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1. Introduction

A central obstacle in contemporary oncology is tumor relapse and metastatic recur-
rence. Metastatic recurrence denotes the reappearance of cancer in distant tissues months,
years, or even decades after apparent eradication of the primary lesion, and it remains
the leading cause of cancer-related mortality [1]. The ability of malignant cells to enter
prolonged periods of dormancy resembles a conserved physiological program observed in
cell types such as memory T lymphocytes [2,3]. To persist through chemotherapy, dormant
tumor cells must adopt distinct biological features relative to healthy cells, including resis-
tance to stress and cytotoxic drugs, invasive and disseminative capabilities, and the ability
to both enter and exit dormancy. Mechanistically, dormancy is an active survival program
that allows cells to avoid apoptosis under stress (chemotherapy, nutrient/oxygen depriva-
tion, and immune attack) by switching signaling and metabolic states. Key pathways that
determine whether a disseminated cancer cell dies or becomes dormant include ERK/p38
signaling balance (low ERK-high p38 favors dormancy), pro-survival autophagy and
stress-response programs, and niche-derived cues (extracellular-matrix, TGF-§3, integrin
signaling, and transcriptional regulators such as NR2F1) [4,5]. These pathways suppress
proliferation while maintaining viability and resistance to apoptosis, thus prolonging tumor
dormancy and hindering relapses. Indeed, although apoptosis remains a central aim of
anticancer therapies because it effectively reduces tumor burden, this therapeutic virtue
is complicated by the induction of compensatory proliferation, tumor repopulation, and
the emergence of acquired resistance, phenomena that call into question an exclusive
reliance on pro-apoptotic approaches [6]. Injured tumor tissue mounts active defensive
responses (including therapy-induced senescence and a senescence-associated secretory
phenotype, plus inflammation and repair programs), revealing inherent limits to strategies
that simply “wound” the cancer [7]. In this sense, apoptosis can act as a double-edged
sword: it produces early therapeutic gains that may later facilitate relapse, for example,
caspase-3—dependent signals from dying cells stimulate the proliferation of surviving tu-
mor cells, and clinically accelerated repopulation after cytotoxic radiotherapy has long
been documented [8]. Although inhibiting anti-apoptotic proteins (e.g., BCL-2 family
members) often sensitizes cancer cells in preclinical and translational models, clinical trials
of BCL-2/BH3-mimetic strategies in solid malignancies have produced inconsistent results,
implying that additional microenvironmental and adaptive factors determine ultimate
outcome [9].
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All of these studies provide a nuanced perspective on tumor cell behavior, underscor-
ing that signals emitted by dying cells may facilitate the survival of neighboring cells; in
comparison, rapidly proliferating cells may actively promote the elimination of adjacent
competitors. Alternatively, it is reasonable to propose that tumors behave as miniature
evolutionary ecosystems as Darwinian “survival of the fittest” operates within a heteroge-
neous cell population so that both rapid proliferation and alternative, low-activity strategies
can be selectively favored [10,11]. Highly proliferative clones may actively displace or
eliminate neighbors (for example, via cell-in-cell processes such as entosis), whereas other
cells adopt a stress-resistant, quiescent strategy that preserves long-term survival under
hostile conditions [12]. Mechanistically, dying tumor cells feed this dynamic process since
(i) apoptotic execution (caspase-3 activity) can generate proliferative mediators (notably a
COX-2/PGE2 axis) that stimulate repopulation; (ii) dying cells release “find-me”/“eat-me”
signals whose efferocytic clearance programs macrophages toward immunoregulatory,
pro-repair phenotypes; and (iii) apoptotic bodies/extracellular vesicles transfer bioactive
cargo to neighbors, all of which are sensed by surviving cells and the stroma to remodel the
niche [8]. These extracellular inputs are interpreted via intracellular circuity (for example,
ERK/p38 MAPK balance and dormancy transcriptional nodes such as NR2F1), tipping in-
dividual cells toward durable quiescence or renewed proliferation; together, death-derived
signaling and competitive elimination are therefore complementary evolutionary forces
that shape relapse and therapeutic resistance [13].

Tumor dormancy, driven by adaptive signaling and niche-derived survival programs,
underlies metastatic recurrence and limits the long-term efficacy of apoptosis-focused
therapies. Because cytotoxic approaches can paradoxically promote repopulation and resis-
tance, durable cancer control will require strategies that target the survival and reactivation
mechanisms of dormant cells, including metabolic, autophagic, and microenvironmental
cues, and combine them with immune- or dormancy-disrupting interventions alongside
sustained surveillance. The articles included in our Special Issue present current insights
into tumor dormancy, identify candidate targets within dormancy pathways, and explore
translational prospects for leveraging dormancy to improve cancer treatment.

2. The Current State of the Knowledge in Tumor Dormancy, Targeting of
Tumor Dormancy Pathways, and Future Prospects for Exploiting Tumor
Dormancy for Cancer Therapies

In his commentary, Razwik Mirzayans [14] notes that divergent outcomes following
apoptosis or other regulated forms of cell death during treatment contribute both to inter-
patient variability and to intratumoral heterogeneity. Rather than dying, some cancer cells
enter a long-lived but often reversible dormant state, frequently induced by therapy, for ex-
ample, via therapy-induced senescence. The principal drivers of dormancy reversal in solid
tumors and tumor-derived cell lines include therapy-induced alterations of the immune
microenvironment that erode immunosurveillance, together with epigenetic and transcrip-
tional reprogramming that confers stem-like properties. Mirzayans also emphasizes that
recovery can occur not only before caspase activation but even after later apoptotic events
such as mitochondrial fragmentation, chromatin condensation, cell shrinkage, and the
formation of apoptotic bodies. This return-from-death phenomenon, termed anastasis
(“rising to life”), can produce progeny with increased micronuclei and chromosomal insta-
bility, thereby elevating aneuploidy and promoting aggressive disease. Mirzayans further
proposes that inducing dormancy may be preferable to forcing widespread apoptosis: mod-
erate drug doses that promote dormancy (for instance, by inducing senescence) are likely
to cause fewer adverse effects, such as severe immunosuppression, than the high doses
often required to trigger massive apoptosis. Because dormancy is a common consequence
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of standard treatments, some groups have proposed a two-step plan: drive tumor cells into
a senescent /dormant state and then administer senolytics to clear them. Such measures
would imply that, in acquiring therapy resistance, cancer cells co-opt homeostatic mech-
anisms, such as anastasis and caspase-mediated proliferation, to survive after initiating
apoptosis and other forms of regulated cell death.

Wild-type TP53 (p53) activity frequently enforces cell-cycle arrest, senescence, or qui-
escence programs that overlap with features of cellular dormancy, whereas loss or mutation
of TP53 can alter dormant-cell survival, reactivation, and clonal outgrowth [15]. In their
study, Antolino et al. [16] used liquid biopsies from patients affected by pancreatic ductal
adenocarcinoma (PDAC) to sequence, using next-generation sequencing, the main genes
involved in pancreatic carcinogenesis, namely KRAS, TP53, SMAD4, and CDKN2A, in an
effort to pinpoint high-risk populations. In their patient population, TP53 polymorphism
rs1042522 seemed to confer a 6- to 20-fold-increased odds ratio for PDAC compared to a
reference population. Interestingly, rs1042522 is responsible for the susceptibility of North-
western Chinese populations to gastric and esophageal cancer, in addition to other cancer
types such as gliomas, non-Hodgkin lymphoma, and lung, bladder, prostate, colorectal, and
breast cancer [17-20]. The authors concluded that the detection of TP53 polymorphisms
may improve patient selection for early PDAC diagnosis with the application of therapeutic
regimens at the initial stages of the disease in an effort to improve clinical outcomes.

In multiple myeloma (MM), the amount of clonal plasma cells remaining in the bone
marrow after treatment is assessed to evaluate residual disease [21]. These surviving
myeloma cells may enter a dormant state and, if reactivated, can cause relapse. Myeloma
cells also evade immune control by impairing antigen-presenting cells, such as dendritic
cells and macrophages, thereby blocking T-cell activation [22,23], and by reducing the
presence of natural killer (NK) cells in the bone marrow [24]. From a clinical standpoint,
physical functioning and quality of life (QoL) are important secondary endpoints because
MM and its symptoms can worsen both aspects. These outcomes are interrelated: poorer
physical function correlates with lower QoL in patients with plasma cell disorders [25].
Indeed, individuals with MM exhibit reduced physical function and QoL compared with
healthy controls [26], and newly diagnosed patients fare worse than those who are two
or more years post-diagnosis [25]. These findings suggest that tumor burden adversely
affects everyday functioning in MM patients; however, it remains unclear whether char-
acteristics of the bone marrow microenvironment contribute to this impact. In the study
by Spiliopoulou et al. [27], the authors aimed to examine whether features of the bone
marrow milieu are associated with physical function and QoL in patients who completed
first-line therapy for MM. It was hypothesized that higher counts of bone marrow immune
effectors with antitumor activity, such as T cells and NK cells, would be linked to better
physical function and improved QoL. The authors report that the proportions of major
cell types within the bone marrow microenvironment are not associated with physical
performance in MM patients following first-line therapy. Objectively measured physical
function instead correlates with other variables, notably lean body mass. Notably, the study
authors observed elevated frequencies of CD27* NK/NKT cells, a finding that may reflect
enhanced immune surveillance in bone marrow, and this increase was linked to improved
quality of life in MM patients.

Cancer cells can escape the effects of conventional chemotherapeutic agents through
differentiation, de-differentiation into a slow cycling cell population, and/or entering a
senescence state, collectively referred to as cellular dormancy [28]. These clinical observa-
tions highlight the need for improved molecular strategies, combinations, and/or sequential
therapies that target cancer cells without allowing growth arrest. In an experimental model
of tumor dormancy for head and neck cancer, probucol, a strong antioxidant, exhibited
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significant antitumor activity [29]. In their review article, Shukla et al. [30] evidenced that
anti-inflammatory and antioxidant agents hold promise for treating gynecologic cancers by
lowering oxidative stress, resolving chronic inflammation, and modulating key oncogenic
pathways. The results of preclinical studies show that these compounds can suppress
tumor growth, trigger apoptosis, andincrease sensitivity to standard therapies, while early
clinical trials hint at improved immune responses and reduced treatment-related toxicities.
The authors note that clinical application is still nascent and emphasize the need for further
studies to refine drug formulations, dosing schedules, and combination regimens with
established treatments. They also stress the importance of identifying predictive biomark-
ers to enable patient selection and personalized therapy. Ultimately, Shukla et al. argue
that deepening our understanding of the molecular interplay between oxidative stress,
inflammation, and gynecologic cancer biology is essential to translate these promising
agents into effective, modern treatment strategies that enhance patient outcomes and QoL.

In the review by Boydell et al. [31], the authors synthesize current knowledge about
the mechanistic pathways that enable tumors to enter and maintain a dormant state, with
particular attention paid to the generation of antitumor immune responses and the synthesis
of the local microenvironment that helps enforce dormancy. They argue that eradicating
or controlling these quiescent cells could, in theory, secure durable remissions or even
cures. However, to date, firm clinical proof for this strategy is lacking. The authors also
highlight major technical hurdles: reliably detecting dormant cells, a core component of
minimal residual disease, remains difficult. While disseminated tumor cells are arguably
the most informative indicator, their assessment often depends on invasive sampling
and limiting routine use. Ethical and logistical barriers further hamper trials: enrolling
patients known to harbor residual disease into randomized studies (treatment versus
observation) raises difficult moral questions. The authors note that preclinical systems
have identified numerous cellular and niche-related drivers of dormancy, but these models
poorly capture patient-specific host influences such as aging, chronic inflammation, lifestyle
factors, and hormonal status. Given the many variables that modulate dormancy, Boydell
et al. caution against expecting a single molecular target to solve the minimal residual
disease problem. They conclude that incorporating dormancy-focused approaches into
cancer care is promising but fraught with risks from treatment or procedure-related toxicity
to the psychological burden on patients aware of lingering disease.

Cellular adaptations to environmental stress and the accompanying metabolic re-
programming are central to the establishment of cancer dormancy [32-34]. Yet the full
spectrum of stress-response pathways and their contributions to malignant progression
and dormancy remains incompletely defined. In their systematic review, Enwere et al.
examined the effects of metabolism-targeted therapies, particularly interventions that mod-
ulate glucose and glutamine metabolism, on cancer treatment outcomes. They reviewed
evidence that several natural compounds (notably curcumin, berberine, and high-dose
vitamins C and D3) can interfere with glutamine uptake and attenuate the Warburg pheno-
type, and considered how these agents might be integrated with conventional therapies.
The authors report that metabolic interventions, by targeting glycolysis and glutamine
addiction, represent a promising complementary or alternative strategy for malignancies
that are resistant to genetically targeted approaches, offering the potential for lower toxicity.
They propose routine metabolic profiling to guide therapy selection and improve patient
stratification and argue that personalization should incorporate metabolic and genetic risk
factors (for example, G6PD deficiency when considering high-dose ascorbate and CYP
polymorphisms relevant to berberine metabolism). Finally, Enwere et al. [35] call for stan-
dardized monitoring of hepatic, renal, and immune function to reduce adverse events and
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recommend clinical evaluation of combined metabolic-targeted and conventional regimens
to overcome tumor resistance and lower recurrence rates.

3. Conclusions

Integrating molecular insights, microenvironmental knowledge, and coordinated
clinical efforts will enable the development of novel biomarkers that reliably stratify re-
activation risk and the design of transformative therapies to prevent metastatic relapse.
The articles included in this Special Issue offer new perspectives on understanding and
targeting metastatic tumor dormancy and aim to catalyze researchers and clinicians to
make dormancy a priority in oncology, with the potential to substantially improve patient
outcomes and quality of life worldwide.
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