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Tumor Dormancy: Biologic and Therapeutic Implications
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Abstract

Metastatic cancer can arise years after treatment of the primary
tumor because residual tumor cells can enter dormancy and evade
elimination by anti-neoplastic therapies. The mechanisms underly-
ing this phenomenon have been investigated and a number of hy-
potheses have been proposed. Tumor mass dormancy involves a
balance between apoptotic and proliferative cells, keeping a micro-
metastatic lesion constant in size. This induces a need for blood
supply which involves angiogenic dormancy. Cellular dormancy is
also considered a mechanism of dormancy, where dormancy is in-
duced due to cells entering a quiescent, reversible, growth-arrested
state. In addition to all of these mechanisms, important changes in
the tumor microenvironment, including the extracellular matrix, the
oxygenation levels of the environment, and endoplasmic reticulum
stress, are involved in inducing and maintaining tumor dormancy.
Since dormant tumors are commonly known to be resistant to chem-
otherapy, gaining more knowledge of the mechanism of dormant
tumor cells is of importance, as it can lead to the development of
future treatment strategies.
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Introduction

In many types of tumors, the metastatic disease can occur
years after resection of the tumor. Tumor relapse after a pro-
longed period can be explained by the survival of disseminated
tumor cells (DTCs) in a dormant state [1]. These cells can dis-
seminate early and reside in niches in distant organs before re-
activating to cause a relapse of disease. This process of tumor
dormancy has been seen in many common cancers, including
colon cancer, kidney cancer, breast cancer, lung cancer, pros-
tate cancer, melanoma, multiple myeloma, and leukemia [2].
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The concept of tumor recurrence as first noted as by Celsus - a
Roman physician of 25 BC to 50 AD era, has since developed
as we have learned more. The period between the detection of
the primary tumor and its metastatic relapse is referred to as
tumor dormancy. In 1954, Geoffrey Hadfield laid the founda-
tion for the concept of tumor cell dormancy and defined the
term dormancy cancer cells as “non-proliferating cancer cells
that have undergone G0/G1 phase cell cycle arrest” [3]. Tumor
dormancy results from mechanisms that inhibit the further ex-
pansion of a dividing tumor cell population while also causing
tumor cell growth arrest and putting the cells into a state of
quiescence. This quiescent state is partially attributed to the
up-regulation of p21 and p27, among other cell cycle inhibi-
tors [1].

It has been postulated that cancer cells proliferate to form
a micrometastatic lesion that does not expand beyond a certain
size, likely caused by a balance between cell proliferation and
apoptosis that is regulated by pro- and anti-angiogenic factors
produced by the tumor microenvironment (TME). This phe-
nomenon is called angiogenic dormancy. Any disruption in
this balance could cause a transient angiogenic burst, which
could interrupt the tumor dormancy period [4]. Tumor dor-
mancy can also be maintained by the immune system, which
does not eliminate the malignant tumor growth due to immune
evasion, in a process called immunologic dormancy [1]. The
third subdivision of tumor dormancy is cellular dormancy,
where extrinsic and intrinsic mechanisms form a balance to
allow for the formation of a quiescent state for tumor cells.
This quiescent, dormant phase of tumors offers a promising
therapeutic window for cancer treatment. The dormant stage
can cither present as the earliest stage in tumor development
or as a stage in micro-metastases and minimal residual disease
left after treatment and surgical resection of primary tumors
[5]. It is also important to note that dormant tumor cells left
after primary tumor removal and treatment are usually known
to be refractory to chemotherapy [6]. While these disseminat-
ed dormant tumor cells may be minuscule, they can undergo
a switch into a proliferative phase, allowing for the appear-
ance of a fast-growing, clinically apparent tumor that is now
resistant to chemotherapy. Dormancy may arise from a single
cell that rests in a long-term dormant state, or that small groups
of cells exist as micrometastases in equilibrium, resulting in no
net size change [7]. This review goes over the currently known
mechanisms of tumor dormancy induction, maintenance, and
escape.

Table 1 [5, 8-41] provides a user-friendly interface that
summarizes publications that can be accessed to gain further
understanding of tumor dormancy mechanisms that are also
cited in the discussion.
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Table 1. Some Major Studies With Tumor Dormancy Discoveries - (continued)

Year

Study

Topics

2015

Sosa [33]

NR2F1 controls tumour cell dormancy via SOX9- and RARB-driven quiescence programmes

2018

Johnson [34]
Khoo [35]

Tumor-specific MHC-II expression drives a unique pattern of resistance to immunotherapy via LAG-3/FCRL6 engagement

2019

A niche-dependent myeloid transcriptome signature defines dormant myeloma cells.

2015

Asghar [36]

The history and future of targeting cyclin-dependent kinases in cancer therapy
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Benefits and risks of adjuvant treatment with zoledronic acid in stage II/III breast cancer. 10 years follow-up of the AZURE randomized clinical Coleman [37]

trial (BIG 01/04)
Adjuvant zoledronic acid in patients with early breast cancer: final efficacy analysis of the AZURE (BIG 01/04) randomized open-label phase 3 trial Coleman [38]

VCAM-1 promotes osteolytic expansion of indolent bone micrometastasis of breast cancer by engaging 04f1-positive osteoclast progenitors

Advances in diagnostic imaging and overestimations of disease prevalence and the benefits of therapy
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2010

Almog [5]

Molecular mechanisms underlying tumor dormancy

2010

Essers [40]
Sosa [41]

Targeting leukemic stem cells by breaking their dormancy

2011

ERK /2 and p380/f signaling in tumor cell quiescence: opportunities to control dormant residual disease

2014

Sosa [22]

Mechanisms of disseminated cancer cell dormancy: an awakening field

Discussion

Difference between dormant cancer cells and cancer stem
cells

A confounding factor in the study of tumor dormancy exists
due to confusion between dormant cancer cells and cancer
stem cells, and it is important to delineate a difference between
the two before presenting a perspective on dormancy. Cancer
stem cells were originally described in 1988 as a “mixture of
malignant stem cells with marked capacity for proliferation
and limited capacity for differentiation” [42, 43]. The exist-
ence of cancer stem cells has since been proven and seen in
acute myeloid leukemia (AML), as well as breast, brain, co-
lon, ovarian, and pancreatic cancers [44-46]. Both cancer stem
cells and dormant cancer cells are considered to be drug-re-
sistant and responsible for disease relapse, but there are a few
key differences. Cancer stem cells are shown to slow down
in the cell cycle, rather than complete cell cycle arrest [46].
Additionally, cancer stem cells undergo self-renewal, likely
by asymmetric cell division, while active and dormant cancer
cells are at the same stage of cell differentiation and are shown
to switch between each other as needed [8, 42]. Dormant cells
have a different gene expression profile than that of parental
cells, where the regulation of certain genes is a critical point
in the onset and maintenance of dormancy. For example, the
thrombospondin-1 (TSP-1) and epidermal growth factor re-
ceptor (EGFR) are regulators of glioblastoma dormancy [47].
Dormant cancer cells exemplify niche dependence, cell cycle
arrest, drug resistance, immune evasion, metastatic relapse,
and reversibility [48]. It can even be considered that metastatic
relapse occurs as a part of the progression of the dormant can-
cer cell life cycle.

Cancer can recur years after surgical resection in many
types of cancers, especially breast and prostate cancer [49].
Human epidermal growth factor receptor 2 (HER2)-positive
breast cancer and triple-negative breast cancer has a particu-
larly high proliferation activity and tends to have a shorter
mean time to distance recurrence than other subtypes of breast
cancer [50]. In comparison, estrogen receptor (ER)-positive
breast cancer has been shown to have cells that can remain
dormant and survive for more than 5 years after primary tumor
resection, requiring prolonged treatment [51, 52]. In metastatic
breast cancer cells in the bone marrow, tumor necrosis fac-
tor-alpha (TNF-a) and interleukin-6 (IL-6) have been shown
to help remodel the bone microenvironment to cue dormant
breast cancer cells out of dormancy and into proliferation [53].
It was also shown that these metastatic breast cancer cells were
cued into dormancy by TSP-1 production by the nearby micro-
vasculature [9].

Prostate cancer studies have shown several instances with
recurrences occurring with elevated serum prostate-specific
antigen (PSA) levels without any apparent recurrence of the
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tumor. This phenomenon is called PSA recurrence, and the re-
currence of clinically evident tumors occurs on average 8 years
after the PSA recurrence [54]. Prostate cancer cell lines were
shown to become dormant when cocultured with a pre-osteo-
blastic cell line through the interaction between transforming
growth factor beta-2 (TGF-B2) and the Axl ligand that is se-
creted by osteoblasts.

Role of the niche

The first stage of the dormant cancer cell life cycle requires
that these cells find the right niche in which they can normally
survive. In multiple myeloma, bone lining cells were shown to
also be an endosteal niche for myeloma cells as in vivo studies
showed that osteoclasts forced the myeloma cells out of dor-
mancy and into a proliferative stage. These osteoclasts served
as a switch, where dormancy was switched “on” by engage-
ment with bone lining cells and switched “off” by osteoclast
remodeling of the endosteal niche [8]. It is also likely that
similar niches also exist for dormant cancer cells in other or-
gans. Prostate and luminal breast cancers are known to prefer
bone while triple-negative breast cancers have a predilection
for visceral organs. These niche environments likely serve a
series of different functions. The endosteal niche for myelo-
ma cells works to support hematopoietic stem cells (HSCs)
but can have their functions taken over by DTCs, leading to
functional overlap between the DTCs and HSCs [10]. This
makes studying the niche more difficult. For example, mul-
tiple myeloma patients were studied where HSCs were mo-
bilized with granulocyte colony-stimulating factor (G-CSF)
to increase the numbers of mobile monoclonal plasma cells
[11]. However, adding CXC-chemokine receptor 4 (CXCR4)
antagonist, which blocks binding of CXC-chemokine ligand
12 (CXCL12), to G-CSF did not change the rate of cancer cell
immobilization in multiple myeloma patients [12]. CXCL12
has been suggested to regulate most aspects of HSC mainte-
nance, proliferation, localization, and self-renewal, which ex-
ists in cells that make up the niche within which these dormant
cells reside [13]. CXCL12 and the avp3 integrin secretion al-
low binding to bone matrix proteins to sustain these niches
for prolonged periods [14]. Imaging has shown that multiple
myeloma cells travel through the vascular bed without arrest-
ing in bone, demonstrating the increasing likelihood that these
cells circulate until they find the right niche [8]. For breast and
prostate cancer, the preference for an endosteal niche has been
linked to CXCR4 expression as well [15, 16]. A study showed
that breast cancer cells demonstrated upregulated genes that
helped them gain entry into E-selectinfCXCL12" perivascular
niches in the bone marrow [17]. An immunodeficient mouse
model showed human prostate cancer cells in competition
with mouse HSCs for binding to annexin A2 of osteoblastic
cells [18]. Both HSCs and prostate cancer cells co-localized
with runt-related transcription factor 2 (RUNX-2) express-
ing osteoblastic cells of the endosteal niche [10]. Parathyroid
hormone treatment increases the number of metastases due to
its ability to promote osteoblast differentiation [10]. The pres-
ence of annexin A2 in the endosteal niche was shown to induce
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dormancy by upregulating growth arrest-specific 6 (GAS6) li-
gand of the TAM family of receptor tyrosine kinases, like AXL
and TYRO3 [19]. GAS6 production was derived from osteo-
blasts and prevented prostate cancer cell proliferation in vitro.
This was shown to be mediated by up-regulation transforming
growth factor-p (TGF-B) and TGF-f receptor (TGF-BR) [20].
Further studies with acute lymphoblastic leukemia (ALL) cells
showed that extracellular osteopontin within the endosteal
niche led to induction of dormancy and cell cycle arrest [21].

Role of hypoxia

Tumor progression is strongly influenced by the interactions
of the tumor cells with its TME [1]. Based on the TME and
the interplay with the niche, the primary tumor may metas-
tasize, be eradicated, or establish dormant micro-metastases.
Most solid tumors present with a disruption in oxygen ho-
meostasis leading to a hypoxic TME [55]. This hypoxic en-
vironment is a major driving force for tumor dormancy and
gives rise to a subpopulation of DTCs that are programmed
to become dormant [56]. A study that exposed MDA-MB-231
breast cancer cells to intermittent, chronic hypoxia in vitro
entered a dormant state, as noted by their entry into GO-G1
cell cycle arrest [57]. In vivo, these cells were also exposed
to hypoxic conditions and began to demonstrate markers of
dormancy and an increased prevalence of entry into tumor cell
dormancy [58]. Additionally, it is postulated that hypoxia can
contribute to cancer dormancy through different pathways that
may be interconnected, i.e., epithelial-mesenchymal transi-
tion (EMT), especially as these cells adapt to the environment,
which is regulated by over a hundred genes. An up-regulation
of TGF-B2 and proliferation inhibitor p27 expression in bone
marrow induced by hypoxia has been shown in dormant cancer
cells, especially in head and neck cancer studies [59]. In con-
trast, low levels of TGF-B2 in the lung also enabled metastatic
outgrowth. Hypoxia-inducible factor (HIF) is a transcription
factor that is known to play a major role in the acute hypoxic
response of cancer cells [60]. In these hypoxic TMEs, the use
of energy resources like oxygen, ATP, and glucose is decreased
in the dormant state as cellular activity suppression is benefi-
cial for cancer cell survival. Hypoxia-inducible gene domain
family member 1A (HIGD1A) is usually expressed near the
necrotic region of solid tumors [61]. Under glucose-deprived
conditions (i.e., chronic hypoxia), the HIGDIA promoter is
demethylating, inducing HIGD1A. This activates AMPK, sup-
presses oxidative phosphorylation, and decreases the produc-
tion of reactive oxygen species (ROS). Therefore, HIGD1A
supports cancer cell survival under hypoxic conditions. Endo
et al studied a pancreatic cancer cell line, AsPC-1, kept dor-
mant in a chronic hypoxic TME [62]. Oxygen and glucose
consumption, ATP turnover, and lactate production were all
decreased. Dormancy was induced by AKT suppression, while
AsPC-1 that were not AKT suppressed exhibited non-dormant
stages and had continual consumption of energy sources, and
died under the chronic hypoxic TME. The PI3K/AKT pathway
has been shown to be suppressed in the induction of tumor
dormancy in vivo [22]. This pathway is frequently activated in
many cancers, as it regulates cell proliferation, survival, and
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metabolism. However, AKT suppression is needed to preserve
the energy source and decrease the metabolic demand for can-
cer cells so that they can survive in any TME. In dormant head
and neck squamous cell carcinoma (HNSCC), it was found that
AKT phosphorylation was reduced, further showing that AKT
signaling was suppressed [63]. These cells did still maintain
mTOR activation through the up-regulation of ras homolog en-
riched in the brain (RHEB) and activating transcription factor
60 (ATF6a), which protected these dormant cells from apopto-
sis. This showed that dormant DTCs can rewire specific path-
ways to coordinate homeostasis and survival during growth ar-
rest, showing an added step that must be considered in therapy.
One way that AKT signaling was seen to be suppressed was
in tumor cells that detached from the extracellular matrix and
induced autophagy along with an antioxidant response [64].
In ovarian cancer cell lines, floating tumor spheroid cells that
were isolated from the patient’s ascites fluid were seen to be
in mitotic arrest due to AKT inhibition and increased p130 and
p27 protein levels. When the same cells were reattached to
their extracellular matrix in the ovaries, AKT was re-activated
and the quiescent cells entered a proliferative state again. This
helped understand whether dormancy is the property of cells
suspended in the peritoneum or just of cells in specific ana-
tomical sites, especially in cancers like ovarian cancer, where
metastasis occurs in the omentum and mesothelium [65].

Role of autophagy

Another proposed mechanism of survival during dormancy in-
volves autophagy, which allows for dormant cells to maintain
metabolic fitness, despite being in a growth-arrested environ-
ment. Lu et al showed that autophagy is induced in dormant
ovarian tumors in mice, as shown by the up-regulation in the
expression of autophagy-related genes (ATG) [66]. The use
of chloroquine to inhibit autophagy in these dormant tumor
cells resulted in a decrease in tumor regrowth, showing that
autophagy is likely a survival mechanism for dormant cells
and helps tumor cells survive certain targeted therapies. A
study with mouse transgenic gastrointestinal stromal tumor
cells showed a survival to imatinib (KIT and BCR-ABL in-
hibitor) treatment only when a reversible quiescent phenotype
was displayed with elevated ATG7 and ATG12 levels [67].
The autophagy signaling machinery that is regulated by the
ATG genes is shown to help integrate quiescence with survival
signals, promoting damage repair and generating an alternate
route for ATP generation through amino turnover.

Role of immunosurveillance

The immune cells are a key part of the TME. A case report
in 1998 showed that a prior melanoma patient donated their
kidney, which later developed melanoma metastases within the
transplanted kidney of the donor-recipient [68]. This suggested
that remaining melanoma cells were dormant within the do-
nor’s body due to the immune system and escaped dormancy
and progressed to metastasis upon entering a new immune sys-
tem. The mechanism behind this is unclear and could either be
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attributed to a new immune system or due to a new TME. In a
sarcoma model, stable tumor masses remained in a static state
for more than 5 months before spontaneous regression. During
this static state, the apoptotic fraction was high and the Ki67
index, a determinant of GO exit, was low, indicating the in-
volvement of CD8" T-cell-mediated cytotoxicity. Upon CD8"
and CD4* T-cell depletion, the tumor escaped its static state
and resumed proliferation, indicating the involvement of adap-
tive immunity in tumor mass dormancy [69]. In a study involv-
ing the pancreatic RIP-Tag2 cancer mouse model, injection of
CD4" T cells arrested tumor progression, independently of
CDS8" T cells through interferon-y (IFN-y) and tumor necrosis
factor receptor (TNFR1) signaling. These CD4" T-cell effects
were seen due to the involvement of CXCL9 and CXCLI10,
angiogenesis inhibitors. This indicated the involvement of T
cells with endothelial cells and angiogenesis inhibition [70].
Another study showed that IFN-y derived from T helper cells
helps to induce an irreversible state of tumor cell senescence
in T antigen-induced pancreatic cancer models [71]. Overall,
immune-mediated changes in TME show involvement in the
induction and escape of tumor dormancy, but a mechanistic
understanding is yet to be completely understood. Some indi-
vidual metastatic cancer cells have shown to not express ma-
jor histocompatibility complex I (MHC I) and tumor antigens
[72]. Pancreatic ductal carcinomas recently displayed a new
immune escape mechanism that was used by dormant cells.
Endoplasmic reticulum stress for DTCs in the liver did not ex-
press tumor antigen cytokeratin 19 and MHC I, which allowed
for evasion of T-cell recognition and killing [73]. Several stud-
ies with multiple myeloma cells have suggested a theory of
“immunocloaking”, where the multiple myeloma cell can dis-
guise itself as a cell that belongs to the niche, rather than as an
invader [48]. Hereby, dormant multiple myeloma cells can be
disguised as osteomacs or CD169" bone marrow macrophag-
es, which are known to reside within the endosteal niche [74].
This theory is distinct from the convention immune evasion
methods that were originally studied in cancer. In immuno-
cloaking, MHC II can engage lymphocyte activation gene 3
(LAGS3) and Fc receptor-like protein 6 (FCRL6) on cytotoxic
natural killer cells, CD4* and CD8" T cells, which synergisti-
cally suppresses immunity against MHC II expressing cancer
cells [75-77]. Studies showed that LAG3 engagement of MHC
II protected melanoma cells from programmed cell death while
also suppressing cytotoxic T-cell killing of the tumor, allowing
it to survive [78].

Role of extracellular matrix

The extracellular matrix is an important part of the TME where
the ratio of ERK and p38MAPK attachment to the extracellu-
lar matrix is the molecular switch for cellular dormancy [79].
A study was performed with human epidermoid carcinoma
HEp3 cells, where proliferation was shown to be regulated by
suppression of p38MAPK by fibronectin and the activation
of ERK by urokinase-plasminogen activator receptor (uPAR)
and a5pB1 integrin [80]. Any imbalance between this suppres-
sion and activation leads to dormancy in HEp3 cells due to
growth suppression from ERK and p38MAPK. Blockage of
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p38MAPK showed to alter the imbalance and extricate the
cells from dormancy and resume proliferation. Endoplasmic
reticulum stress, due to impaired protein folding in hypoxic
conditions, plays a role in dormancy induction as well [81].
White et al [82] reported that inhibition of B1 integrin was able
to induce dormancy in vitro and in vivo in mouse breast cancer
cell lines. The cell lines show that activation of B1 integrin was
able to produce fibronectin and actin stress fibers, showing the
importance of the extracellular matrix and the TME in cellular
dormancy. DTC integrin binding to the perivascular niche, es-
pecially its extracellular matrix and cell surface receptors, may
also induce chemoresistance along with dormancy [23].

Role of angiogenesis

Angiogenesis is a required function for tumor survival. If the
tumor tissues fail to gain access to the vasculature, apoptosis
occurs and a balance between proliferation and apoptosis can
occur to put tumor cells into a clinically dormant state [83]. A
recent study with breast cancer DTCs showed that these cells
were inhabiting on microvasculature in their respective meta-
static organs within the perivascular niche [9]. The microvascu-
lature was studied and was producing thrombospondin, which
is associated with keeping tumor cells in a dormant state. How-
ever, the tip cells of the neovasculature were shown to produce
TGEFp1 and periostin, allowing for these solitary cells to initi-
ate proliferation as needed. This shows that thrombospondin
works as an angiogenesis regulator that can control a vascular
switch between dormancy and proliferation. The “angiogenic
switch” is referred to the transition of a pre-vascular lesion to
a highly vascularized tumor that is able to progressively grow
[84]. Therefore, tumors unable to successfully gain blood ves-
sel access remain in a dormant, quiescent state until they ac-
quire enough mutations to induce the angiogenic switch and
escape from dormancy into a proliferative state. The addition
of vascular endothelial growth factor (VEGF) to human mela-
noma cells showed enough growth to escape tumor dormancy
[85]. A study performed on mice showed that epoxyeicosa-
trienoic acids in the endothelium of blood vessels worked as
an angiogenesis inducer and stimulated exit from a dormant
state [69]. Epoxyeicosatrienoic acids were then shown to help
stimulate metastasis of various xenograft tumors, including
Lewis lung carcinomas and B16-F10 melanomas [86]. In situ
imaging of melanoma and breast cancer DTCs in mouse brains
showed that dormant cells survived by establishing perivas-
cular localization and endothelial contact [87]. The studies on
angiogenic dormancy seem to point towards the belief that de-
creased oxygenation in the microenvironment is a more domi-
nant driver of cells into dormancy.

Factors involved in the escape from dormancy

While mechanisms for tumor dormancy induction and qui-
escence maintenance have been studied, the mechanisms for
escape from dormancy into recurrence of the primary tumor
have also been investigated. CD36 is a fatty acid translocase
macrophage scavenger receptor that can bind thombospondin
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1 and collagen, which is expressed on metastatic human oral
cancer cells and prostatic cancer cells [88, 89]. CD36 takes up
fatty acids and fuels lipid B-oxidation, which allows for growth
of metastatic tumor [90]. Further studies of CD36’s effects
showed that dietary fat intake had a large effect on the ability
of B-oxidation to occur while neutralizing antibodies to CD36
also prevented the further development of tumor metastases
[89]. It is still not clear whether dormant cancer cells truly re-
quire CD36 for niche survival. However, other lipid mediators
have been implicated in some studies to be involved in cancer
dormancy escape. Cytoskeletal architecture and the extracel-
lular matrix properties are shown to be involved in dormancy
escape. In metastatic breast cancer, dormant cells escaped into
a proliferative state via periostin activation, which is produced
by endothelial tip cells and fibroblasts [9]. Another study
showed metastatic breast cancer cell lines lying dormant in
bone marrow escaped from dormancy upon upregulation of
vascular cell adhesion protein 1 (VCAM 1) [24]. A reduction
of breast cancer metastasis to the lung was seen by inducing
dormancy of the DTC in the lung upon myosin light chain ki-
nase (MLCK) inhibition, showing that MLCK is involved in
the switch from dormancy to proliferation. Fibronectin and
B1 integrin were shown to activate MLCK, maintaining a pro-
liferative state over a dormant state [47]. The involvement of
the angiogenic switch and epoxyeicosanoids generated from
arachidonic acid has also been implicated in tumor escape in
some studies [86]. In the lung, inflammation led to neutrophil
extracellular traps (NETs), which formed scaffolds of chroma-
tin and proteolytic enzymes, which remodeled the extracellular
matrix and its control of tumor cell dormancy, leading to reac-
tivation of dormant breast cancer cells with lung metastases
[91]. This has demonstrated the displacement of dormant cells
from their niche. A multiple myeloma model demonstrated this
where receptor activator of nuclear factor-xB (NF-kB) ligand
(RANKL) stimulated osteoclast resorption and decreased the
number of dormant myeloma cells [8]. Another study with dor-
mant mouse breast and prostate cancer cells was identified and
showed induction of bone resorption by ovariectomy/castra-
tion, which leads to increased bone metastasis formation [92].
Bone metastasis, in this case, was blocked by bisphosphonates
and RANKL inhibitors, both being osteoclast inhibitors [93,
94]. Stimulation of osteoclastic bone resorption cascades into a
cycle where the cancer cells secrete a parathyroid hormone-re-
lated protein (PTHRP), which leads to more osteoclastic bone
resorption, which releases mediators like TGF-B1 which fur-
ther induces more PTHRP secretion, which further continues
the cycle, leading to amplification of metastasis [95].

Advances in targeting DTCs

Kondo et al have made advances in forming a platform for
studying cellular dormancy of cancer in vitro by developing
the cancer tissue-originated spheroid (CTOS) method. In this
method, dormancy can be induced in hypoxia for at least 7 days
without growth factor stimulation. Studies with CTOS have
shown that cellular dormancy is a feature commonly known to
cancer cells, and not restricted specifically to certain cell lines.
Additionally, researchers have been using lentiviral vectors to
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Figure 1. Mechanisms/pathways underlying tumor dormancy.

introduce reporter proteins, like fluorescent fusion proteins
and luciferase reporters, to help mark non-proliferating cells
and tag cells in GO cell cycle arrest [23]. Recent studies and
utilization of new techniques have all shown one major theme:
dormant cancer cells localize to their niches in specific mi-
croanatomical locations. For example, multiple myeloma [8],
ALL cells [21], and prostate cancer cells [10] have been shown
to localize to the endosteal surface of bone while other cancers
have been shown to localize perivascular regions of various
organs [9, 17]. Further studies that model these dormant cancer
cells in their niches in vivo will be crucial in elucidating more
information on cancer dormancy. New technologies such as in
situ photolabeling and spatial transcriptomics show promise
in learning more about these niches, especially in bone and
other metastatic organs [25, 26]. Recent progress in intravital
imaging and RNA-sequencing has allowed for studies to target
specific stages in the dormant cancer cell life cycle with spe-
cific cell cycle therapies to eradicate and prevent metastases
[27]. The various mechanisms involved in tumor dormancy are
illustrated in Figure 1.

Advances have been made by studying drug-induced dor-
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mancy and seeing how blocking survival signals during this
phase affect tumor growth and dissemination. In multiple my-
eloma cells, bortezomib has been shown to induce quiescence
[28]. Salubrinal (GADD34-PP1c inhibitor) treatment to these
bortezomib-treated tumor cells resulted in induction of apopto-
sis in the quiescent cells, showing potential for future therapy
by inducing quiescence and then inducing apoptosis in those
quiescent cells. For these specific multiple myeloma cells, eu-
karyotic translation initiation factor 20, (EIF2a) dephosphoryl-
ation inhibition was achieved by salubrinal, which allowed the
EIF2a to remain hyperphosphorylated, allowing bortezomib-
induced apoptosis to occur. This shows its potential as a novel
therapeutic approach that could reduce residual disease and
recurrences in multiple myeloma [28]. A similar approach was
used in a study with non-small-cell lung cancer (NSCLC) xen-
ografts which were treated with erlotinib, an EGFR inhibitor
[29]. These cells entered a quiescent state upon erlotinib treat-
ment but were killed when this therapy was combined with
ABT-737,a BCL-2, and a BCL-X inhibitor. BCL-2 and BCL-
X, are stress-related proteins, whose regulation promotes sur-
vival in a quiescent state.
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Targeting the process of dormant cancer cell reprogram-
ming and niche adaptation shows promise for therapy in the
future. A study using 5-azacytidine with retinoic acid receptor
agonists reinstated NR2F1-induced dormancy [30]. This may
be suggestive of the possibility of inducing dormancy in met-
astatic cells. Current studies are now testing this idea in pros-
tate cancer cells. Additionally, studies implementing hypoxia
inhibition and glycolysis inhibition and their impact on dor-
mant cells within their niches show promise and could also be
later implemented as a preventative relapse measure [31, 32].
Originally, targeting genes that are differentially expressed
by dormant cancer cells showed potential for therapy. How-
ever, many cases showed that dormant cell surface molecules
like AXL and VCAM1 were also expressed by macrophages,
making it likely that targeting these molecules would interfere
with immunity and be unsuccessful [33]. However, with the
introduction of the concept of “immunocloaking” in multiple
myeloma cells, the idea is that “un-cloaking” these disguised
cells may allow for their elimination. Several clinical trials
testing relatlimab, a LAG3 monoclonal antibody, show prom-
ise in being able to further confirm or deny this hypothesis
[34]. The LAGS3 ligand is expressed on MHC II and data sug-
gest that dormant cancer cells may express MHC II in high
levels, allowing resistance to immune checkpoint inhibition
[35].

Another mechanism of recent studies has attempted to
target the cell cycle of dormant cancer cells and keep it an
arrest. However, the use of mechanisms like CDK inhibitors
has not yielded much success [36]. However, preclinical data
are showing that micro-environment-dependent mechanisms
that control reactivation of dormancy could be promising: tar-
geting osteoclastic bone resorption, which releases cells from
dormancy, shows promise [24]. Bisphosphonate zoledronic
acid is known to inhibit bone resorption [37]. The data from
the AZURE trial are showing that administration of bispho-
sphonate zoledronic acid decreases metastases development
in breast cancer patients [38]. The data are further supported
by the fact that bisphosphonate treatment has been shown to
improve survival in postmenopausal breast cancer patients
[96]. 1t is well known that the detection of dormant lesions
can have significant implications and both the early treatment
and prevention of cancer. For breast cancer specifically, it is
estimated that nearly a third of women aged 40 - 50 years may
have clinically undetectable breast cancer [39]. Detection of
dormant micrometastatic lesions could lead to better detection
and early treatment for a better prognosis. Additionally, tumor
late recurrences and long, undetectable periods of minimal re-
sidual disease are also associated with tumor dormancy and its
mechanisms. Currently, we are still challenged by the inability
to detect clinically occult primary tumors or micro-metastases
[5]. Blocking tumors in their early quiescent stages could like-
ly result in better patient outcomes over tumors that are highly
vascularized and large with systemic symptoms. This dormant
stage of tumors may be a very promising therapeutic target in
the future. Future studies must begin considering approaches
within clinical trials of new agents to understand the implica-
tions of these agents on dormant cancer cells and DTCs within
the niche in which they reside.

Prior therapeutic trials have emphasized taking tumor cells
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out of their quiescent state and then killing them, but showed
to have a worse patient outcome [40]. However, if these quies-
cent cells could be eradicated while dormant, this would be a
new strategy to prevent metastasis in these dormant situations
[41]. However, more information on the mechanisms behind
dormancy must be gained before this strategy can be imple-
mented clinically. Residual DTCs are usually genetically het-
erogeneous and if these cells were awakened from dormancy,
the genetic repertoire would expand, allowing for therapy re-
sistance [22]. Molecular characterization of ncRNAs as poten-
tial biomarkers in human cancers may contribute to our under-
standing of tumor dormancy and lead to more future therapies.
More biomarkers of dormancy can be developed and may help
detect and treat tumors and recurrent DTCs before they escape
dormancy and become proliferative.

Conclusions

The detection and understanding of the concept of tumor dor-
mancy have significantly improved in the last two decades.
Extensive molecular and genetic characterization of dissemi-
nated and circulating tumor cells has contributed to our under-
standing of the frequency and prevalence of tumor dormancy.
While the exact mechanisms are unknown, we have seen that
dormancy is induced and maintained through an interplay of
TME changes, including hypoxia, angiogenic mechanisms,
and immune mechanisms. More work is to be done in further
understanding the mechanisms that lie behind this concept.
Upon more elucidation of this, therapeutic treatments have the
potential to be very beneficial for patients. At this time, there is
no treatment available that can keep tumors in a dormant, cell-
cycle arrested, and asymptomatic state for a prolonged period.
However, the understanding that several humans carry micro-
scopic cancerous lesions without experiencing any symptoms
implies that our bodies have some inherent defense mecha-
nisms against full-blown tumor development that are over-
come rarely. Gaining a further understanding of the process by
which a tumor overcomes these dormant growth restrictions
and emerges into a proliferative state can lead to the creation
of some novel strategies that prolong dormancy or block the
switch from dormancy to proliferation, or even metastasis if
detected at an early enough stage.
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