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Abstract

Despite early diagnosis and improved treatments, breast cancer remains a
challenging disease. A strategic advantage for breast cancer recurrence is the
ability of breast cancer cells to become quiescent and survive for decades
in a dormant state within the endosteal region of the bone marrow. Breast
cancer dormancy is triggered by exosome vesicles secreted by mesenchymal
stem cells residing in the bone marrow. By mechanisms yet to be determined,
dormant breast cancer cells are awakened leading to resurgence and metas-
tasis. Experimental evidence supports the notion that dormant breast cancer
cells are cancer stem cells recognized as tumor initiating and propagating
cells with chemoresistant and metastatic properties. These cells represent
less than 2% of the total tumor mass, which impose a significant barrier for
their therapeutic targeting. This review focuses on cellular and molecular
properties of breast cancer dormancy including tumor microenvironment,
epigenetic regulation, cell signaling and metabolic reprogramming.
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Introduction

Breast cancer (BC) is a heterogeneous disease that can be categorized into
three groups based on molecular and histological properties: (1) hormone
receptors, including estrogen receptor (ER) or progesterone receptor (PR)
expressed BC, (2) human epidermal growth factor 2 (HER2) expressed BC,
(3) triple-negative breast cancer (TNBC) (ER−, PR−, HER2−) [1]. TNBC,
which accounts for 10–15% for BC, is the most lethal subtype with the
highest recurrence rate in BC. Approximately 80% of TNBC are basal like
breast cancer, which presents as invasive ductal carcinoma [2]. The poor
prognosis of TNBC is potentially due to the lack of tumor-specific targeted
therapy and the enrichment of cancer stem cell (CSC) populations, which
are considered as driver of BC tumor progression, metastasis and therapeutic
resistance [3]. CSCs have high self-renewal capacity and high plasticity,
similar to pluripotent stem cells, with a consensus cell surface receptor
signature, CD44+CD24−/lowCD133+ALDH1+ [4]. Differentiation of CSCs
is the source of cellular heterogeneity and tumor growth. Another feature of
CSCs is their ablity to exit the cell cycle and enter a quiescence-like cell state
known as dormancy [5]. Accumulating evidence indicate that breast cancer
cell dormancy is the major cause of metastasis, therapeutic resistance and
relapse. Dormant CSCs can remain undetected from immune surveillance
and conventional therapies, such as radiotherapy and chemotherapy, leading
to cancer recurrence even decades after initial diagnosis. The bone marrow
(BM) is one of the most preferred sites of BC metastasis and cancer cell
dormancy because of its unique microenvironment and instructive secretome
from resident cells [6, 7]. Dormant CSCs in BM can form physical interac-
tions with mesenchymal stem cells (MSCs) and hematopoietic supporting
stromal cells, by forming gap junction-mediated intercellular communica-
tions (GJIC), which protect CSCs from the immune surveillance [8]. A better
understanding of the molecular mechanisms underlying BC dormancy and
recurrence remains as an essential requisite to improve clinical treatment.

In this review, we summarize some of the biological mechanisms under-
lying BC dormancy and recurrence. We also describe the interconnection
between BC dormancy and tissue microenvironment, with particular focus
on the BM niche.

Breast Cancer Dormancy

Tumor dormancy is a term created by Rupert A. Willis in 1934 who explained
the delayed recurrence of cancer on metastatic sites after excision of the
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primary tumor. He stated that tumor cells must hide within the tissue in a dor-
mant state, which can be awakened by environmental changes [9]. Decades
after, this cancer dormant state was described as “temporary mitotic arrest” of
tumor cells that could explain the long latency window (>5 years) between
the primary tumor removal and recurrence of the secondary tumor [10]. Based
on this concept, minimal residual disease (MRD) can be considered as the
source of dormant cancer cells [11]. MRD includes circulating tumor cells
(CTCs) migrating through the circulatory or lymphatic systems, whereby
a fraction of these cells known as disseminated tumor cells (DTCs) have
the capacity of invading distant secondary sites, such as the BM in breast
cancer [12]. Research including 10,307 BC patients shows that 27.3% of BC
patients were DTC-positive in BM [13]. Moreover, accumulating evidence
indicate that presence of DTCs in BM is highly correlated to a higher
relapse rate and consequently higher death from breast cancer compared to
DTC-negative BC patients [14–16].

Cancer dormancy can be specified into two models: (1) tumor mass dor-
mancy, represented by constant and none growing small tumor masses, and
(2) cellular dormancy, the quiescent or growth-arrested single and small DTC
clusters [17]. Both models share similar characteristics including, mitotic
arrest in a G0-like state (quiescence) in response to external and internal
signals, and their ability to maintain a balance between cell proliferation or
cell death [11].

Tumor Microenvironment and Breast Cancer Metastasis

BCCs can undergo epithelial-mesenchymal transition (EMT) to generate
CTCs, which can eventually colonize distant organs and develop into
DTCs [18]. Hallmarks of EMT include reduction of epithelial cell markers
such as E-cadherin (E-cad), γ-catenin, and zonula occludens-1 (ZO-1), along
with the acquisition of mesenchymal markers such as N-cadherin, vimentin,
and fibronectin [19]. Dormant BCCs can undergo EMT to generate CSCs,
which may result in recurrence of BCCs populating their secondary microen-
vironment [20, 21]. The high plasticity of CSCs confers them the ability to
switch between stem cell and non-stem cell states, along with other futures
including self-renewal, clonal tumor initiation capacity, and long-term clonal
repopulation potential [22]. CSCs can adapt to the microenvironment of
tumor-distant tissues, such as BM, to form DTCs, where they may remain
dormant for extended periods.

Epithelial-mesenchymal plasticity (EMP) drive invasion, migration, and
metastasis [23]. EMP determines ER+ BC dormancy, which is overcome
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Molecular subtypes 
of Breast cancer

Luminal A
Estrogen Receptor+ (ER+)
Progesterone Receptor+ (PR+)
Human Epidermal Growth Factor 2- (HER2-)

Triple Negative
Estrogen Receptor- (ER-)
Progesterone Receptor- (PR-)
Human Epidermal Growth Factor 2- (HER2-)

Luminal B
Estrogen Receptor+ (ER+)
Progesterone Receptor- (PR-)
Human Epidermal Growth Factor 2+ (HER2+)

HER2 Positive
Estrogen Receptor- (ER-)
Progesterone Receptor- (PR-)
Human Epidermal Growth Factor 2+ (HER2+)

Figure 1 Molecular subtypes of breast cancer. Luminal A is positive for both estrogen (ER+)
and progesterone (PR+) hormone receptors while negative for human epidermal growth factor
2 (HER2−). Luminal B is ER+, HER+ and PR−. HER2 positive subtype is ER− and PR−.
Triple negative subtype is ER−, PR− and HER−.

by forced expression of E-cad [24]. EMP of BCCs can be regulated by the
tumor microenvironment, which includes immune cells, stromal cells such as
cancer-associated fibroblasts (CAFs), blood vessels, and extracellular matrix
(ECM). CAFs are considered key mediators of BC metastasis [25]. These
specialized fibroblasts surround the tumor mass modulate the ECM, secrete
hormones, cytokines, and growth factors. For instance, CAFs-secreted C-X-
C motif chemokine ligand (CXCL)-12, also known as stromal cell-derived
factor-1 (SDF-1), promote BC progression and initiate EMT through the
CXCL12-CXCR4 axis [26]. Additionally, CAF-secreted CXCL14 can induce
nitric oxide synthase 1 (NOS1), leading to attenuated EMT and reduced
migration of BCCs [27]. Furthermore, CAF-secreted transforming growth
factor β1 (TGF-β1) activates the TGF-β/Smad signaling pathway in BCCs
resulting in EMT initiation [28].

Another crucial regulator of EMT is tumor-associated macrophages
(TAMs), which produce matrix proteolytic enzymes, including matrix met-
alloproteases (MMPs) such as MMP-9 and urokinase [29]. MMP-9 is a type
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of gelatinase that can degrade ECM, leading to the release of signaling
molecules that promote invasion and migration of BCCs [30]. MMP-9 can
activate the PI3K/Akt pathway in cancer cells, leading to the initiation of
EMT [31]. Additionally, CXCL1 derived from TAMs promotes EMT and
metastasis of BCCs via activation of the NF-κB/SOX4 pathway [32].

Dormancy in Bone Marrow

Bone tissue is the most common site for breast cancer metastasis, which
includes approximately 70% of metastatic BC patients [33]. This predilection
for bone is due to the BM microenvironment, which supports BCC dormancy,
as explained by Stephen Paget’s, “Seed and Soil” theory: ’When a plant goes
to seed, its seeds are carried in all directions; but they can only live and
grow if they fall on congenial soil’ [34]. There are two hematopoietic niches
within the BM, the endosteal niche and the perivascular niche. The endosteal
niche is characterized by bone-lining osteoblasts that maintain hematopoietic
stem cell (HSC) quiescence, while the perivascular niche, located in the bone
marrow stroma, is characterized by mesenchymal reticular and endothelial
cells, which support mobilization and proliferation of HSCs [35].

Dormant BCCs have been reported to reside within the stromal com-
partment, close to the endosteum [36]. BCC dormancy is facilitated by
the establishment of connexin (Cx)-mediated GJIC between bone marrow
stromal cells and BCCs, especially survived CSCs [37]. GJIC consists
of clustered hemichannels that enabled direct intercellular communication,
including the exchange of ions, organic molecules, microRNA (miRNA), and
mitochondria between cells [38]. Cxs, which are a family of proteins with
four transmembrane domains, are the molecular components of a hemichan-
nel. GJIC is formed when two hemichannels from adjacent cells dock within
an intercellular space of 2–3 nm [39]. CXCL12 has been known as a crucial
regulator of GJIC formation. Upon establishing GJIC with BM stromal cells,
these stromal cells pass CXCL12-specific miRNAs, including miR-127, -197,
-222, and -223, to BCCs, leading to a reduction in CXCL12 production within
BCCs [40]. This low concentration of CXCL12 can activate protein kinase
C, which phosphorylates the gap junction protein Cx43, further enhancing
GJIC [41]. Reduced CXCL12 levels prevents the formation of GJIC between
BCCs and HSCs, thereby maintaining normal hematopoiesis [42].

MSCs, which are also hematopoietic supporting cells in the BM, can
establish GJIC with BCCs [37]. Moreover, extracellular vesicles (EVs),
including exosomes, secreted by MSCs, play a crucial role in regulating
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Figure 2 Breast cancer cell dormancy microenvironment in bone marrow. A) Schematic
representation for an overview of the bone marrow (BM) microenvironment depicting the
perivascular and endosteal niches supporting the generation of breast cancer stem cells (CSCs)
and their transition into dormancy. Diverse interactions with bone marrow resident cells
including mesenchymal stem cells (MSCs) support dedifferentiation of breast cancer cells
(BCCs) into CSCs. B) Formation of CSCs. MSCs release exosome vesicles congaing a
specific cargo (e.g., nucleic acids and proteins) to instructs incoming BCCs in the perivascular
niche to dedifferentiate into CSCs. C) Late-stage dormancy. Direct interaction between
CSCs and stroma cells via gap junction intercellular communication (GJIC) promotes CSC
dormancy in the endosteum.
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BCC dormancy. The presence of BCCs in the bone marrow can alter the
content within the cargo of MSC-secreted exosomes. These EVs can shut-
tle cargo that includes microRNAs, mRNAs, proteins and DNA fragments
into BCCs [43]. Such exosomal cargo can influence the physiology of
BCCs. For instance, miR-23b in MSC-secreted exosomes induces a dormant
phenotype in BCCs by suppressing MARCKS (myristoylated alanine rich
protein kinase C substrate) gene encoding for a cytoplasmic membrane actin
filament crosslinking protein that promotes cell cycling and motility [44].
During early stages of entry into the BM, BCCs can prime MSCs to release
exosomes containing miR-222/223, which induce changes in the cell cycle
promoting BCC quiescence [45]. Additionally, BCC-primed MSC-secreted
EVs can trigger dedifferentiation of BCCs, particularly Oct4alow BCCs, into
CSCs, leading to early dormancy [46]. Beyond EVs, soluble signals from
MSCs can also induce BCC dormancy. For example, NG2+/Nestin+ MSCs
produce TGFβ2 and BMP7, which activate quiescence in BCCs through
TGFBRIII and BMPRII, leading to the activation of the SMAD, p38, and
p27 pathways [47].

About 10% of BM stromal cells are M2 macrophages (MΦs) and GJIC
between M2 MΦs and GJIC between M2 MΦs and BCCs in leads to dor-
mant phenotype of BCCs with cycling quiescence, reduced proliferation and
carboplatin resistance. LPS-stimulated MSCs polarization of M2a MΦs to
M1 type. M1 MΦ-derived exosomes activated NFêB to reverse quiescent
BCCs to cycling cells, leading to the resurgence of breast cancer [48]. In
BM, MSCs also provide immune protection to dormant BCCs by weakening
CD8+ T cells and inducing immunosuppressive CD4+IL-10+ T cells and
CD4+CD25+Foxp3+ regulatory T cells [49–51].

Epigenetics in Breast Cancer Progression and Dormancy

Epigenetics is defined as heritable changes in gene expression without chang-
ing the DNA sequence [52]. Epigenetic dynamics are considered crucial
mediators of CSC formation and potential cancer dormancy [53]. Epigenetic
reprogramming, which leads to the activation of key cell survival gene net-
works, is required to initiate metastatic activation programs and dormancy.
Epigenetic regulatory programs including DNA methylation, histone modifi-
cations, and non-coding RNAs (ncRNAs) controlling epigenetic factors are
dysregulated in human BC and appear to show promising results as potential
biomarkers for prognosis and for developing therapeutic treatments [43].
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Figure 3 Epigenetic dysregulation in breast cancer. Upregulation of DNA methyltrans-
ferases (DNMTs) silence the expression of tumor suppressors including BRCA1, CST6,
SOX17 and BRMS1. Conversely, DNA hypomethylation, also observed in BC, leads to
the upregulation of pluripotency genes including OCT4, SOX2 and NANOG to promote
epithelial-to-mesenchymal transitions (EMTs) and cellular stemness. Collectively, dysregu-
lated DNA methylation leads to increased cellular proliferation and chemoresistance. Upregu-
lation of the histone methyltransferase EZH2 cause an increased methylation of histone H3 at
lysine 27 (H3K27me) resulting in downregulation of cell cycle regulators including RAD51,
RUNX3, CDKN1C, FOXC1 and E-cadherin. A non-catalytic function of EZH2 promotes
the expression of the metastatic promoting genes KRT14 and ITGB1. Dysregulated EZH2
levels and activity promote cellular stemness and proliferation. Upregulation of the histone
acetyltransferase p300 and the histone methyltransferases MLL, along with downregulated
HDAC4, is conducive to a transcriptionally permissive chromatin that favors the expression of
the metastasis-promoting gene NEDD9 and the long-non-coding RNAs (lncRNAs) HOTAIR
and MALAT1. These lncRNAs can reprogram the genomic recruitment of the polycomb
repressive complex 2 (PRC2), which results in the upregulation of genes that stimulate EMT,
invasiveness, metastasis and proliferation, along with downregulation of genes promoting
apoptosis.

DNA methylation refers to the covalent attachment of methyl group(s)
to the pyrimidine ring of the cytosine base within cytosine-phosphate-
guanine (CpG) dinucleotides, generating 5-methylcytosine (5mC) [54]. The
transfer of the methyl group(s) from the S-adenosyl-L-methionine (SAM)
donor is catalyzed by DNA methyltransferases (DNMTs), including DNMT1,
DNMT2, DNMT3A, and DNMT3B [55]. An active DNA demethylation
process is catalyzed by the ten-eleven translocation (TET) family of enzymes
TET1, TET2, TET3. These are dioxygenases [56]. While DNA methyla-
tion mediates the suppression of transcription, hypomethylation of DNA
favors gene expression [57]. In BC, DNA hypermethylation was reported
in key genes, such as the tumor suppressors BRCA1 and E-cadherin, the
pro-apoptotic gene TMS1, and the transcription factor GATA3, whose expres-
sion correlates with BC patient survival [58–62]. The overexpression of
DNMT3B is linked to hypermethylation of BRCA1, and the inhibition of
DNMT activity by the dihydroxyflavanone compound liquiritigenin leads to
increased BRCA1 transcriptional activity and decreased malignant behavior
in TNBC [63, 64]. The expression levels of DNMTs are positively correlated
with the methylation level of lactate dehydrogenase C4 (LDH-C4), which
is associated with tumorigenesis and metastasis in diverse cancer types,
including breast cancer [65]. DNA methylation works in concert with other
epigenetic modifications. For example, DNMT1 inhibits the expression of the
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long non-coding RNA (lncRNA) PHACTR2-AS1 (PAS1), which mediates
the silencing of PH20, an ECM modeler, via H3K9 methylation, to regulate
cell migration. This DNMT1-PAS1-PH20 axis drives breast cancer growth
and metastasis [66]. The interactions between DNMT1 and enhancer of zeste
homolog-2 (EZH2), a histone methyltransferase that is part of the polycomb
repressive complex 2 (PRC2), promote EMT in TNBC by silencing the gene
WWC1, an active member of the Hippo/YAP pathway [67].

In BC, DNA methylation plays a crucial role in controlling the sur-
vival and cell fate of CTCs. Three important tumor suppressors – cystatin
E/M (CST6), SRY-box transcription factor 17 (SOX17), and breast can-
cer metastasis suppressor gene 1 (BRMS1) – are hypermethylated in the
CTCs of BC patients [68]. Furthermore, compared to single CTCs, the CTC
clusters exhibit hypomethylated binding sites for stemness- and proliferation-
associated transcription factors, including the pioneer pluripotency factors
OCT4, NANOG, SOX2, and SIN3A, whose expression correlates with poor
prognosis in BC patients [69]. Upregulation of OCT4 was shown in a most
immature subset of BCCs that exhibit chemoresistance, stem cell properties,
and dormancy [70]. The upregulation of NANOG triggers JAK/STAT and
Wnt/b-catenin to induce stemness, self-renewal, metastasis, invasiveness and
chemoresistance in diverse cancer types, including BC [71]. SOX2 is a CSC
marker that stimulates EMT through Wnt/b-catenin leading to increased
proliferation, invasion, metastasis, and drug resistance [3, 67]. Collectively,
these finding suggest that formation and survival of CSCs via epigenetic
programming is key for promoting BC metastasis and dormancy.

Additionally, histone modifications involved in BC development include
methylation, acetylation, and phosphorylation of histone tails to induce the
expression of specific genes that promote tumor growth and metastasis. For
instance, the histone methyltransferase, enhancer of zeste homolog 2 (EZH2),
catalyzes tri-methylation of lysine 27 on histone H3 (H3K27me3), which
functions as a repressive epigenetic mark [72]. EZH2-mediated repression
affects multiple cell cycle-related genes including RAD51, whose downreg-
ulation leads to activation of Raf1/pERK and b-catenin signaling pathways,
RUNX3, resulting in low levels of the cell cycle arrest protein p21WAF/Clp1,
CDKN1C, leading to accelerated G1-S cell cycle transition, FOXC1, a
forkhead box transcription factor functioning as a negative regulator of cell
migration and invasion, and CDH1 (E-cadherin), whose downregulation pro-
motes metastasis [73]. Notably, in contrast to EZH2-H3K27me3 mediated
gene repression, a non-catalytic form of EZH2 promotes the activation of
the basal cytokeratin 14 (KRT14) gene, considered a hallmark in TNBC,
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by blocking its repressor SP1, which results in peritoneal metastasis [74].
The non-catalytic form of EZH2 also increases integrin subunit beta 1
(ITGB1), which subsequently activates TGF-β signaling, promoting BC bone
metastasis [75].

A global reduction in H4K16 acetylation levels is observed during the
early stages of breast cancer [76]. In ER+ BCCs, ERs and ER-coregulators,
including histone methyltransferases MLL1/MLL3 and histone acetyltrans-
ferase p300, induce the expression of HOX antisense intergenic RNA
(HOTAIR), a lncRNA, which increases cell growth and viability of BC
cells, thereby promoting breast cancer progression [77]. Additionally, histone
deacetylases (HDACs) play a significant role in cancer by modifying the
epigenome and consequently the expression of key breast cancer genes. For
instance, the inhibition of HDAC4 leads to an upregulation of the NEDD9
gene, which induces cell proliferation and migration, thereby enhancing
BC metastasis [78]. Downregulated HDAC11 in BC lymph node metastasis
causes the upregulation of genes involved in promoting cancer cell migration
to distal organs [79].

ncRNAs can also function as mediators of epigenetic dynamics in mul-
tiple cancer types [80]. ncRNAs have emerged as promising biomarkers
for effectively distinguish diverse breast cancer subtypes, predict overall
survival, and determine response to treatments [81]. ncRNAs are untranslated
RNA molecules including miRNAs (miRs) and lncRNAs that can influence
the expression of their target genes. For instance, miR-21 plays a crucial
role in promoting invasive and metastatic BC by stimulating EMT and
HIF1α expression in breast CSC-like cells [82]. The inhibition of miR-21
reverses such CSC signature and increases the susceptibility of BCCs to
chemotherapy [83].

lncRNAs such as HOTAIR (HOX transcript antisense RNA) and
MALAT1 (metastasis-associated lung adenocarcinoma transcript 1) con-
tribute to tumor proliferation and metastatic progression in BC [84, 85].
In BC, HOTAIR reprograms the genomic occupancy of PRC2 towards an
embryonic-like signature leading to the upregulation of genes involved in
invasiveness and metastasis, while MALAT1 promotes the expression of
genes involved in cell cycle progression and EMT. Additionally, upregulation
of lncRNA NR2F1-AS1 in BCCs leads to the expression of pluripotency
markers such as OCT4 and NANOG, as well as dormancy promoting
genes inducing a quiescence-like state in ER+ BCCs [86]. Furthermore,
the expression of ESR1 locus-enhancing and activating non-coding RNAs
(ELEANORs) has been identified as a predictor of breast cancer recurrence
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in ER+ patients [87]. Mechanistically, ELEANORs upregulate the BC stem
cell gene marker CD44, to maintain cellular stemness and possibly tumor
dormancy.

Collectively, a comprehensive understanding of the epigenetic programs
underlying BC progression, metastasis and relapse is critical for devel-
oping innovative treatments that can be focused on targeting dormant
BCCs.

Glycolysis and OXPHOS Metabolism and Breast Cancer
Dormancy

Cancer progression relies on the ability of cancer cells to rapidly fulfill their
demand of amino acids, nucleotides and lipids, maintain redox homeostasis,
and fuel their energy requirements [88]. This is one of the main reasons
cancer cells are thought to upregulate the glycolytic pathway during the
Warburg effect.

“Aerobic glycolysis” (or “Warburg glycolysis”) is characterized by
increased glucose uptake and augmented lactate production even under
conditions of normal oxygen levels [89]. In normal conditions, under con-
stant oxygen supply, cells undergo glycolysis to produce pyruvate from
glucose, then oxidized into carbon dioxide through oxidative phosphoryla-
tion (OXPHOS) in mitochondria, which produces a highly efficient energy
yield [90]. However, under the condition of oxygen deprivation, healthy
cells suffer incomplete oxidation of glucose resulting in lactate produc-
tion, avoiding mitochondrial respiration, and consequently producing lower
energy yield [91]. Cancer cells can reprogram their glucose metabolism by
converting glucose into lactate via glycolysis, even in the presence of oxygen,
though this mechanism is a much less efficient energy source [92]. Thus,
cancer cells require alternative metabolic end products to accelerate their
proliferation. Nevertheless, the role of aerobic glycolysis and OXPHOS in
dormant BCCs remains undetermined.

Recent evidence supports the notion of metabolic reprogramming as
another hallmark of cancer progression to keep up with energy demands
during rapid proliferation. Part of this metabolic reprogramming includes
lipid metabolism, which is increased in metastasis, as a source of energy
even under hypoxic conditions. Lipid metabolism through fatty acid syn-
thesis and glycerol is associated to BC dormancy [93]. In 2019, Schömel
et al., studied glycolytic and oxidative metabolic phenotypes of BCCs fol-
lowing the overexpression of the glycosphingolipid UDP-glucose ceramide
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glycosyltransferase (UGCG), which is a key enzyme of lipid metabolism.
UGCG activity results in the production of glycosylceramide, the precur-
sor for all glycosphinglipids, and is related to poor prognosis in breast
cancer patients [94]. This group showed that the overexpression of UGCG
leads to increased proliferation of BCCs, which led them to investigate the
molecular mechanism causing this proliferative advantage. Their following
study demonstrated BCCs can fuel the tricarboxylic acid (TCA) cycle to
sustain the proliferative capacity using glutathione production upon UGCG
overexpression. Under this condition, BCCs experience a metabolic shift
from a quiescent/aerobic state to an energetic state by increasing glycolysis
and OXPHOS [95]. These studies highlight a close connection between
BCC’s metabolic activity, glycosphingolipid metabolism and accordingly
their dormant/active state. Although a strong focus on glycosphingolipid
metabolism was presented, they also showed a higher BCC dependence on
glycolysis during dormancy and attributed the BCC shift from a dormant to
a proliferative state to be a consequence of increased OXPHOS. Therefore,
this highlights the potential for dormant BCCs leveraging a reversed Warburg
effect, using glycolysis to remain quiescent.

OXPHOS is considered as being the most efficient energy yielding
metabolic pathway, with higher efficiency of adenosine triphosphate (ATP)
production relative to glycolysis [96]. However, 60% of cancer cells are
believed to rely on aerobic glycolysis for their energy supply [88]. While
several studies have mainly focused on the impact of glycolysis on BCC
dormancy, research also shows OXPHOS has energy source during BCC
dormancy. It was recently shown that the microenvironment can contribute
to a metabolic shift reliant on OXPHOS in the BM stroma. [97]. By using
both the in vitro and in vivo models, the BCCs in the bone marrow exhibited
an OXPHOS profile, along with low extracellular signal-regulated kinase
(ERK) activation and high Akt signaling, two of the most activated signal-
ing pathways in cancer by driving many cellular processes including cell
proliferation, survival, and drug resistance [98].

A combination of both glycolysis and OXPHOS were suggested for BCC
dormancy in a study by Sánchez-alvarez et al in 2020 [99]. This study shows
the induction of BCC quiescence by overexpressing the mitochondrial fission
factor (MFF) in MCF7s (ER+). Mitochondrial fission and fusion regulate
the shape, function, and distribution of mitochondria, which is essential for
maintaining cellular health, especially in response to metabolic demands,
stress, and damage. MFF overexpression resulted in abnormal activated mito-
chondrial fission disrupting both glycolysis and OXPHOS and consequently
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stimulating quiescent programs. This result suggests mitochondrial fission
could represent a tool in the activation of BCC dormancy.

Further studies are required to find whether glycolysis or OXPHOS is the
main driver of BCC dormancy. In general, these studies have focused on the
use of MCF7s (ER+) as a BC model. Since BC is a multifaceted disease, an
exploration of pathways feeding these two key metabolic processes within
different BC subtypes is needed. In summary, glycolysis and OXPHOS play
crucial roles in the maintenance of BC dormancy. The ability of cancer
cells to switch between these two pathways confers them with the cellular
plasticity for adapting to diverse tumor microenvironments and contribute
to their long-term survival and potential for relapse. Therefore, targeting
these metabolic processes could provide new avenues for new therapeutic
developments to prevent BC recurrence.

Hypoxia and Breast Cancer Dormancy

Low oxygen levels influence cellular metabolism, which affects proliferation,
migration, and invasion. Cells are evolutionarily programmed to engage
in glycolysis when oxygen levels are too low to support OXPHOS [100].
Hypoxia is a hallmark of tumor microenvironment in most solid tumor, which
is caused by an imbalance between oxygen consumption and supply due
to rapid tumor growth [101]. Hypoxia promotes tumor growth, metastasis,
and drug resistance by regulating the expression of hypoxia-related genes,
eventually leading to more aggressive cancers [102]. The hypoxia-inducible
factor (HIF) family of transcriptional factors play a pivotal role in the cellular
response to hypoxic stress. HIF1α (hypoxia-inducible factor 1 alpha), which
affects the expression of specific gene networks, is involved in cellular
energetics and metabolism [103, 104]. Part of the tumor microenvironment is
composed of hypoxic regions which favors cancer cells to undergo cell cycle
quiescence and chemotherapeutic resistance [90]. However, in a dormant
cancer model, that is not within a solid tumor, dormant BCCs exhibit cycling
quiescence and chemoresistance by existing as single cells at metastatic sites
such as BM [105].

In hypoxic environment, oxygen deprivation can alter epigenetic reg-
ulatory programs in cancer cells causing increased metastatic competence
and facilitating cellular transitions towards stem cell-like states [106]. Epi-
genetic mechanisms in hypoxic responses during cancer dormancy in BM
was described by Ferrer et al [90]. Some of these epigenetic reprogramming
mechanisms include DNA methylation-demethylation dynamics facilitating
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cell fate changes towards CSC-like states. Hypoxia-driven epigenetic changes
can promote the formation of CSCs [36]. Under hypoxic conditions, hyper-
methylation of promoter regions and downregulation of TET activity can
silence the expression of tumor suppressor genes and contribute to BC
dormancy [107].

In summary, hypoxia may facilitate BC dormancy by inducing a quiescent
state while maintaining CSCs. Targeting the hypoxic microenvironment and
the related signaling pathways could provide new therapeutic chances to
prevent cancer recurrence and improve patient outcomes.

Wnt Signaling and Breast Cancer Dormancy

Wnt signaling regulates a variety of cellular processes such as cell fate, differ-
entiation, proliferation, and stem cell pluripotency. Aberrant Wnt signaling is
a hallmark of multiple cancer types, particularly an aggressive subtype of BC,
known as triple-negative breast cancer (TNBC) [108]. Wnt signaling plays a
critical role in BC dormancy by promoting cell survival in a quiescent state
and potentially contribute to late recurrence. Using HER2 transgenic mice as
BC model, studies showed that BCCs can disseminate in tumor premalignant
stage, and EMT induced by both canonical and noncanonical Wnt signaling
contributes to early dissemination [109]. These early disseminated cells show
stem-cell like characteristics and have tumor-initiating capacity. Although
quiescent, they can release themselves from dormancy, become migratory and
invasive, leading to distal metastasis. They are defined as metastatic-initiating
cells (MIC) and this may be responsible for tumor metastasis even years
after removal of primary tumors [110]. Notably, one recent study showed
that during dormancy, DKK1 (Dickkopf Wnt signaling pathway inhibitor
(1) suppresses Wnt signaling in MIC. This was identified as latent competent
cancer (LCC) and downregulation of Wnt signaling induces LCC to quies-
cence to evade immune surveillance [111]. Therefore, these findings propose
that after early MIC dissemination, Wnt signaling activity may decline for
subsequent MIC dormancy. Understanding how Wnt signaling interacts with
other cellular processes during BC dormancy is key for developing strategies
to prevent relapse in BC patients.

Therapeutic Treatments

Breast cancer dormancy is a major clinical problem. Most current ther-
apies are unable to target non-dividing dormant cancer cells. Thus, one
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therapeutic approach is to force dormant cancer cells to exit their quiescent
stage followed by conventional therapies targeting highly proliferating cells.
However, this approach depends on how much of the proliferating cells can
be removed as they escape dormancy. Failure to this approach could increase
the chance of metastatic latency [112]. Although effective strategies to target
dormant cancer cells have been developed, potential issues may occur. For
instance, DTC assessment requires painful biopsies, and even after successful
evaluation, methods to eliminate of DTCs remain to be developed.

Clinical trials can target both dormant and active BCCs. ER+ BC trials
that targets the upregulation of the cyclin-dependent kinase 4/5 pathway,
which have been shown to influence BCC dormancy exit have been described.
The goal for this clinical trial is to target metabolic pathways in both dor-
mant BCCs and active BCCs (clinical trial identifier: NCT04841148). In
addition, mitochondrial ATP-depletion therapy may be used to prevent BCC
dormancy [113]. Additionally, it is critical to focus on cancer cell growth
arrest [114]. For instance, the cell proliferation marker Ki67, which is not
expressed during G0 phase of cell cycle, could be used as BC marker [115].

Collectively, addressing BC dormancy involves understanding the mech-
anisms that allow cancer cells to remain viable in a quiescent state to
develop new therapies specifically targeting dormant cells. Due to the multi-
factorial programs supporting BC dormancy, including microenvironmental
conditions, epigenetics, metabolism, and cell signaling, it seems logical that
new therapies will have to depend on the combination of multiple targeting
approaches to improve BC patient outcomes.
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