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1 | INTRODUCTION

Hazel M. Quinn?

| Adeline Berger? | Cathrin Brisken*

Summary

More than two-thirds of cancer-related deaths are attributable to metastases. In
some tumor types metastasis can occur up to 20 years after diagnosis and successful
treatment of the primary tumor, a phenomenon termed late recurrence. Metastases
arise from disseminated tumor cells (DTCs) that leave the primary tumor early on in
tumor development, either as single cells or clusters, adapt to new environments, and
reduce or shut down their proliferation entering a state of dormancy for prolonged
periods of time. Dormancy has been difficult to track clinically and study experimen-
tally. Recent advances in technology and disease modeling have provided new
insights into the molecular mechanisms orchestrating dormancy and the switch to a
proliferative state. A new role for epithelial-mesenchymal transition (EMT) in inducing
plasticity and maintaining a dormant state in several cancer models has been
revealed. In this review, we summarize the major findings linking EMT to dormancy
control and highlight the importance of pre-clinical models and tumor/tissue context
when designing studies. Understanding of the cellular and molecular mechanisms
controlling dormant DTCs is pivotal in developing new therapeutic agents that pre-

vent distant recurrence by maintaining a dormant state.

KEYWORDS
cell cycle, disseminated tumor cells, dormancy, epithelial-mesenchymal plasticity, mesenchymal-
epithelial transition

“invisible metastases™ escape clinical diagnosis due to the inability of

non-invasive imaging modalities to detect lesions smaller than 0.2 mm

Metastasis accounts for at least two-thirds of all cancer-related
deaths (Dillekas et al., 2019). This process entails the escape of tumor
cells from their primary site and subsequent growth in distant organs
with distinct microenvironments (Steeg, 2006). Treated patients
lacking clinically detectable metastases are generally considered
disease-free (Riggio et al., 2021). However, the observation of distant
recurrence after tumor excision and successful treatment demon-
strates the existence of disseminated tumor cells (DTCs) and/or
micro-metastatic lesions in different organs (Klein, 2020). These
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(Zhang, 2017). Unfortunately, although the presence of circulating
tumor cells and DTCs in sentinel lymph nodes and more rarely, bone
marrow aspirates is prognostic, it fails to predict whether tumors will
recur in distant organs (Braun et al., 2005; Bundred, 2001; Cristofanilli
et al., 2004; Diel et al., 1996).

Dormancy is observed in multiple tumor types such as breast,
melanoma, and prostate cancer (Aguirre-Ghiso, 2007; Crowley &
Seigler, 1990), representing an important challenge and an unmet clin-
ical need. It is attributed to DTCs seeding and remaining dormant or
quiescent at secondary sites for many years (metastatic dormancy)
(Klein, 2011). This concept is supported by the clinical observation
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that cancer transmission can occur after organ transplantation from
donors with a history of melanoma, breast, and prostate cancers
(Buell et al., 2004; Crowley & Seigler, 1990; Matser et al., 2018;
Strauss & Thomas, 2010). In immunosuppressed recipients who
received organs from a donor with occult breast cancer (BC), dormant
metastatic lesions erupted between 16 months and 6 years. The
transmissible disease demonstrates the existence of individual DTCs,
and their ability to remain dormant (growth-arrested or low-prolifera-
tive) in distant organs and develop overt metastatic disease.

Dormancy has long evaded experimental investigation due to our
inability to capture single dormant DTCs or micro-metastatic clusters
from patients. However, advances in single-cell sequencing technolo-
gies have paved the way for a better understanding of these rare cell
populations (Werner-Klein et al., 2020) allowing extensive investiga-
tion into the underlying molecular mechanisms regulating tumor cell
dormancy.

Slowed proliferation, drug-resistance, stemness, quiescence, and
reversible senescence have all been observed in dormant tumor cells
(Francescangeli et al., 2023). They are best described as a population
of growth-arrested cells with the unique capability of resuming prolif-
eration upon either withdrawal of growth-restrictive factors or recep-
tion of activating signals from the microenvironment (Figure 1). A
multitude of tumor-type-dependent molecular pathways and factors
have been identified as dormancy regulators (Francescangeli
et al., 2023). Surprisingly, contrary to the traditional view of meta-
static progression, epithelial-mesenchymal transition (EMT) has been
shown to modulate dormancy-associated metastasis. EMT is a com-
plex biological process by which polarized epithelial cells lose their
apical-basal polarity and acquire a spindle-shaped, fibroblast-like mor-
phology (Thiery et al., 2009). In the context of dormancy, EMT renders
cells invisible by entering a growth-arrested state and activating sur-
vival mechanisms. Here, we will explore the pre-clinical evidence link-
ing EMT to dormancy of DTCs.

2 | EMT: PLEIOTROPISM AND CONTEXT-
DEPENDENT ROLES IN TUMORIGENESIS

EMT is classified into three distinct types based on its biological con-
text: physiologically during embryonic development (type 1), in response
to tissue injury (type Il), and pathologically during cancer invasion and
metastasis (type lll; Brabletz et al., 2018; Kalluri & Weinberg, 2009;
Yang et al., 2020). Type Ill EMT has long been associated with disease
progression and metastasis, being a central part of the metastatic cas-
cade. However, in recent years, the current consensus on the role of
EMT in disease progression has been challenged, highlighting the pleio-
tropism and cancer/subtype-specific roles of EMT in cancer.

2.1 | Differential roles of EMT in invasion and
metastasis

After the seminal discovery demonstrating that loss of an epithelial
phenotype induces invasion of carcinoma cells, it was postulated that

the breakdown of adhesion junctions was a prerequisite for invasion
and metastasis of tumors (Behrens et al., 1989; Weidner et al., 1990).
Later defined as EMT (Hay, 1995; Hay & Zuk, 1995), this process was
further shown to be required for tumor cell invasion and metastasis
(Wei et al., 2015; Yang et al., 2004). In recent years, different tumor
models have revealed the distinct roles of EMT and mesenchymal-
epithelial transition (MET) in tumor initiation, invasion, and metastatic
progression. For instance, under physiological conditions, the ovarian
epithelium from which cancers arise is negative for the adherens junc-
tion protein, E-cadherin. However, E-cadherin was shown to be
expressed in tumor cells during tumor development and maintained
throughout metastasis albeit at lower levels in some cases (Sundfeldt
et al,, 1997). In contrast, mouse mammary carcinomas arising from
luminal E-cadherin-positive cells were shown to depend on the acqui-
sition of a more mesenchymal state (Quinn et al., 2021). These and
many other conflicting reports suggest that the role of EMT in tumor
development depends on the cellular context and phenotype of the
tumor-initiating cell.

In different breast, pancreatic, prostate, and squamous carcinoma
models, an EMT state has been shown to be required for tumor cell
dissemination to distant sites, yet the re-acquisition of epithelial fea-
tures through MET appears to be required for metastatic outgrowth
in various settings (Ocafa et al., 2012). On the one hand, the widely
used MMTV-PyMT mammary carcinoma model required Snail and
Zeb1 for tumor formation and metastasis (Ni et al, 2016; Tran
et al., 2014, Jiang et al., 2020), and deletion of N-cadherin, an adhe-
sion protein expressed in cells which have undergone EMT, signifi-
cantly reduced metastasis (Li et al., 2020). On the other hand in
MMTV-HER2/Neu-driven mammary carcinomas, early tumor cell dis-
semination was shown to rely on a Wnt-driven stem cell/EMT tran-
scriptional program (Harper et al., 2016; Hosseini et al., 2016).
Overall, these findings suggest that the specific tumor drivers may
impact on the elicited EMT program and beg the question as to why
EMT is required for driving invasion and metastasis in some tumors

while impinging on tumor progression in others.

2.2 | Tumor subtype-specific roles of EMT

Data from different preclinical models, such as genetically engineered
mouse models (GEMMs), allografts, and xenografts, do not reach an
overarching consensus regarding the contribution of EMT to tumor
invasion and metastasis. Indeed, different cancer subtypes may have
different requirements for EMT. Below, we pinpoint the subtype-
specific requirements of EMT as it applies to BC and highlight the
importance of the models used.

BC is a heterogeneous disease encompassing four major sub-
types. Hormone receptor-positive BCs (Luminal A and B) are the most
frequent and account for more than 70% of cases, the triple-negative
(TN) subtype accounts for 10%-15% of all cases, while 15%-20% are
diagnosed as HER2+ (Perou et al., 2000). Dormancy is a prominent
clinical phenomenon in ER+ BCs with recurrence up to decades after
the initial diagnosis. In contrast, TN BCs exhibit a low incidence of
recurrence beyond 5 years (Jatoi et al., 2011). Most preclinical studies
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FIGURE 1

Graphical scheme depicting intrinsic and extrinsic factors contributing to EMT-associated dormancy. (1) Microenvironmental-

secreted factors including TGFp and BMP7 induce mesenchymal/dormancy while TNFa, IL-6, and PDGF-C result in the reversal of mesenchymal/
dormant DTCs into an Tepithelial/proliferative cell state. (2) Cell-intrinsic factors such as EMT-associated gene expression changes in
mesenchymal/dormant vs. epithelial/proliferative DTC cell states. (3) Effect of anti-cancer therapy treatment or withdrawal on the epithelial/
proliferative and mesenchymal/dormant cell states. AT-1, Alveolar Type 1; BMP7, bone morphogenetic protein 7; CDK1, cyclin dependent kinase
1; E-cadherin, epithelial cadherin; EMT, epithelial-mesenchymal transition; IL-6, interleukin-6; PDGF-C, platelet-derived growth factor C; SNAIL,
snail family transcriptional repressor 1; SLUG, snail family transcriptional repressor 2; TGFp, transforming growth factor beta; TNFa, tumor
necrosis factor alpha; ZEB2, zinc finger E-box binding homeobox 2. Figure created with Biorender.com.

on metastasis and dormancy have been conducted using GEMMs
which largely develop estrogen receptor-negative (ER—) tumors. In
addition, injection of cell line models directly into the bloodstream is
used to circumvent the accelerated growth rate that precludes metas-
tasis generated by subcutaneously engrafted tumor cells and there-
fore fails to recapitulate the clinical progression of the disease
(Roarty & Echeverria, 2021).

We recently showed that intraductal inoculation of hormone
receptor-positive BC cell lines and patient-derived BC cells improves
take rates and enables in vivo growth of these cells without the need
to supplement 17-p-estradiol to the host. By this approach, the clinical
manifestation of the disease from an in situ to invasive disease and
metastasis to distant organs is recapitulated (Fiche et al, 2019;
Sflomos et al, 2016, 2021). Importantly, the intraductal
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microenvironment allows the engrafted cells to maintain their luminal
epithelial phenotype whereas BC cells grafted to the mammary fat
pad undergo SLUG-dependent basal differentiation in response to
TGFp from the stromal environment (Sflomos et al., 2016). We specu-
late that the physical confinement of intraductally injected cells in the
milk duct lumen shields them from stromal factors like TGFp and
enables them to establish physiologically relevant cell-cell interactions
as well as contacts with the basement membrane. The striking impact
of the engraftment site on ER+ BC cells (Sflomos et al., 2016) high-
lights the vital contribution of the microenvironment for tumor phe-
notype and growth (Sflomos et al., 2016; Sflomos & Brisken, 2017).

In this model, both intraductally xenografted TN and hormone
receptor-positive BC cells disseminate early but their metastatic pro-
gression is distinct. Both invasion and metastatic seeding of ER+ BCs
are EMT-independent and require E-cadherin. The xenografted TN
BC cells proliferated at the same rate in the primary tumor and lungs,
while ER+ BCs lowered their proliferative indices at the distant site.
Thus, specifically ER+ not TN BC cells enter dormancy at metastatic
sites and do so by entering an EMT state (Aouad et al., 2022). It is
highly likely that the discrepancies observed in the reports on EMT in
BC are a result of the selection of pre-clinical models and the specific

type of tumor under study.

3 | MECHANISTIC UNDERPINNINGS OF
EMT IN REGULATING DORMANCY

While EMT plays a crucial role in regulating therapy-induced and met-
astatic dormancy across multiple tumor types, the mechanisms regu-
lating EMT-dependent dormancy are largely context-dependent. The
slowed proliferation, increased survival, and therapy resistance
observed as a result of EMT induction appear to be driven by a multi-
tude of microenvironmental, systemic, and tumor cell-intrinsic mecha-
nisms (Figure 1; Endo & Inoue, 2019).

3.1 | Therole of EMT in cell cycle regulation
during tissue homeostasis and cancer

The regenerative capacity of tissues relies on the maintenance of the
adult stem cell pool. These cells conserve a quiescent/dormant-like
state and divide asymmetrically to maintain the regenerative capacity
of tissues (Knoblich, 2008) and EMT has a role to play in this. Indeed,
TGFp1 treatment was originally shown to induce EMT and cell cycle
arrest in mouse hepatocytes, (Hocevar & Howe, 1998; Yang
et al., 2006), and in mouse embryos, expression of the EMT transcrip-
tional factors (TFs) Snail or Slug correlates with slow proliferation and
resistance to apoptosis (Vega et al., 2004). More recently, Zeb1 was
shown to maintain basal cell fate and stem cell quiescence in the
mouse mammary gland through an EMT-associated gene network
(Han et al., 2022). In renal pathophysiology, the acquisition of a Snail

or Twist-1-mediated EMT state induced a G, cell cycle arrest in

tubular epithelial cells (Lovisa et al., 2015). Evidentially, EMT plays an
essential role in normal stem cell homeostasis by regulating stem cell
cycle quiescence.

In cancer, normal developmental processes required for tissue
homeostasis are hijacked by malignant cells, and processes required
for adult stem cell quiescence are exploited in tumor cell dormancy.
The EMT-TF ZEB2, for instance, induces G cell cycle arrest in epider-
moid carcinoma cells and mediates a mesenchymal-like quiescent phe-
notype in colorectal and non-small cell lung carcinomas (Mejlvang
et al., 2007, Cuccu et al., 2022; Francescangeli et al., 2020). In the ER
+ BC cell line MCF7, SNAIL over-expression has been shown to regu-
late proteins involved in Go/G; cell cycle arrest such as CDK1
(de Souza Palma et al., 2016). Similarly, constitutive expression of
Snail inhibits the growth of xenografted prostate cancer cells, PC3, at
the primary site (Celia-Terrassa et al., 2012). In the slow-growing lobu-
lar breast carcinoma cells, SUM44, loss of E-cadherin upregulates Id2,
which in turn inhibits cell cycle progression (Ritze et al., 2022;
Figure 1 (2)). Thus, a plethora of mechanisms are involved in cell cycle
regulation of stem and cancer cells, thereby inducing a dormancy
phenotype.

3.2 | EMT-dependent survival and therapy
resistance

Dormancy enables tumor cells to survive in new microenvironments.
The EMT state has been associated with cell survival and dormancy in
various contexts. Tumor cells in an EMT state exhibit enhanced resis-
tance to apoptosis and chemotherapy (Debaugnies et al., 2023).
Induction of the EMT program in response to anti-cancer therapies
has also been shown to lead to cell quiescence and ultimately therapy
resistance (Kurppa et al., 2020).

The acquisition of EMT-associated stem cell-like properties by
tumor cells also plays a crucial role in their survival in unfamiliar micro-
environments, such as those encountered during metastasis (Dave
et al., 2012; Eyler & Rich, 2008). In line with this scenario, single-cell
RNA sequencing of DTCs from TN BC xenografts found in low-
burden distant organs expressed high levels of stem cell/EMT-
associated genes in contrast to cells in organs with high metastatic
burden which displayed the epithelial traits of the primary tumor
(Lawson et al., 2015). Similarly, the latent lung adenocarcinoma and
HER2+ BC cell lines, H2087 and HCC1954, were shown to have
SOX-dependent stem cell-like characteristics in distinct organs
(Malladi et al., 2016). The clinical relevance of these findings is sup-
ported by transcriptome and genomic profiling of individual
cytokeratin- and EPCAM-positive DTCs from the bone marrow of BC
patients (Klein et al., 2002). Early bone marrow DTCs were shown to
be in a stem-like state regulated by IL-6 trans-signaling via gp130 in
response to human mesenchymal stem cells (Werner-Klein
et al., 2020). Recently, in treatment-naive squamous cell carcinoma
tumors, EMT+ cells were found to harbor resistance to chemother-

apy. Further investigation found that RhoJ, a member of the Rho
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FIGURE 2 Graphical scheme depicting potential origins of dormant DTCs in distant organs. (a) Pre-existing dormant cancer cells derived from
the primary tumor seed at distant sites and are maintained in a dormant cell state by the metastatic niche. (b) Proliferative/epithelial primary
tumor cells seed at distant organs were they are induced into a dormant cell state by metastatic niche factors such as BMP7 and TGFp. AT-1,
Alveolar type 1; BMP7, bone morphogenetic protein 7; CTC, circulating tumor cell; TGFp2, transforming growth factor beta 2; SFRP2, secreted

frizzled related protein 2. Figure created with Biorender.com.

family of small GTPases is overexpressed in cells that have undergone
EMT and modulates resistance to chemotherapy (Debaugnies
et al., 2023). These findings further support the concept that dissemi-
nated mesenchymal- or stem-like cells survive otherwise hostile envi-
ronments because of their intrinsic EMT-associated dormant cell state
(Figure 1 (2)).

Exposure to anti-cancer therapies can induce EMT and thereby
confer drug resistance through acquiring a dormant cell state
(Figure 1 (3)). Residual BC tissues isolated from patients who under-
went endocrine or chemotherapy were found to display characteris-
tics of both mesenchymal (EMT) and tumor-initiating cells (stemness)
(Creighton et al., 2009), highlighting the clinical relevance of the
aforementioned preclinical findings. Similarly, in leukemia and
NSCLC patients and cell lines, targeted- and chemo-therapy respec-
tively induced a stemness/EMT-dependent reversible senescence
phenotype (Kurppa et al., 2020; Milanovic et al., 2018). These find-
ings indicate that the persistence of residual tumor cells following
treatment may be attributed to the acquisition of stem cell-like char-
acteristics and EMT properties. These cellular changes could poten-
tially contribute to disease recurrence and the development of
therapy resistance, resembling mechanisms observed during

dormancy.

4 | ORIGINS AND ESCAPE OF DORMANCY

The EMT state is not always favorable for metastatic progression and
metastatic outgrowth requires MET in several tumor types (Celia-
Terrassa et al., 2012; Ocafa et al., 2012; Tsai et al., 2012). Historically,
EMT and MET were viewed as binary states. It is now well-established
that multiple EMT states lie on a continuous spectrum defined by
plastic epithelial and mesenchymal transcriptional programs (Jordan
et al., 2011). Cells fluctuate between these dynamic states and it is
this very plasticity, also known as epithelial-mesenchymal plasticity,
that enables dormancy induction and consequentially the survival of
cancer cells in different environments or evasion from anti-cancer
therapy (Bornes et al., 2021). Dormancy was initially thought to be a
pre-existing state in the primary tumor determined by a population of
cancer cells displaying quiescence and therapy resistance often
referred to as cancer stem cells. In recent years, increasing evidence
suggests that extrinsic factors such as those mediated by immune cells
and fibroblasts induce EMT plasticity and dormancy entry/exit (Linde
et al, 2016; Obenauf & Massagué, 2015). It now remains debated
whether EMT-dependent dormancy is a pre-existing state originating
from the primary tumor or an acquired cell state induced by extrinsic

factors, possibly at the distant site (Figure 2).
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4.1 | Dormancy as a pre-existing or induced
cellular state

Several studies point to pre-existing dormant cells in the primary
tumor being the origin of tumor and metastatic dormancy (Figure 2a).
Serial transplantation and lineage tracing of primary human colorectal
cancer xenografts identified a rare population of latent/dormant cells
in treatment naive tumors that only expanded upon chemotherapy
treatment leading to the dominance of a therapy-tolerant ZEB2+ can-
cer cell population (Francescangeli et al., 2020; Kreso et al., 2013).
Likewise, in PDX models of acute lymphoblastic leukemia, a rare pop-
ulation of non-proliferative cells was identified and found to survive
chemotherapy resembling minimal residual disease in patients
(Ebinger et al, 2016). In the metastatic setting, single-cell RNA
sequencing of matched primary tumor and DTCs from the GEMM of
HER2+ BC identified the presence of a subpopulation of primary
tumor cells sharing mesenchymal-enriched gene signatures with their
respective DTCs. Here, it was shown that expression of FGF2 in the
primary tumor induces the dormancy regulator ZFP281 leading to dis-
semination (Nobre et al., 2022).

In the ER+ BC model, intraductal MCF7 xenografts, although a
small cluster of primary tumor cells shared the same EMT-dependent
dormancy signatures found in DTCs, induction of EMT in this and
other ER+ models failed to increase the number of metastatic lesions,
suggesting that dormancy may be induced at the metastatic site
(Figure 2b; Aouad et al., 2022).

In recent years, a number of extrinsic, dormancy-inducing factors
have been identified (Figure 2b). In BC, the hypoxic environment of the
bone marrow has been shown to induce the epigenetic regulation of dor-
mancy in DTCs (Ferrer et al., 2020). Injection of dormant-like prostate
cancer cell lines into the bones of athymic nude mice revealed that these
cells release the secreted protein acidic and cysteine-rich and stimulate
the secretion of BMP7, a member of the TGFp superfamily, from bone
marrow stromal cells, resulting in a sustained dormant state (Sharma
et al,, 2016). Similarly, osteoblast secretion of TGFp2 induced dormancy
of prostate cancer cells in SCID mice (Yu-Lee et al., 2018), while intracar-
diac injection of the prostate cancer cell line, PC-3, leads to osteoblast
secretion of Wnt5a induced DTC dormancy (Ren et al., 2019). In addition
to secreted factors, direct cell-DTC interactions were shown to be essen-
tial for dormancy induction. In the metastatic lung niche, the interaction
of the syngeneic D2.0R mammary carcinoma cells with host lung AT1
alveolar cells triggered dormancy-associated gene expression mediated
by SFRP2 (Montagner et al., 2020). Interactions between osteogenic cells
and the ER+ BC cell lines, MCF-7 and ZR-751, in the bone metastatic
niche, led to ER loss and the generation of a hybrid EMT state (Bado
et al,, 2021). Overall, these studies suggest that dormancy may be a pre-
existing state in some tumors while induced at distant sites by extrinsic
factors or by instructive niches in others.

4.2 | Emerging from dormancy

Dormancy escape can result in tumor growth and progression
(Klein, 2020; Sosa et al., 2014). Therefore understanding the factors

that control tumor dormancy exit is an important area of research.
The metastatic niche, including nutrient availability and stromal cells
(Joyce & Pollard, 2009) has been extensively revealed as a key player
in the regulation of EMT-dependent dormancy. In the MMTV-HER2/
Neu mouse mammary carcinoma model, single-cell RNA-sequencing
of early DTCs revealed increased expression of EMT-TFs controlled
by ZFP281 (Nobre et al., 2022). This TF locked DTCs in a quiescent
state, and only by repressing it, could metastatic outgrowth and
expression of epithelial features such as E-cadherin occur (Nobre
et al., 2022). Similarly, it was shown that the dormant murine mam-
mary cell line, D2.0R, expresses high levels of EMT-TFs (Montagner
et al.,, 2020). Epithelial reconversion through E-cadherin restoration in
dormant DTCs promoted cell cycle entry and overcame
EMT/dormancy in a MET fashion (Aouad et al., 2022). In line with
these findings, overexpression of E-cadherin was recently shown to
promote proliferation and macro-metastasis formation of ER+ BCs
via the MEK/ERK signaling pathway (Russo et al., 2022). These stud-
ies also suggest that although the EMT state may lock DTCs into dor-
mancy, this can be reversed by shifting cells to a more epithelial cell
state, highlighting the plastic nature of DTCs.

4.3 | Microenvironmental control of dormancy and
awakening

Microenvironmental factors have also been shown to play a signifi-
cant role in awakening from dormancy. Escape from metastatic dor-
mancy was shown to be promoted by inflammatory signals creating a
pro-tumorigenic microenvironment that supports the growth and sur-
vival of DTCs. Factors, such as cytokines and chemokines, can acti-
vate signaling pathways that promote DTC survival and proliferation.
In BC models, tumor necrosis factor-alpha (TNF-a) and interleukin-6
(IL-6) have been shown to promote metastasis dormancy exit through
activation of NF-kB and JAK/STAT3 signaling, respectively (Aouad
et al., 2022; Korkaya et al., 2012; Yu et al., 2017). In addition to cyto-
kines, a number of inflammatory cells and secreted molecules are
known to contribute to a pro-tumorigenic microenvironment and
likely affect dormancy. In the pre-metastatic lung of the MMTV-PyMT
BC model, myeloid progenitor-secreted versican induces decreases
p-SMAD2 levels resulting in MET and accelerated metastasis (Gao
et al., 2012). Myeloid cells themselves have also been shown to be
activated by tumor-secreted versican, leading to the production of
TNFa and enhanced cancer cell survival. In this context, TNFa also
recruits leukocytes to create a pro-inflammatory pre-metastatic niche
(Kim et al., 2009). In the EO771 syngeneic mouse model of BC, macro-
phages lie in close proximity to NR2F1+ dormant tumor cells and
induce a dormant cell state resulting in increased extravasation
and survival (Borriello et al., 2022). Natural killer (NK) cells within the
liver metastatic niche were also found to sustain the 4T07 BC dor-
mancy phenotype. NK cell depletion using an anti-asialo-GM1 anti-
body induced exit from dormancy and metastatic outgrowth (Correia
et al.,, 2021). Such crosstalk between inflammation, tumor cells, and
their microenvironments likely impinges on DTC growth and survival
in a context-specific manner (Boire et al., 2019).
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A striking example of the context-dependency of dormancy was
recently demonstrated using syngeneic ER+ mouse mammary carci-
noma cell line models that were injected into hosts of different ages.
PDGF-C within the lung microenvironment of aging mice induced dor-
mancy exit and promoted macro-metastatic disease, while DTCs
remained dormant in young hosts (Turrell et al., 2023). In head and
neck squamous cell carcinoma patients, NR2F1 was found to be a crit-
ical node in the induction of DTC dormancy which was downregu-
lated in proliferating cancer cells (Sosa et al., 2015). In an effort to
therapeutically induce dormancy, an NR2F1 agonist was identified
and shown to prevent overt metastases of lung DTCs by inducing can-
cer dormancy (Khalil et al., 2022). Considering the distinct mecha-
nisms regulating dormancy, pinpointing the precise extrinsic factors
and contexts using a tumor type- and metastatic niche-specific
approach in clinically relevant models is a pre-requisite for the devel-

opment of dormancy-targeted therapies.

5 | CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Most of our understanding on tumor dormancy stems from pre-
clinical studies which have helped identify molecular mechanisms,
potential biomarkers, and possible targets. It is now evident that EMT
plays a key role in determining whether cells remain dormant or
become active (Aouad et al., 2021; Kurppa et al., 2020; Nobre
et al, 2022). Understanding the mechanisms controlling dormancy
exit in DTCs is pivotal. By targeting specific mechanisms or extrinsic
factors that permit dormancy exit, it may be possible to prevent the
reactivation of dormant cells and improve patient outcomes as was
shown for the dormancy-inducing NR2F1 agonist, C26 (Khalil
et al., 2022). In light of this proof of principle study on exploiting dor-
mancy as an anti-cancer therapy, further elucidation of the tumor-
specific cell states regulating dormancy will permit further fine-tuning
of therapeutic strategies pushing them closer to the clinic.

Recent advances in single-cell sequencing technology have
enabled researchers to study the gene expression profiles of individ-
ual DTCs and their interactions with the microenvironment (Aouad
et al., 2022; Janghorban et al., 2022; Lawson et al., 2015; Nobre
et al., 2022). These studies have revealed that DTCs can undergo
dynamic changes in gene expression displaying EMT-dependent phe-
notypes in response to microenvironmental cues (Linde et al., 2016;
Obenauf & Massagué, 2015). Most studies on metastatic dormancy to
date have been based on over-expression and repression of EMT-
related factors. These approaches failed to capture the true plasticity
of DTCs. The fast-paced development of sensitive single-cell OMICS,
spatial transcriptomics, 3D whole organ imaging, and lineage tracing
technologies, will provide novel tools to unravel (1) the contribution
of the dormancy permissive metastatic niche, (2) from when and
where dormant DTCs arise, and (3) what are the molecular mecha-
nisms regulating tumor cell dormancy. The combination of these tech-
nologies will guide us to unravel the secrets of dormancy regulation
and provide a rationale for the development of dormancy-inducing

therapies. We may soon enter a new era of anti-cancer therapies with
the ability to prevent late recurrence or fine-tune cancers into a

chronic but controlled disease.
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