other is a balance between T-cell cyto-
toxicity and angiogenesis in tumor cell niches and sub-
sequent tumor cell reactivation [167]. When activity of
the immune system prevails, tumor cells are elimi-
nated. When active angiogenesis prevails, tumor cells
proliferate. Therefore, tumor cells remain dormant
when the two processes are balanced. Analyses of
organ transplantation results shed the first light on the
role that the immune system plays in metastasis. It is
known that metastasis usually becomes detectable 20–
35 months after the removal of the primary tumor
[195]. The period between transplantation and possi-
ble detection of metastasis in the recipient is shorter,
3–36 months, depending on the tumor type and the
organ transplanted. The observations suggest immune
control over latent neoplasms and active growth of
tumor cells in conditions of drug-induced immuno-
suppression, which is essential for preventing trans-
MOLECULAR BIOLOGY  Vol. 56  No. 5  2022
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plant rejection and abolishes the immune control
[196]. However, organ transplantation is a traumatic
intervention and causes the inflammatory response,
which may also activate dormant tumor cells.

Apart from promoting PMN colonization with
CTCs, cells of the immune system affect the DTC fate
to determine whether DTCs will persist in the dor-
mant state or will be eliminated upon attempted reac-
tivation [79, 197]. Treg cells were shown to promote
DTC dormancy. Treg; cells release adenosine, which
protects quiescent cells from oxidative stress [198]. In
addition, dormant cells are protected from T cells,
while proliferating cells are sensitive to their cytotoxic
effect [197].

Studies with a mouse model showed that NK cells
selectively increase in number in the immediate sur-
rounding of dormant breast cancer cells in the liver
[199]. Adjuvant immunotherapy based on IL-15
increased the NK cell number, thus facilitating the
maintenance of cancer cell dormancy through inter-
feron-γ signals, preventing the development of metas-
tases in the liver, and increasing the lifespan. Exit from
dormancy and metastatic growth were due to a sub-
stantial reduction of the NK cell area and a competi-
tive accumulation of activated stellate cells. The
chemokine CXCL12 secreted by stellate cells was
found to block NK cell activity by binding to their
CXCR4. The findings demonstrate that the propor-
tion of NK and stellate cells acts as a major switch of
tumor cell dormancy in the liver [199].

It is of interest that coexistence of growing tumors
and T cells was described rather long ago [200]. Intra-
cellular and external factors that render T cells incapa-
ble of eliminating tumors cells are known now [201].
The respective state is known as T-cell exhaustion and
is characterized by gradual loss of function up to a
complete disappearance of T cells. A similar phenom-
enon is observed when antigenic load remains high for
a long period of time in chronic virus infections and
oncology diseases. RNA sequencing in single cells
from tumor, peritumoral, and blood samples of 316
patients with 21 tumor types made it possible to con-
clude that transcriptional programs and the state of T
cells depend to a substantial extent not only on the
tumor type, but also on the tumor microenvironment,
including TGF-β, TNF-α, interferons, interleukins,
and T-helper and Treg cells [202].

CONCLUSIONS

Dormancy is a reversible nonproliferative quies-
cent state and is characteristic of many animal, plant,
and microbial cells exposed to unfavorable conditions.
In particular, dormancy is known for adult stem cells;
embryonic cells; DTCs, which produce distant metas-
tases after long periods of time; and Mtb in latent
infection. The main regulatory pathways that establish
dormancy are universal according to published data.
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For example, hypoxia triggers expression of the tran-
scription factors that stop cell proliferation, and nutri-
ent deficiency decreases cell metabolic activity or
switches metabolism from glucose utilization to non-
standard pathways, such as utilization of lipids as the
only carbon source. These prohibiting signals are
characteristic of normal stem cell niches. PMNs form
in response to signals from the primary tumor before
being colonized with DTCs and occur close to or
within normal stem cell niches in the lung, the liver
and BM. Cells remain undetectable by the immune
system and are protected from the cytotoxic effect of
chemotherapeutics in these niches. The activity of
mycobacteria as true intracellular parasites is regu-
lated by the signals that act in infected cells. Namely,
Mtb cells become dormant only in MSCs. Dormant
mycobacteria are similarly protected from immune
cells and drugs. It is important that macrophages,
which are a classical Mtb host, cannot ensure Mtb cell
dormancy. This fact determines the efficacy of drug
therapy in acute disease.

Normal stem cells exit dormancy and start prolifer-
ating in response to permissive signals, which may be
elicited by any changes in the body, for example, trau-
matic impairment of cell integrity. Growth factors are
released in the process, inflammation develops, and
new blood vessels grow. Assuming that CSCs consti-
tute a fraction of DTCs, their reactivation will natu-
rally take place in response to microenvironmental
changes induced by similar factors. This provides
additional evidence for the universal character of cell
dormancy-regulating mechanisms. There are still cer-
tain specifics. Both Mtb as an intracellular parasite and
tumor cells as pathogens occurring in the body are
capable of remodeling their microenvironment to trig-
ger parallel processes of self-reactivation. For exam-
ple, mycobacteria induce infected MSCs to produce
exosomes, which are captured by macrophages and
trigger the inflammatory response and disease devel-
opment. Tumor cells induce stromal cells of their
niche to release the matrix factors that activate the reg-
ulatory pathways ensuring tumor cell proliferation.
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