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Abstract 

The ability of disseminated cancer cells from primary tumors to persist in a quiescent state for extended periods of years or even 
decades is a phenomenon known as cancer dormancy. This non-proliferative state represents a critical clinical challenge and 
constitutes a major barrier to therapy. Dormancy is often followed by stochastic relapses, or "reawakening," leading to metastasis of 
the primary cancer after its successful treatment. This narrative review synthesizes our current understanding of the complex and 
dynamic molecular mechanisms that govern dormancy and the eventual outgrowth of dormant cancer cells. We explore both cell-
intrinsic factors and the microenvironmental determinants of establishing and maintaining dormant cancer cells. Crucially, this 
review translates these mechanistic insights into therapeutic strategies, highlighting the latest advances in targeting dormant cancer 
cells, preventing their reawakening, and the challenges of developing useful predictive biomarkers. By integrating our knowledge 
of the molecular underpinnings of dormancy, we aim to provide a roadmap for therapeutic interventions that can lead to a permanent 
state of cancer suppression. 
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 رؤى حول الآلیات الجزیئیة واستخدامات خمول ونشاط السرطان 
 الخلاصة

ة خمول السرطان. تمثل ھذه الحالة  تعُرف قدرة الخلایا السرطانیة المنتشرة من الأورام الاولیة على البقاء في حالة سكون، لفترات طویلة تمتد لسنوات او حتى عقود، بظاھر
س عشوائي یؤدي إلى انتشار السرطان الاولي بعد نجاح علاجھ. یستعرض  غیر التكاثریة تحدیاً سریریاً بالغ الأھمیة، وعائقاً رئیسیاً امام العلاج. غالباً ما یتبع الخمول انتكا

یة المطاف. نستكشف ھنا العوامل الخلویة ھذا المقال السردي فھمنا الحالي للآلیات الجزیئیة المعقدة والدینامیكیة التي تتحكم بالخمول ونمو الخلایا السرطانیة الخاملة في نھا
المحددا  إلى  الآ الداخلیة، بالإضافة  المقال ھذه الرؤى  الخاملة والحفاظ علیھا. والاھم من ذلك، یتُرجم ھذا  الخلایا السرطانیة  التي تسُھم في تكوین  الدقیقة  البیئیة  إلى  ت  لیة 

تطویر مؤشرات حیویة تنبؤیة استراتیجیات علاجیة، مسلطاً الضوء على احدث التطورات في استھداف الخلایا السرطانیة الخاملة، ومنع نشاطھا، والتحدیات التي تواجھ  
 دائمة من قمع السرطان. فعالة. من خلال دمج معرفتنا بالأسس الجزیئیة للخمول، نھدف إلى تسلیط الضوء بشكل لى خارطة طریق للتدخلات العلاجیة للوصول إلى حالة 
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INTRODUCTION 

Considerable progress has been made in the last few 
decades in therapy, surgical interventions, and 
detection of cancer. However, a significant number of 
patients still experience relapse and metastatic 
outbreaks following variable periods of remission, 
which can last for years or even decades [1–5]. The 
extended period between successful treatment of the 
initial cancer and relapse with distant metastases is 
generally referred to as "dormancy," in which the 
neoplastic cells remain viable but non-proliferative 
[6,7]. These dormant cancer cells (DCCs) are likely to 
exhibit mitotic arrest during a reversible G0-G1 phase 
of the cell cycle [8,9]. Additionally, they display key 
biological features that include resistance to 
chemotherapy due to lack of proliferation, altered 
metabolic activity, and dependence on signaling 
pathways such as p38 MAPK and have been shown to 
evade immune surveillance [10–12]. It appears that 
dormancy is employed by cancer cells as an adaptive 
mechanism in response to stress exerted by the 
environment or the use of therapies, and the surviving 
dormant cells will act as a reservoir for relapse [2]. 

DCCs survive therapy, especially chemotherapy, by 
arresting the cell cycle and becoming insensitive to 
treatments that target dividing cells [13]. The halting of 
cell division is not unique to cancer, and the 
phenomenon has a striking resemblance to the early 
stages of a regulated program in human development. 
The similarity between the two events suggests that 
dormant cancer cells may be hijacking fundamental 
biological processes to ensure the survival of the cancer 
[14]. Dormant cancer cells may experience conditions 
unfavorable for their continued cell division, such as 
chemotherapy stress, nutrient starvation, and lack of 
sufficient oxygen [15]. The existence of a dormancy 
state in cancer cells can be established by comparing 
the gene expression profiles between DCCs and their 
parental lines [16]. The DCCs express genes that are 
necessary for the initiation and/or maintenance of 
dormancy that are absent or downregulated in their 
ancestral cells. Moreover, patients who received organ 
transplants from donors who had no previous cancer 
diagnosis or had been cured of cancer and remained 
free of it for over 10 years went on to develop tumors, 
pointing to the presence of DCCs in the organs they had 
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received [5]. Dormancy can arise at any stage of cancer 
progression from the primary tumor cells, during the 
journey of disseminated cells before reaching a distant 
organ, or at the formation of the micrometastasis stage 
[17,18]. The micrometastases, composed largely of 
proliferative cells, can progress to "tumor mass 
dormancy," where the bulk of cancer is held below a 
clinically detectable size due to immune pressure and 
lack of blood supply. This scenario gives rise to two 
distinct forms of dormancy: A) tumor mass dormancy 
and B) cellular dormancy, as illustrated in Figure 1.  

 
Figure 1: A schematic illustration of the differences between a single 
dormant cancer cell and a dormant tumour mass. A single dormant 
cancer cell shows quiescence, therapy resistance, lower metabolic 
rates, plasticity and immune evasion, while in a dormant tumour 
mass, an established balance exists between proliferation and 
apoptosis.   

In tumor mass dormancy, the whole of the tumor's bulk 
is maintained at a constant size, balancing cell 
proliferation and cell death [19,20]. The restrictive 
pressures against outgrowth can be immune system 
suppression, leading to “immunogenic dormancy," or 
lack of adequate vasculature, reducing nutrient and 
oxygen supply and leading to “angiogenic dormancy." 
In cellular dormancy, individual cells are quiescent and 
stagnant in a state of cell cycle arrest within the tumor 
[21]. Cancer cells experiencing cellular dormancy are 
additionally characterized by lower metabolism, 
resistance to chemotherapy, stemness, and immune 
evasion. In mechanisms not too dissimilar to those that 
drive dormancy, the relapse (reawakening) of DCCs is 
driven by numerous biological processes and often 
results in a more aggressive malignancy [22,23]. A 
more profound understanding of the drivers behind 
dormancy and relapses is important in developing 
innovative and effective early detection and 
management of metastatic cancer. This narrative 
review aims to provide a comprehensive view of the 
mechanisms involved in cancer dormancy and relapse 
and how different drivers could be employed to control 
this stage of cancer progression. 

METHODS 

Literature searches were confined to the years of 
September 2000–December 2025. Relevant articles 
were retrieved using the keywords above and the 
search engines PubMed, Google Scholar, Web of 
Science, and ResearchGate. The initial collection of 

publications was screened by the author, who 
considered the citations of the manuscript and the 
impact factor of the publishing journal. Studies deemed 
to fall outside the concept of an anticipated basic 
review were excluded. Publications before September 
2000 were only considered if their content represented 
a significant and/or historic contribution to the topic. 

Drivers of Dormancy 

When faced with hostile conditions such as the immune 
attack, hypoxia, lack of nutrients, and the presence of 
therapeutic chemicals, cancer cells will have to make a 
choice between surviving these stresses or death [24]. 
Choosing survival involves entering a quiescent state 
of dormancy and then eventual relapses upon the 
removal of the stress and the reversal of the cues. The 
drivers of cancer cell dormancy can be conveniently 
grouped into two mechanisms: 1) autonomous 
(intrinsic) mechanisms, including epigenetic 
modifications, autophagy-related mechanisms, and 
genetic alterations; and 2) microenvironment, 
extrinsically controlled mechanisms, which include 
immune surveillance and angiogenic-regulated 
dormancy [14,16]. It should be noted that these 
signaling mechanisms are quite often interconnected 
despite being discussed here under separate headings 
for simplicity and convenience (Figure 2). 

 
Figure 2: Drivers of cancer dormancy. Intrinsic factors, relating to 
the cancer cell themselves, can include epigenetic alterations, 
changes to the p38/ERK ratio, autophagy and stress. 
Microenvironmental factors may include immune surveillance, 
cellular and secreted soluble molecules, hypoxia, extracellular matrix, 
angiogenesis and metabolic changes. Refer to the list of 
abbreviations given at the end of this manuscript. 

Intrinsic Mechanisms 

These mechanisms arise from autocrine signaling 
originating from within the cancer cells, which might 
accumulate while they are in the dormant stage. These 
signals relate to genetic or epigenetic alterations that 
enable the cancer cells to adjust to the new metastases' 
microenvironment. 

p38/ERK signaling ratio 

The activation of p38 protein, a member of a larger 
family of kinases called MAPK, resembles the 
influence of endoplasmic reticulum (ER) stress. While 
ERK is another member of MAPK that drives cell 
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proliferation, growth, and differentiation in response to 
growth factors. As such, high ratios of p38/ERK drive 
dormancy, and conversely, low ratios promote tumor 
growth [16,25]. The transcriptional activation of p38 
induces the unfolded protein response (UPR), which 
can be exploited by dormant cancer cells to adapt to 
stress [14]. UPR is a vital cellular stress response in 
managing the homeostasis of the ER by sensing the 
accumulation of folded proteins. In addition to its role 
in survival, the p38 protein is also involved in the 
control of the cell cycle, partly through the 
upregulation of CDK inhibitors such as p27 and p21 
[26]. 

Epigenetic modifications 

These types of alterations can include DNA 
methylation, histone modifications, and non-coding 
RNA influence [27]. A prime example of this is the 
epigenetic overexpression of the nuclear receptor 
NR2F1, which is an established dormancy biomarker 
that has been linked to dormancy in prostate cancer and 
head and neck squamous cell carcinomas (HNSCC) 
[28,29]. The overexpression of NR2F1 is driven by 
specific histone modifications, rather than DNA 
methylation. In recent years, an agonist of NR2F1 was 
discovered that can activate dormancy in cancer cells 
[28]. Endocrine treatment can also induce dormancy 
through epigenetic modifications involving alterations 
of specific histones to maintain dormancy until the 
cells are stochastically awakened. The genes involved 
in epigenetic repression could include CDC6 and 
CCND1 (cell cycle genes), in addition to MYC and 
mTORC1 [12]. Another nuclear kinase protein, MSK1, 
regulates gene expression by phosphorylating histone 
H3 and maintaining active chromatin states over 
specific genes required for keeping the cancer cell in a 
dormant state. MSK1 works as a key regulator of 
metastatic dormancy in estrogen-positive breast cancer 
by acting to stop tumor growth [30]. 

Autophagy 

Autophagy is a cellular recycling process that has a 
dual role in cancer [31]. The pro-survival function of 
autophagy in cancer allows DTCs to adapt to the 
hostile microenvironment and promote their stay in a 
quiescent state. Autophagy can be activated in several 
ways, including nutrient starvation, hypoxia, ER stress, 
high temperature, and pharmacological agents. It can 
also be triggered by the knockout of critical genetic 
components, such as ATG7, which is essential for core 
autophagy. The expression of aplasia Ras homolog 
member I (ARHI) in xenograft ovarian tumors was 
associated with the induction of reversible dormancy 
through the activation of autophagy [32]. ARHI is an 
inhibitor of the PI3K/Akt/mTOR cascade through the 
upregulation of ATG4 cysteine protease. ARHI also 
drives the nuclear localization of important mediators 
such as FOXO3a and TEFB for the expression of 
critical autophagy effectors [16]. Numerous other 
studies using cancer cells derived from different 
sources confirmed the presence of active autophagy in 
dormant metastatic cells [33,34]. 

Cellular stress 

Cellular stress in this context includes ER stress, lack 
of nutrients, and UPR. High levels and persistent ER 
stress are acknowledged to be one of the hallmarks of 
cancer [35,36]. ER stress promotes cancer dormancy 
by activating UPR, which enables dormant cancer cells 
to withstand harsh microenvironmental conditions 
such as hypoxia and nutrient deprivation. Dormant 
cancer cells exploit UPR signaling, specifically PERK 
and IRE1, to induce quiescence [35]. The UPR 
signaling pathways work by increasing the cell’s 
protein folding capacity to promote survival but can 
trigger cell death if the stress is too severe. Nutrient 
deprivation was also found to induce phenotypic 
changes in cancer cells through translational 
programming. This enables cancer cells to survive 
metabolic stress by suppressing global protein 
synthesis and, hence, promoting dormancy [37,38]. 

Microenvironmental Drivers 

These are exocrine signals that often originate from the 
tumor microenvironment and include hypoxia, 
angiogenesis, immune influence, metabolic nutrient 
deprivation, extracellular matrix, cytokines, and 
growth factors. The initiation and maintenance of 
cancer dormancy is dependent on the communications 
between cancer cells and these microenvironmental 
drivers [39]. 

Hypoxia 

Low oxygen levels often drive cancer cells’ dormancy 
as a survival mechanism and serve as a crucial guide 
for cells to enter the dormant state [40,41]. Cancer cells, 
like all cells, require sufficient oxygen to proliferate, 
and when the oxygen level drops below a critical 
threshold, it triggers a strong signal for the cell to stop 
dividing. The key player here is the HIF-1α factor. This 
factor is stabilized under low oxygen and activates 
genes like p21 and p27 to promote cell cycle arrest. 
Oxygen acts as a substrate for the enzymes that degrade 
HIF-1α; hence, in normoxic (well-oxygenated TME), 
HIF-1α is rapidly destroyed, whereas under hypoxic 
conditions, it is stabilized and allowed to perform its 
function [42]. Large parts of the tumor mass that are 
unable to survive chronic hypoxic conditions will die. 
However, those cancer cells that can adapt and survive 
will remain in a quiescent, reversible state for long 
periods. In glioblastoma models of cancer, the 
activation of protein phosphatase 2A (PP2A) has been 
implicated in G1/S arrest of the cell cycle following the 
induction of hypoxia [43]. In prostate cancer, HIF-1α 
promotes expression of the well-known chemokine, 
CXCR4, that is associated with dormancy [44]. 
Hypoxia can also stimulate autophagy, allowing 
dormant cancer cells to survive in a low-nutrient, low-
oxygen microenvironment. 

Angiogenesis 

The influence of angiogenesis on cancer dormancy is 
both fundamental and paradoxical, as it acts as a 
primary switch that controls the transition into and out 
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of dormancy. The balance of the pro- and anti-
angiogenic signals in the metastatic niche determines 
the fate of the disseminated cancer cells, and inhibiting 
angiogenesis can lead to dormancy [45]. Endothelial 
cells generate signals that regulate dormancy in cancer 
cells, with Notch signaling being vital in controlling 
the fate of decisions of proliferation or apoptosis. A 
prime example of these signals is the Notch ligand 
DLL4, which regulates the switch between tumor 
dormancy and tumor growth [46]. This protein, DLL4, 
is upregulated during the angiogenic switch and the 
transition from dormant to fast-growing cells. The 
expression of pro-angiogenic genes increases in the 
presence of relevant stimuli such as hypoxia, activated 
oncogenes, or deactivated tumor suppressor genes. 
Dormant cancer cells can release more of the 
angiogenic inhibitor, thrombospondin, thus 
maintaining the dormancy status of the cells. 
Thrombospondin has been shown to have a direct 
impact on the growth of breast cancer cells, particularly 
in inducing and maintaining its dormant state [47]. On 
the contrary, periostin (an important secreted protein 
that is involved in reawakening dormant cells) and 
TGF-β lead to increased angiogenesis and the 
production of highly vascularized tumors [48]. The 
presence of VEGF can also help cancer cells to escape 
tumor dormancy [49]. MicroRNAs like miR-34a, miR-
93, and miR-200c may further induce dormancy 
through deactivating the mRNAs of genes critical to 
angiogenesis [50]. 

The extracellular matrix (ECM) 

The mechanical properties of TME are not just a 
passive scaffold but also an active regulator of cell 
functions. Collagen and fibronectin, being key 
components of the ECM, can interact with mechano-
transducers such as integrin to regulate 
dormancy/quiescence [14]. The softness or stiffness of 
the ECM exerts a significant influence on the fate of 
tumor cells and whether they become dormant or 
proliferate and metastasize. A soft ECM can induce 
and maintain this state through several mechanisms 
[51]. A soft cytoskeleton leads to the formation of 
small, immature anchoring of cells to ECM and low 
focal adhesion kinase (FAK) signaling, which is 
usually an indication of quiescence [52]. Moreover, on 
a soft cytoskeleton, the tension is low and YAP/TAZ, 
a crucial transcriptional coactivator responsible for 
sensing physical signals in the ECM and converting 
them into gene expression changes, remains 
unphosphorylated and eventually degraded [53]. 
Additionally, p38 activity relative to ERK is high on 
soft ECM, promoting cell cycle arrest through the 
G0/G1 phase and a dormancy phenotype, while 
stiffness flips this balance, favoring pro-growth ERK 
[54]. The primary site where cancer cells originate, in 
comparison with their metastatic niche, may also 
influence the stiffness of the cytoskeleton. For example, 
bone marrow, brain, and liver sinusoids are often 
characterized by having a soft ECM. Disseminated 
cancer cells that arrive there may undergo stiffness-
induced signaling because the mechanical environment 

does not support the proliferative signaling, they were 
used to in the primary tumor. It is important to note that 
the relationship between softness/stiffness and 
dormancy is not always straightforward. The optimal 
stiffness for dormancy may vary by cancer type and 
metastatic site. For instance, breast cancer cells may 
become dormant in the soft brain tissue but proliferate 
in the stiffer osteolytic bone lesions [55]. Furthermore, 
as the ECM is remodelled over time, a dormant niche 
may eventually become fibrotic to provide the 
necessary mechanical reawakening signal. 

Cellular components of the niche 

Cellular components of TME, other than cancer cells, 
can also contribute to dormancy. These include 
fibroblasts, endothelial cells, and immune cells; the 
influence of the latter cells on dormancy is discussed 
under a separate subsection here. The “education” of 
fibroblasts, which involves differentiation, activation, 
and specialization, takes place within the tissue 
microenvironment and is driven by cues including 
molecular signaling such as TGF-β and PDGF. These 
educated fibroblasts are usually referred to as cancer-
associated fibroblasts (CAFs) and may support 
dormancy through the secretion of ECM-modelling 
enzymes like matrix metalloproteinases and factors 
such as TGF-β and CXCL12 [56]. Endothelial cells, 
particularly those in bone marrow sinusoids, can 
release thrombospondin-1, a potent dormancy inducer 
[57]. 

Nutrient availability 

Limited availability of glucose and certain amino acids, 
like glutamine, can force cancer cells into a reversible 
dormant state. The replenishment of such nutrients can 
facilitate exiting dormancy [58]. 

Secreted soluble factors 

A variety of secreted soluble factors can influence the 
dormancy of cancer cells, including bone 
morphogenetic proteins (BMPs), Wnt inhibitors, and 
TGF-β. BMPs, particularly BMP-4 and BMP-7, can 
activate p38 signaling, leading to cell cycle arrest and 
dormancy [59]. Wnt inhibitors secreted by stromal 
cells can block the Wnt-related proliferative signaling 
and enforce a dormancy state [6]. The canonical TGF-
β axis often induces dormancy via p38 signaling in the 
early stages following the dissemination of cancer cells 
[60]. 

Immune surveillance 

The immune context of TME is shaped by the three Es 
of immunoediting: elimination, equilibrium, and 
escape. Cancer cell dormancy in this context represents 
the equilibrium phase. Immune pressure, arising 
primarily from cytotoxic T cells and NK cells, 
continuously suppresses outgrowth but not enough to 
fully eliminate the cancer cells. Escaping from this 
immune pressure, as in immunosuppression, can tip the 
balance towards exit from dormancy. 
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Exiting (Reawakening) Dormancy 

While metastases themselves are the cause of about 
90% of cancer-related deaths, the reawakening of 
dormant cancer cells, which is clinically manifested as 
metastatic recurrence or relapse, is increasingly 
recognized as a major driving factor [61]. The 
reawakening process is currently viewed as a dynamic 
interplay between the dormant cancer cells and their 
microenvironment, quite often involving reversal of 
dormancy cues. Figure 3 schematically illustrates the 
factors that aid cancer cells in exiting dormancy.  

 
Figure 3: Drivers of cancer cell reawakening. Exiting dormancy is 
facilitated by a range of factors, including microenvironmental, 
intrinsic, signalling pathways and systemic changes. Refer to the list 
of abbreviations given at the end of this manuscript. 

The influence of the local microenvironment is crucial 
in shifting the balance between dormancy and 
reawakening. Inflammation, acute and chronic, and its 
signals like TNF-α and IL-6 are major drivers to 
activate pro-growth pathways such as NF-κB in the 
dormant cell [62]. Recent research on mice suggested 
that persistent inflammation involves the generation of 
neutrophil extracellular traps (NETs), web-like 
structures released by neutrophils to trap pathogens, 
which are essential for cancer cells to exit the dormant 
state [63]. Signals that stimulate blood vessel growth, 
e.g., VEGF, can participate in the formation of 
adequate vasculature to provide nutrients and oxygen 
for regrowth and remove waste products from cells 
[64]. Reversing the hypoxic conditions through the 
formation of new blood vessels can restore oxygen 
supply to dormant cells and contribute to their 
reawakening. The ECM is another crucial part of the 
influence of TME on exiting dormancy [65]. ECM 
undergoes dynamic remodeling of its different 
components driven by ECM-associated enzymes and 
cancer-associated fibroblasts [66]. Changes in the 
scaffolding around the cells can release growth factors 
or physically trigger growth through integrin proteins. 
The immune cells that normally send signals to respond 
to infections or trauma can be subverted by cancer cells 
to exit dormancy. A weakened surveillance by the 
immune system, or if the immune cells themselves 
secrete pro-growth factors, can be a crucial stimulus for 
dormant cancer cells to escape dormancy. Intrinsic 
changes in the dormant cells themselves can also drive 
cells to adapt. One of these adaptations is the 

acquisition of stemness properties, allowing cells to 
self-renew and initiate tumors when conditions are 
more suitable [65]. Cancer stem cells (CSCs) are 
generally accepted to be the seeds for this disease’s 
initiation, progression, and relapse [67,68] Cancer stem 
cells can alternate between quiescent and proliferating 
states, characterized by temporal and spatial 
heterogeneity and plasticity [68]. One such important 
property of cancer stem cells is their ability to enter and 
exit dormancy. The activation of mTOR was able to 
increase the CSC pool in bone marrow metastatic 
niches in prostate cancer models [69]. Dormant cells 
often use autophagy, which is activated and fine-tuned 
in response to conditions such as hypoxia, DNA 
damage, growth factors, and nutrient deficiency, to 
enable survival under stress [34]. The complex role of 
autophagy in carcinogenesis is often described as a 
double-edged sword. It suppresses tumors in the early 
stages of cancer development, while in established 
cancers, autophagy can promote cancer growth and 
elicit resistance to therapies [31,33]. Epigenetic 
switches can silence, or downregulate, pro-dormancy 
genes and activate pro-growth pathways in response to 
external cues. These mechanisms can include DNA 
methylation, histone modifications, and non-coding 
RNA regulations [70–72]. It has been demonstrated by 
Sosa et al. that the gene NR2F1 is downregulated 
through promoter hypermethylation during active 
cancer growth but significantly upregulated during 
cellular dormancy, clearly illustrating the epigenetic 
roles of the dormancy/relapse drivers [29]. The key 
signaling pathways involved in orchestrating the 
reawakening of cancer cells are Wnt signaling, TGF-β 
signaling, Notch signaling, and signaling arising from 
bone marrow cells [3]. The Wnt signaling, which is 
often reactivated during reawakening, is critical for 
stem cell maintenance, which is responsible for cancer 
recurrence, metastasis, and resistance to therapies. The 
relationship between Wnt-driven stem cells and 
tumorigenesis is seen in the evidence linking Wnt-
signaling intensity to stem cell characteristics in colon 
cancer [73–75]. Signaling involving the TGF-β axis 
has a dual role; it can induce dormancy or promote 
growth depending on the context. TGF-β signaling acts 
as a tumor suppressor in the early stages of cancer 
development but as a potent promoter of cancer 
progression and relapse in advanced stages [76]. 
Communications between cells and fate decisions are 
often facilitated by Notch signaling. Notch signaling, 
like Wnt signaling, also promotes cancer relapse by 
maintaining cancer stem cell phenotypes, facilitating 
tumor dormancy, and resisting therapies [77]. Bone 
marrow-derived cells (BMDCs), due to their varied and 
complex nature, can play a dual role in cancer, acting 
as cancer-promoting agents and anti-tumor cells [78]. 
The recruitment of immune cells, or their progenitors, 
from the bone marrow to a dormant site delivering pro-
growth factors can often be the initiating event in the 
emergence from dormancy. Systemic changes that 
influence the overall function of the body, such as 
aging, stress, lifestyle, and disease, can also disturb the 
dormant niches [65]. With aging, the tissues can 
become more pro-inflammatory, undergo remodeling, 
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and create favorable conditions for reawakening. 
Furthermore, stress releases hormones like cortisol and 
norepinephrine, which can promote inflammation that 
directly influences carcinogenesis. For hormone-
sensitive cancers, such as breast and prostate cancer, 
fluctuations in estrogen and testosterone, respectively, 
can stimulate dormant cancer cells [79]. Animal studies 
suggest that factors like a high-fat diet and obesity can 
create a chronic pro-inflammatory stressful state, 
promoting reawakening. Additionally, systemic 
infections can cause widespread inflammation, 
potentially reawakening dormant cancer cells. Viral 
respiratory infections are usually associated with 
inflammation with a concomitant rise in pro-
inflammatory cytokines such as IL-6 and TNFs and an 
expansion of immune cells like neutrophils, 
macrophages, and T cells. Such an immune defensive 
action has been identified as a regulator of metastatic 
processes in cancer [80]. 

Biomarkers for Dormancy/Reawakening 

Biomarkers that indicate the presence of resting cancer 
cells or predict their reactivation are usually molecules 
or cellular components that fall into two categories. 
They could either be intrinsic to the cancer cells 
themselves or indicative of the microenvironment they 
exist in, as illustrated in Figure 4. Despite their 
usefulness in several preclinical settings, none have 
been adopted for widespread clinical applications. A 
few of the more commonly employed biomarkers to 
predict cancer dormancy/reawakening are given in 
Figure 4.  

 
Figure 4: Biomarkers capable of detecting dormancy/reawakening 
are grouped as cancer cell-related and microenvironment-related. 
These markers have not yet gained regulatory approval for clinical 
use but are widely employed in pre-clinical investigations. Refer to 
the list of abbreviations at the end of the manuscript.  

Of the intrinsic cancer cell-related biomarkers, the ratio 
p38/ERK stands out as a well-established indicator of 
dormancy. When the p38/ERK ratio is high, it signals 
growth arrest and the entrance into the G0 phase from 
the G1 phase of the cell cycle [54]. The cyclin-
dependent kinase inhibitors p21 and p27 maintain cells 
in their non-proliferative, quiescent state and are also 
considered useful biomarkers of dormancy [81]. The 
high expression of NR2F1 and DEC2 induces a state of 
dormancy by promoting a repressive chromatin state. 
Low expression of uPAR, a cell surface receptor that 
drives ECM degradation and tissue remodeling, is 
associated with dormancy, while high expression of 
uPAR signals a switch to a proliferative, aggressive 

phenotype [82]. The stemness biomarkers CD44 and 
CD133, while not exclusively linked to dormancy, are 
associated with slow growth and resistance to therapy 
[81]. The microenvironment-related biomarkers often 
hide in the niche, reflecting the interactions between 
cancer cells and the surrounding tissues and structures. 
High levels of TGF-β2, particularly in bone marrow, 
are indicative of dormancy in squamous cell carcinoma 
and breast cancer. Tu and colleagues discovered a close 
relationship between the overexpression of TGF-β2 
and the prognosis of colorectal cancer, as well as the 
infiltration of immune cells [83]. High levels of 
thrombospondin-1 (TSP-1), an angiogenesis inhibitor, 
can prevent cancer from developing and can act as a 
potential biomarker for angiogenesis [84]. BMP4 and 
BMP7, particularly the latter, can promote stemness 
and stem cell-like phenotypes in the bone marrow [85]. 
The hypoxia-inducing factor, HIF-1α, can sustain 
dormancy through the induction of hypoxia but can 
also induce dormancy-associated genes like NR2F1. 
Circulating tumor cells (CTCs), particularly Ki67-
negative (non-proliferative) and M30-negative (non-
apoptotic), can point to these cells as being dormant [3]. 
A rise in the levels of circulating tumor DNA (ctDNA) 
usually precedes any clinical manifestation of relapse, 
indicating reactivation of dormant cells. These ctDNAs 
constitute highly specific and minimally invasive 
biomarkers that allow real-time monitoring of tumor 
burden. The short half-lives of these ctDNAs, usually 
less than 2 hours, make them attractive biomarkers for 
detecting disease recurrence months before it is visible 
on conventional imaging [86]. 

Exploiting Cancer Dormancy/Reawakening for 
Therapy 

Therapeutic strategies exploiting the 
dormancy/reawakening programs fall into three main 
areas: a) maintaining the dormant cells in a quiescent 
non-proliferative state, b) eliminating the dormant cells, 
and c) modifying the microenvironment of cancer cells 
to achieve objectives (a) or (b) of maintenance or 
elimination (Figure 5). Due to the non-proliferative, 
albeit therapy-resistant, characteristics of dormant 
cancer cells, they could be maintained as such for 
therapeutic purposes. Cell-intrinsic mechanisms can be 
leveraged to induce dormancy, as in the case of using 
Debio-0719, an inhibitor of the lysophosphatidic acid 
receptor 1 (LPA1). This inhibitor was shown to 
promote the dormancy of triple-negative breast cancer 
(TNBC) cells at metastatic sites by inducing the 
p38high/ERKlow signaling axis [87]. Employing such 
inhibitors in TNBC to maintain residual dormant 
disease at bay could be considered an optional 
therapeutic strategy. A further strategy that could be 
considered in maintaining dormancy is combining a 
DNA-demethylating agent (5-Aza-C) with trans-
retinoic acid (ATRA) to re-establish NR2F1-induced 
dormancy in head and neck squamous cell carcinoma 
[29]. CDK4/6 inhibitors (like palbociclib, ribociclib, 
and abemaciclib) are targeted therapies that have been 
widely used, in combination with endocrine therapy, to 
treat hormone receptor-positive (HR+), HER2-
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negative breast cancer by forcing cancer cells into a 
dormant or senescent state [88]. 

 
Figure 5: Therapeutic strategies in dealing with dormant cancer cells 
are basically those of maintenance or elimination. In maintenance, 
cell intrinsic properties are leveraged to keep the cancer cells in a 
quiescent non-proliferative state. On the other hand, a combination 
of Src and ERK1/2 inhibitors could be employed to eliminate 
dormant cancer cells. Additionally, manipulating the 
microenvironment to achieve maintenance or elimination is also a 
choice that is gaining more investigative curiosity. Refer to the 
abbreviations listed at the end of this manuscript. 

As stated above, dormant non-proliferative cancer cells 
resist traditional and newer targeted therapies due to 
their quiescence and/or induced senescence-like state 
[48]. Consequently, the removal of residual dormant 
cells might constitute an attractive therapy option 
before they are awakened. The activation of Src and 
ERK1/2 was previously established to be necessary for 
the survival and outgrowth of dormant cancer cells [89]. 
The protein Src acts as the target of matrine, a bioactive 
naturally occurring alkaloid, to inhibit the proliferation 
of cancer cells by regulating phosphorylation signaling 
pathways [3]. The combined inhibition of Src and 
ERK1/2 in dormant breast cancer cells was shown to 
contribute to their elimination [89]. This led to the 
suggestion that combining a Src inhibitor like 
saracatinib with an approved MEK1/2 inhibitor such as 
Trametinib may eradicate dormant breast cancer cells 
before relapse. The field of the therapeutic modulation 
of dormancy/reawakening that is gaining the most 
research interest is modifying the tumor 
microenvironment. The use of hydroxychloroquine to 
inhibit autophagy in breast cancer cells promoted the 
apoptosis of those cells that had colonized the lungs 
[10]. The influence of the immune system on TME in 
relation to dormancy/reawakening is clearly 
demonstrated in several studies, suggesting that 
reinstating MHC-I and NK cell ligands, as well as 
inhibiting immune checkpoint proteins on dormant 
cancer cells, may re-sensitize them for immune 
clearance [90,91]. The expression of microRNA, miR-
125b, an inducer of dormancy, reduces Wnt-associated 
stem cell signaling and mesenchymal-associated genes, 
leading to a reduction of the metastasis of breast cancer 
cells to the bone [92]. Dormant cancer cells often 
utilize hyperactivated NRF2 to maintain redox 
homeostasis and survive the high oxidative stress of 
dormancy. Therefore, a combination of NRF2 
inhibitors and ferroptosis (an iron-dependent cell death 
characterized by the accumulation of lipid peroxides) 

inducers acts together as a potent therapeutic strategy 
to eliminate cancer cells by breaking down their 
defense mechanisms against lipid peroxidation and 
iron accumulation [93]. Several other strategies have 
been investigated in relation to the influence of the 
microenvironment in overcoming dormancy/relapse, 
the details of which are beyond the scope of this limited 
narrative review. 

Conclusions 

The journey of cancer from a localized, treatable 
disease to a lethal systemic one is complex and often 
has periods of deceptive silence. In this simple 
narrative review, we have dissected two predominant, 
often interconnected, types of dormancies: tumor mass 
dormancy and cellular dormancy. The tumor mass 
dormancy represents an equilibrium where cell 
proliferation is counterbalanced by apoptosis and 
constrained by the inability to recruit new blood vessels 
or by heightened immune surveillance. In cellular 
dormancy, a single cancer cell enters a reversible 
growth arrest controlled by intrinsic signaling and cues 
from the surrounding microenvironment. Reawakening 
from this dormancy state represents an often-fatal step 
in the metastatic process. Knowledge and mechanistic 
insights into dormancy/relapse could be a valuable 
opportunity in designing cancer therapies that appear 
to converge on three approaches of maintenance, 
elimination, and microenvironmental manipulation. In 
maintenance therapy, kinase inhibitors or the induction 
of NR2F1 expression are used to lock dormant cancer 
cells in a permanent quiescence. In the elimination 
therapy, Src and MEK1/2 inhibitors are used to target 
certain unique vulnerabilities of cancer cells. 
Microenvironmental manipulation can be wide-
ranging and include interventions such as targeting 
autophagy, disrupting phenotypic transition, and 
remodeling the immune system. 

Abbreviations 

AKT: protein kinase B; ARH1: Aplasia Ras homolog; 
ATG4: autophagy-related protein 4; ATRA: trans-
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BMPs: bone morphogenetic proteins; C-X-CL: 
chemokine (C-X-C motif) ligand; CAFs: cancer-
associated fibroblasts; CCND1: cyclin D1; CDC6: 
cyclin-dependent kinase 6; CD: cluster of 
differentiation; CDK: cyclin-dependent kinase; CTCs: 
circulating tumor cells; CTLA-4: cytotoxic T 
lymphocyte-associated protein 4; CQ: chloroquine; 
CSCs: cancer stem cells; CXCR4: C-X-C motif 
chemokine receptor 4; DCCs: dormant cancer cells; 
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gene; DLL4: delta-like notch ligand 4; ECM: 
extracellular matrix; EMT: epithelial-mesenchymal 
transition; ER: endoplasmic reticulum; ERK: another 
member of mitogen-activated protein kinases 
responding to growth factors to promote cell 
proliferation; FAK: focal adhesion kinase; FOXO: 
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HER2: human epidermal growth factor receptor 2; 
HIF-α: hypoxia-inducing factor alpha; HR+: hormone 
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nuclear factor-kappa B; NETs: neutrophil extracellular 
traps; NK: natural killer; Notch: a highly conserved 
receptor essential for differentiation and tissue 
development; NR2F1: nuclear receptor subfamily 2 
group F members 1. NRF2: nuclear factor erythroid 2-
related factor 2; PD-L1: programmed death ligand 1; 
PDGF: platelet-derived growth factor; PERK: protein 
kinase-like endoplasmic reticulum kinase; PI3K: 
phosphoinositide-3-kinase; PINK1: PTEN-induced 
protein kinase 1; PP2A: protein phosphatase 2A; p38-
MAPK: a member of mitogen-activated protein kinases 
activated by environmental stress; Src: a non-receptor 
tyrosine kinase protein crucial in regulating cell growth 
and division; TAD: transcriptional co-activator with 
PDZ-binding motif; TEFB: transcription elongation 
factor B: TGF-β: transforming growth factor beta; 
TME: tumor microenvironment; TNBC: triple-
negative breast cancer; TNF-α: tumor necrosis factor 
alpha; TSP: thrombospondin; uPAR: urokinase 
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