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Abstract

The microenvironment of solid tumors is characterized by dynamic availability of oxygen and persistent, complex inflammatory signaling.
Accumulating evidence suggests that hypoxia and inflammation actively influence tumor progression and therapeutic response. In
physiological conditions, hypoxic and inflammatory responses function as evolutionarily conserved protective mechanisms. Acute hypoxia
promotes temporary metabolic adaptation to preserve tissue viability, while acute inflammation facilitates clearance of damaged or
abnormal cells and restores homeostasis. In tumors, by contrast, hypoxia and inflammation become chronic and unresolved. Persistent
activation of these protective signals gradually renders the microenvironment permissive to the sustained adaptation of abnormal cells
rather than eliminating them. This transition from clearance to tolerance reshapes cellular metabolism, immune cell behavior, and tissue
organization within the tumor microenvironment. As a result, tumor cells increasingly adapt to metabolic stress and evade effective immune
surveillance, contributing to malignancy and therapy resistance. Interestingly, some subterranean species, including the naked mole rat and
blind mole rat, show natural cancer resistance. They either evolved adaptations counteracting inflammation, or take the immune response to
their advantage to prevent cancer. These anti-cancer mechanisms are a result of adaptation to their hypoxic subterranean habitats. In this
review, we examine the fundamental features of hypoxia and inflammation in tumors, explore their functional interplay, and discuss how
these mechanisms are evaded or harnessed by cancer resistant subterranean mammals. We further propose a simple clearance to
resistance framework that links acute protective stress responses, chronic tumor-promoting adaptation, and naturally evolved cancer
resistance.
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1. Introduction

Hypoxia and Inflammation are major hallmarks of the cancer microenvironment. While both have evolved as protective responses to
stresses, functioning to preserve tissue integrity and homeostasis, their persistence in tumors leads to fundamental reprogramming
of cell behavior and immune functions. Chronic hypoxia establishes adaptive transcriptional and epigenetic modulations of cells that
provide metabolic flexibility and immune evasion!'?l. Unresolved inflammation shifts the immune landscape from active clearance
toward sustained tolerancel*°l. Hypoxia and inflammation are mutually regulated. Hypoxia activates nuclear factor-KB (NF-KB),
promoting the transcription of downstream, pro-inflammatory factors!’); meanwhile, it represses the transcription and translation of
some inflammatory genes directly. Together, these processes establish a microenvironment in tumors that favors the survival of
cancer cells with resistance to therapy. Intriguingly, some subterranean species such as the naked mole rat (NMR, Heterocephalus
glaber) and the blind mole rat (BMR, Spalax), adapted to hypoxic habitats, exhibit strong resistance to tumorigenesis®°l. They prevent
cancer through mechanisms modulating the inflammatory response, reflecting the interplay between hypoxia and inflammation on
an evolutionary timescale. In this review, we examine the molecular foundations of cells responding to hypoxia and inflammation in
cancer, explore their interplay in driving tumor persistence, and discuss how cancer resistant species circumvent these pathological
responses for tumor suppression. In this framework, tumor progression is viewed as a staged transition from acute clearance to
chronic tolerance, and finally to stabilized resistance; cancer-resistant hypoxia-adapted species are discussed as natural examples in
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which this maladaptive loop is interrupted.

2. Cellular Response to Hypoxia: From Adaptive Survival to Tumor Persistence

Hypoxia is a hallmark of solid tumors and arises when the demand for molecular oxygen required by the cells exceeds the capacity of
the vascular supply, a condition commonly caused by rapid cellular proliferation and structural abnormality in tumor vasculature!‘l.
Abnormal tumor vasculature, characterized by structural disorganization and poor perfusion, results in regions with fluctuating or
sustained oxygen deprivation!'!l. In the bone marrow, lymphoid tissue, placenta and intestinal mucosa, physiologically low oxygen
functions as a spatially and temporally regulated signal that contribute to tissue homeostasis and immune-cell adaptation!'?l. Central
to this response is the stabilization of hypoxia-inducible factor o (HIF-a) subunits. HIF is regulated by prolyl hydroxylase domain
proteins (PHDs) and factor inhibiting HIF (FIH, encoded by HIF1AN), an oxygen- and 2-oxoglutarate-dependent dioxygenase, which
control HIF-a protein stability and transcriptional activity, seperatelly!'?l. Under normoxic conditions, PHDs hydroxylate HIF-a
subunits, enabling their recognition by the von Hippel-Lindau (VHL) E3 ubiquitin ligase complex and subsequent proteasomal
degradation. Under normoxic conditions, hydroxylation by FIH hinders the HIF a-subunits from binding to their transcriptional
co-activators, the histone acetyl transferases CREB-binding protein (CBP) and p300, preventing the formation of a functional
transcriptional complex and thereby repressing HIF activity in an oxygen-dependent manner!'*l. When oxygen levels decline, the
enzymatic activity of the PHD and FIH are reduced. Consequently, HIF-a escapes VHL-mediated degradation, accumulates, and
translocates to the nucleus, where it dimerizes with the constitutively expressed HIF-3 subunit. Reduced FIH activity also permits
more efficient recruitment of CBP/p300, enabling the HIF complex to activate the transcription of genes involved in angiogenesis,
glucose metabolism, erythropoiesis, and cellular stress adaptation!'3.

Through these transcriptional regulations, acute hypoxia promotes metabolic flexibility and supports temporary cell survival
(Figure 1).
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Figure 1. Multilayered oxygen-sensing system and its crosstalk with inflammatory signaling in cancer. Under normoxic conditions, PHDs hydroxylate HIF-1a, promoting its
recognition by the VHL E3 ubiquitin ligase complex and subsequent proteasomal degradation. FIH further represses HIF transcriptional activity by blocking the recruitment
of the transcriptional co-activators CBP/p300. Oxygen-dependent epigenetic regulators, including JmjC KDMs and TET DNA dioxygenases, remain active under sufficient
oxygen availability and regulate histone and DNA methylation states. Under hypoxia, reduced oxygen availability inhibits PHD and FIH activity, leading to HIF-1q stabilization,
dimerization with HIF-1B, recruitment of CBP/p300, and activation of HRE-containing target genes. Hypoxia also impairs oxygen-dependent KDM and TET activity, resulting in
altered chromatin and DNA methylation landscapes. In parallel, mitochondrial ROS increase under hypoxic stress and act as secondary messengers that reinforce HIF-1a
stabilization and activate NF-kB signaling. NF-kB can further enhance HIF-1a expression, forming a reciprocal hypoxia-inflammation regulatory loop. Together, these
oxygen-sensitive pathways coordinate transcriptional, epigenetic, metabolic, and inflammatory responses that contribute to tumor adaptation, immune modulation, and
cancer progression. Created in BioRender.com. Xu, Y. (2026) https://BioRender.com/jdbnyey. PHDs: prolyl hydroxylase domain proteins; HIF: hypoxia-inducible factor;
VHL: von Hippel-Lindau; FIH: factor inhibiting hypoxia-inducible factor; CBP: CREB-binding protein; TET: ten-eleven translocation; KDMs: domain-containing histone

demethylases; HRE: hypoxia-responsive element; ROS: reactive oxygen species; NF-kB: nuclear factor-«B; JmjC: Jumoniji C.
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Beyond the canonical, HIF-dependent pathway, mammalian cells possess a broader network of oxygen-dependent enzymes that
participate in oxygen sensing and cellular adaptation. A major group of these enzymes belongs to the 2-oxoglutarate-dependent
dioxygenases (2-OGDDs)!*], which utilize molecular oxygen, ferrous iron, and 2-oxoglutarate as cofactors to catalyze oxidative
reactions. 2-OGDDs were first identified in studies on collagen biosynthesis, where they were found to catalyze the hydroxylation of
prolyl and lysyl residues!'®!7], Interestingly, several classes of these enzymes play important roles in epigenetic regulation. Jumonji C
domain-containing histone demethylases (JmjC-KDMs) regulate histone methylation states!!>]. JmjC-domain containing KDMs are
oxygen-dependent enzymes, but their oxygen sensitivities and transcriptional consequences differ among family members and
cellular contexts. Hypoxia can inhibit selected KDMs and TET enzymes, although compensatory expression, metabolite availability,
and locus-specific recruitment may result in divergent epigenetic outcomes!'*2!l, Under hypoxia, these KDMs fail at demethylating
specific histone marks, influencing transcriptional programs controlling cell differentiation, proliferation, and stress responses!!’-1%-22l,
Similarly, ten-eleven translocation (TET) DNA dioxygenases, which catalyze DNA demethylation, are also oxygen-dependent enzymes
whose activity can be reduced under hypoxic conditions, leading to global changes in DNA methylation patterns!?324, Through these
mechanisms, hypoxia can influence gene expression not only through HIF-mediated transcription but also through epigenetic
remodeling (Figure 1).

At the chromatin level, the consequence of KDM inhibition is context dependent. Hypoxia-induced inhibition of KDM35 can increase
H3K4 methylation at promoters and enhancers, whereas inhibition of KDM6A/B can maintain H3K27me3 and thereby restrain
differentiation or immune related transcriptional programs. Therefore, oxygen dependent epigenetic regulation should be
interpreted together with tumor lineage, oxygen tension, and the basal activity of individual KDMs rather than as a uniform
consequence of hypoxiall>l,

In the physiological context, hypoxia represents a reversible and tightly regulated adaptation. However, in tumors, hypoxia is rarely
transient. Persistent oxygen deprivation leads to chronic activation of hypoxia-responsive pathways. Instead of resolving, these
adaptive responses become stabilized, resulting in long-term metabolic reprogramming!!l. Tumor cells increasingly rely on glycolysis
and undergo extensive remodeling of mitochondrial metabolism!?°], activate antioxidant programs through hypoxia response
pathways!*°l, thereby improving their ability to tolerate oxidative and therapeutic stress?’l. Cancer cells can hijack this metabolic
plasticity, contributing to survival under hypoxia stress!’.

Chronic hypoxia also reshapes the tumor microenvironment?®l. It promotes angiogenic factor secretion, alters extracellular matrix
remodeling, and influences immune cell recruitment and function. Hypoxia reshape the tumor microenvironment in a context
dependent manner. While prolonged and severe hypoxia stress can impair cytotoxic T cell function, promote T cell exhaustion and
facilitate regulatory T cell accumulation transient or moderate HIF activation may support certain aspects of CD8" tumor infiltrating
lymphocyte (TIL) function and adaptation. These divergent effect depends on immune cell type, hypoxia intensity, and duration of
exposure. Therefore, hypoxia and HIF signaling (including HIF1a and HIF2a) can either promote or restrain antitumor immunity
depending on the specific tumor context, contributing to the complex regulation of tumor immune escapel?’-°l, KDMs are aberrantly
overexpressed in different types of cancers and are associated with the growth, invasion, and metastasis of cancer cells!®*!l. Thus,
hypoxia becomes a structural force that stabilizes a stress-adapted ecosystem. Importantly, this transition marks a shift from adaptive
survival to tumor persistence. Chronic hypoxia reinforces a state in which tumor cells are better equipped to endure hostile
conditions, including chemotherapy, radiotherapy, and immune attack®*%33l. In this way, hypoxia contributes directly to the
development of cancer resistance by converting protective stress signaling into a sustained survival advantage, driving tissue
dysfunction and disease development[**-*4. Reactive oxygen species (ROS) also play an important complementary role in cellular
responses to hypoxial*°l. Under hypoxic conditions, mitochondrial electron transport chain activity becomes altered, particularly at
complexes I and III, leading to increased electron leakage and enhanced production of ROS[*®l. Rather than acting as primary oxygen
sensors, ROS function as secondary messengers that integrate changes in oxygen availability with intracellular signaling pathways.

ROS also connect hypoxia to inflammation by tuning redox sensitive transcription factors, including NF-KB, activator protein 1 (AP-1)
and nuclear factor erythroid 2-related factor 2 (NRF2); depending on intensity and duration, this signaling can either support
inflammatory clearance or reinforce antioxidant and pro-survival programs in cancer cells>*37,

3. Inflammation as a Mediator between Immune Clearance and Immune Tolerance

Inflammation is a fundamental biological response evolved to eliminate harmful stimuli and restore tissue integrity*sl. Acute
inflammation is tightly regulated and self-limiting*°l. In response to infection, tissue injury, or the emergence of abnormal cells,
innate immune cells such as macrophages and natural killer cells are rapidly recruited. This initial response promotes the production
of pro-inflammatory cytokines, enhances antigen presentation, and facilitates cytotoxic T cell activation, ultimately leading to the
clearance of damaged or infected cells. Once the threat is eliminated, inflammatory signaling subsides and tissue homeostasis is
restored*’l.

During tumorigenesis, however, inflammatory responses often do not resolve. Inflammatory responses play decisive roles at different
stages of tumor development, including initiation, promotion, malignant conversion, invasion, and metastasisi’l. Early transformed
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cells can trigger immune recognition and elimination, a process often described as immune surveillance!*!l. Type I interferon (IFN) is a
major mediator of tumor immune surveillance, which is activated by cytoplasmic nucleic acid sensing pathways including retinoic
acid-inducible gene I (RIG-1) and melanoma differentiation-associated protein 5 (MDAS5) pathways that sense double-stranded RNA
(dsRNA) or the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) pathway that senses dsDNA[*2l. This
mechanism, first evolved as a defense, has been co-opted to eliminate abnormal cells such as cancer cells, which is termed viral
mimicryl*3-*°l Yet when abnormal cells persist and tissue damage signals remain active, inflammation becomes chronic. Continuous
exposure to cytokines, chemokines, and danger-associated molecular patterns sustains immune activation but gradually alters
immune cell function!*’l. Cytotoxic T cells may enter a state of exhaustion characterized by reduced effector function and sustained
expression of inhibitory receptors. Macrophages shift from pro-inflammatory phenotypes toward immunoregulatory or
tissue-remodeling states. Regulatory T cells accumulate, further suppressing anti-tumor immunity!®l. Rather than promoting
elimination, the inflammatory milieu begins to favor tissue maintenance and damage limitation.

Mechanistically, chronic activation of IFN promotes survival of cancer cells through activating a distinct set of downstream genes.
Acute IFN response results in the formation of an IFN-stimulated gene factor 3 (ISGF3), composed of IFN response factor 9 (IRF9) and
tyrosine-phosphorylated signal transducer and activator of transcription 1 (STAT1) and STAT2. ISGF3, acting as a transcription factor,
then activates a spectrum of anti-viral genes collectively called interferon-stimulated genes (ISGs). However, when IFN is sustained,
the accumulation of IRF9, STAT1, and STAT2 will form a new complex lacking the tyrosine phosphorylation of STAT1 and STAT2. This
new complex, termed unphosphorylated interferon-stimulated gene factor 3 (U-ISGF3), activates the expression of a group of genes,
namely the IFN-related DNA damage resistance signature (IRDS) that promotes the survival of malignant cells!*®l. Beyond cytotoxic
injury, persistent IFN/STAT signaling can select for IRDS-high cells that tolerate DNA damage and therapy, and may cooperate with
checkpoint programs rather than simply reflecting effective anti-viral immunity. Thus, the same IFN module may have opposite
outputs in acute and chronic settings!*®l.

This shift represents a transition from immune-mediated elimination to a regulated tolerance state within the microenvironment,
enabling cancer cells to evade immune surveillance and gain survival advantages!*”. Importantly, tolerance to inflammation does not
imply immune inactivity; instead, it reflects a regulated state in which the immune system limits excessive cytotoxicity to prevent
collateral tissue injury under persistent stress. Within tumors, this protective adaptation becomes maladaptive. The sustained
inflammatory environment no longer eliminates transformed cells but instead stabilizes a niche in which tumor cells can persist,
evade immune attack, and resist therapy!®’l. Thus, chronic inflammation in cancer does not simply reflect ongoing immune failure; it
represents a reprogrammed immune state shaped by prolonged stress exposure. By converting a transient protective response into a
sustained tolerance program, inflammation becomes a central contributor to cancer persistence.

4. Coordinated Stress Adaptation in Cancer by Interplay between Hypoxia and Inflammation

Hypoxia and inflammation do not operate as independent pathological processes in tumors!*®l. Instead, they form an integrated stress
sensing and response network mediated in part by the reciprocal regulation between HIFs and NF-KB. Under physiological
conditions, oxygen-dependent PHDs restrain HIF signaling by promoting HIF-o hydroxylation and VHL-mediated degradation. When
oxygen levels decline, reduced PHD activity allows HIF-o to accumulate and activate transcription. In parallel, hypoxia can engage
IKK-NF-KB signaling and induce an NF-KB-dependent transcriptional program!>>2l. The resulting activation of inflammatory gene
expression links hypoxic stress directly to inflammatory signaling. While the HIF pathway mainly responds to hypoxic conditions, its
expression can also be elevated by various non-hypoxic stimuli, particularly immune signals such as bacterial lipopolysaccharide
(LPS), tumor necrosis factor-a (TNF-a), reactive oxygen species, hepatocyte growth factor, and interleukin-18 (IL-18), largely through
crosstalk with the NF-KB signaling pathway[>*5!l. HIF and NF-KB pathways reinforce each other at multiple levels. NF-KB enhances
HIF-1a transcription>® whereas HIF signaling can amplify inflammatory responsiveness!®®l, establishing a crosstalk that sustains
stress signaling even in response to modest perturbations. Beyond HIF regulation, hypoxia induced ROS accumulation can activate
NF-KB signaling through redox-sensitive mechanisms, thereby linking oxygen deprivation to inflammatory responses that contribute
to tumor progressionl>’l. We therefore define the hypoxia-inflammation axis as a three-phase process: early clearance, chronic
tolerance, and stabilized resistance.

This coordinated activation drives stage-dependent reprogramming of the immune microenvironment. In early phases, the
cooperation between HIF and NF-KB supports innate immune function, promoting neutrophil recruitment, survival, and effector
activity to eliminate abnormal cells. However, intra-tumoral persistent hypoxic and inflammatory stimulation progressively shifts
immune behavior. Intra-tumoral hypoxia promotes CD8" T cell dysfunction via chronic activation of the integrated stress response
transcription factor activating transcription factor 4 (ATF4)58l. Hypoxic niches in glioblastoma attract and sequester tumor-associated
macrophages and cytotoxic T cells, reprogramming them for immunosuppressive function®>”l. Regulatory T cells expand,
myeloid-derived suppressor cells accumulate, and adenosine-mediated signaling dampens cytotoxic T cell responses. A recent study
shows that tumoral hypoxia also directly down-regulates the transcription and translation of genes from the IFN pathway in multiple
cancer typesl°?. What initially serves as a protective immune response transitions into a regulated tolerance state aimed at limiting
tissue damage under chronic stress, and hypoxia is playing a significant role. These effects are context dependent across tumor types.
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In immunologically “hot” tumors, hypoxia may blunt pre-existing T cell activity and contribute to acquired resistance to immune
checkpoint inhibitors, whereas in “cold” tumors it may reinforce immune exclusion, poor antigen presentation, and myeloid/
Treg-dominant inflammation. Hypoxia can also induce immune checkpoint or “don’t-eat-me” signals such as programmed death
ligand 1 (PD-L1) and CD47, and promote extracellular vesicles/exosome-mediated communication that transfers immunosuppressive
cargo to immune and stromal cells!®!3],

In addition to directly regulating immune response pathways, tumoral hypoxia driven vascular and metabolic changes further
stabilize this tolerant microenvironment. HIF-dependent signaling stimulates angiogenic factor production, yet tumor-associated
blood vessels are typically structurally abnormal and inefficient, resulting in heterogeneous perfusion and persistent oxygen
deprivation. This abnormal vasculature prolongs hypoxic stress and reinforces inflammatory activation, forming a self-sustaining
feedback loop. Concurrently, HIF-mediated metabolic reprogramming promotes glycolytic metabolism and alters nutrient availability
within the tumor microenvironment. The accumulation of acidic metabolic byproducts and competition for nutrients further
suppress immune cell activity while favoring tumor cells capable of adapting to metabolic stress. Together, these vascular and
metabolic alterations confer a stabilized microenvironment characterized by chronic hypoxia, immune suppression, and sustained
inflammatory signaling.

Taken together, hypoxia and inflammation form a coordinated adaptive system that evolves through a functional complex: from
immune clearance, to regulated tolerance, and ultimately to microenvironmental stabilization. In the stabilization phase, aberrant
vasculature, metabolic rewiring, and immunosuppression establish the features of the tumor ecosystem. Resilience of cancer
therefore emerges not from a single molecular pathway, but from the chronic consolidation of this stress-adapted state.

4.1 Therapeutic opportunities of the hypoxia-inflammation axis

Clinically, the most actionable nodes are those that are both measurable and druggable, including HIF2c, PHD/HIF signaling,
JmjC-KDMs, and cytokine pathways such as IL-13 or Janus kinase (JAK)/signal transducer and activator of transcription (STAT).
Among these approaches, HIF-2a inhibition has achieved the strongest clinical validation. These efficacy of HIF-2qa inhibitor
belzutifan in VHL-associated renal cell carcinoma and previously treated advanced clear-cell renal cell carcinoma provides that
hypoxia biology can be therapeutically targeted in specific clinical settings!®!l. However, the current application of this strategy
remains limited to selected tumor types and molecular contexts. Other intervention targeting hypoxia associated pathways are at
different stages of clinical evaluation. VEGF blockade has an established role in cancer therapy by altering tumor angiogenesis,
although adaptive resistance and persistent hypoxia frequently limited its efficacy. Hypoxia activated prodrugs (HAPs) are designed to
selectively eliminate hypoxic tumor cell and has shown encouraging activity in preclinical studies, but their clinical translation has
been constrained by intertumoral heterogeneity and variable drug activation. Approaches targeting inflammatory pathways,
including IL-1f inhibition, immune checkpoint blockade, and epigenetic modulation through DNMT1 inhibition, may influence
hypoxia associated immune suppression and tumor adaptation. However, their therapeutic effects are likely dependent on tumor
type, molecular features, and appropriate combination strategies. Given the physiological importance of hypoxia signaling, systemic
inhibition of this pathway may cause toxicity and interfere with normal adaptive responses. Therefore, identifying biomarkers that
predict treatment response will be essential. Potential biomarkers include hypoxia signatures, HIF target expression, IFN/IRDS
activity, immune infiltration status, and extracellular vesicle (EV)-associated immunosuppressive cargol®3.

4.2 Cancer resistance of subterranean animals through immune modulation

The following species are discussed not as an exhaustive catalogue of long-lived animals, but as natural experiments in which
chronic or intermittent hypoxia has been decoupled from cancer-promoting inflammation. This rationale connects NMR, BMR, and
bowhead whale adaptations back to the clearance-to-tolerance framework.

Although tumoral hypoxia triggers tumor immune escape, some hypoxia-FFtolerant species have evolved natural longevity and
cancer resistance. The NMR, which inhabits subterranean burrows in East Africa, is the longest-lived rodent species with striking
cancer resistancel’l. With a maximum lifespan exceeding 40 years, NMRs rarely get cancer, and their cells are very resistant to
oncogene-induced transformation®®l, Multiple mechanisms have been reported implicating cancer resistance and longevity in the
NMR, including cGAS-mediated DNA repairl®, resistance to induced pluripotent stem cell (iPSC) reprogramming by OSKM factors
(Oct4, Sox2, Kif4, and Myc)l®’-*°1 and early contact inhibition (ECI) through high-molecular-mass hyaluronan (HMM-HA) and an
additional INK4a/INK4b hybrid locus (pALT'Nk4a/b)[70.71]  The NMR epigenome is very stable, exhibiting increased enrichment of
repressive H3K27 methylation marks. H3K27 methylation is controlled by oxygen-sensing enzymes of the KDM6 family’?l. It remains
unclear whether the enrichment of repressive H3K27 methylation in hypoxia-adapted NMR results from diminished KDM6 activity.
Hyaluronan is a linear polysaccharide and a major component of the extracellular matrix. While short to medium sized HA has
pro-survival and pro-inflammatory functions, HMM-HA exerts antiproliferative and anti-inflammatory effects!’>751. NMR HMM-HA
plays important roles in inhibiting cell proliferation, suppressing tumorigenesis!’’], and also protects cells from oxidative stress!’®771,
HMM-HA is enriched in a wide range of subterranean mammalian species, but not in phylogenetically related aboveground species!’®]
, suggesting that its accumulation may be associated with adaptation to subterranean environments. However, whether HMM-HA
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directly contributes to hypoxia adaptation or cancer resistance remains incompletely understood. Current evidence indicates that
HMM-HA can restrict cell proliferation, maintain tissue integrity, and modulate inflammatory responses, which may provide a
favorable physiological context for long-term survival under environmental stress. In the naked mole rat (NMR), HMM-HA has been
proposed to contribute to cancer resistance through mechanisms including early contact inhibition (ECI), genomic stability, and
regulation of inflammatory signaling. One possibility is that HMM-HA helps prevent excessive inflammatory activation in chronically
hypoxic environments, thereby limiting conditions that favor tumor progression. However, this model remains a hypothesis and
requires further experimental validation.

Another remarkable long-lived, cancer-resistant subterranean species is the BMR.. BMRs spend their entire lives in subterranean
burrows and thus have been extensively studied as models of hypoxia tolerance. Their remarkable resistance to cancer was identified
subsequently. BMR cells exhibit an anti-tumor phenotype called concerted cell death (CCD), which is mediated by interferon 3
(IFN-B)79-81], Cells cultured in vitro and continuously passaged to 10-15 population doublings enter a growth arrest. Within a few days,
the cells undergo necrotic cell death!’’.Due to naturally reduced DNA methyltransferase 1 (DNMT1) expression in BMR tissues and
cells, the spontaneous activation of IFN upon cell over-proliferation is caused by the derepression of retrotransposable elements,
which triggers the cGAS-STING pathway!®!l. This mechanism differs from that observed in NMRs and suggests that BMRs may utilize
innate immune activation as an alternative strategy to eliminate potentially transformed cells. BMR p53 contains two naturally
occurring mutations that reduce its transcriptional activity toward pro-apoptotic target genes!®?. In contrast to NMRs, BMRs appear
to rely more heavily on immune surveillance mechanisms, in which retrotransposon activation generates endogenous danger signals
that contribute to IFN-mediated antitumor responses (Figure 2). Similar mechanisms have been observed in other contexts, where
reduced DNMT1 activity promotes retrotransposon derepression and induces viral mimicry responses through innate immune
activation!®3l. Although reduced p53 activity could potentially increase cancer susceptibility, the coexistence of attenuated p53
function and low DNMT1 expression has been proposed as an evolutionary adaptation that balances cell survival under hypoxic
conditions with enhanced immune surveillance. However, whether weak p53 and low DNMT1 represent a co-evolved compensatory
anticancer strategy remains speculative and requires further investigation.
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Figure 2. Subterranean Species Modulate the Interplay between Hypoxia and Inflammation for Tumor Suppression and provide potential therapeutic implications. During
tumorigenesis, abnormal cells may initially be recognized and eliminated by immune cells, including T cells, Macs, DCs, NK cells, and NEs. However, persistent hypoxia and
inflammation progressively reshape the tumor microenvironment and promote immune escape, characterized by impaired immune elimination and tumor persistence.
Subterranean mammals have evolved distinct adaptive mechanisms to cope with chronic hypoxic habitats, which may also contribute to their cancer resistance. In the BMR,
reduced DNMT1 expression is associated with LINE-1 (L1) derepression and activation of an IFNB-mediated CCD response, thereby enhancing immune-mediated elimination
of abnormal cells. In the NMR, HMM-HA contributes to ECI, genomic stability, and H3K27 methylation-associated epigenetic stability, which may suppress excessive
inflammation and prevent malignant progression. These divergent strategies suggest that subterranean animals can either reinforce immune clearance or limit chronic
inflammation, thereby interrupting the maladaptive hypoxia-inflammation loop that supports tumor escape. Potential therapeutic interventions targeting this axis include
HIF-2a inhibition by belzutifan, VEGF blockade by bevacizumab, HAPs targeting hypoxic tumor cells, IL-1p blockade by canakinumab, immune checkpoint blockade targeting
PD-1/PD-L1, and DNMT1 inhibition to induce transposable element-mediated viral mimicry. Created in BioRender.com. Guo, K. (2026) https://BioRender.com/meq9qag.
t: Clinically validated or approved in selected cancer settings; $: Under clinical investigation or supported mainly by preclinical evidence; 8: Currently supported primarily by
preclinical studies; Macs: macrophages; DCs: dendritic cells; NK: natural killer; NEs: neutrophils; BMR: blind mole rat; DNMT1: DNA methyltransferase 1; IFN: interferon;
CCD: concerted cell death; NMR: naked mole rat; HMM-HA: high-molecular-mass hyaluronan; ECI: early contact inhibition; HIF: hypoxia-inducible factor; HAPs: hypoxia-
activated prodrugs; LINE-1: long interspersed nuclear element 1; H3K27: histone H3 lysine 27; VEGF: vascular endothelial growth factor; IL-18: interleukin 1-beta;

PD-1: programmed cell death protein 1; PD-L1: programmed death-ligand 1.
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Another long-lived species that has adapted to intermittent hypoxia is the bowhead whale, which has been investigated as a model of
longevity and stress adaptation®*#5], Unlike subterranean mammals that experience chronic hypoxia, bowhead whales encounter
repeated hypoxic episodes during prolonged diving, providing a distinct physiological context for studying oxygen stress responses.
Several studies have identified enhanced genome maintenance mechanisms in bowhead whales. For,example, Cold-inducible
RNA-binding protein (CIRBP) is highly expressed in bowhead fibroblasts and tissues and has been associated with improved DNA
repair capacity, including enhanced non-homologous end joining and homologous recombination repairl®l. In addition, increased
expression of DNA repair-related pathways may contribute to genome stability and reduced accumulation of cellular damage during
aging. Although bowhead whales and subterranean mammals share adaptations to oxygen limitation and exceptional longevity, the
mechanisms underlying their cancer resistance appear to involve distinct biological strategies. Therefore, in this review, the
bowhead whale is considered a brief example of intermittent hypoxia adaptation rather than a central model of
hypoxia-inflammation-mediated cancer resistance, as direct links between its hypoxia responses and inflammatory regulation
remain insufficiently defined.

5. Conclusion

Hypoxia and inflammation are fundamental stress responses that evolved to preserve tissue integrity under adverse conditions. In
physiological conditions, both processes are transient and tightly regulated, supporting adaptation, immune-mediated clearance, and
restoration of homeostasis. However, within the tumor microenvironment, these responses become chronic and unresolved.
Persistent oxygen deprivation and sustained inflammatory signaling progressively reprogram cellular and immune behavior, shifting
the tissue state from active clearance toward regulated tolerance.

Rather than acting independently, hypoxia and inflammation form an interconnected network that stabilizes a microenvironment
adapted to metabolic, oxidative, and immune pressure. Tumor cells exploit this chronic stress landscape to enhance survival, evade
immune elimination, and resist therapeutic intervention. In this sense, resistance of cancer cells to therapy and immune surveillance
does not arise solely from intrinsic genetic alterations, but also from the prolonged activation of protective signaling that becomes
maladaptive when sustained. Understanding how transient adaptive responses transition into chronic tolerance states may provide
new insight into therapeutic strategies. Interventions that restore effective clearance mechanisms or disrupt the stabilization of
stress-adapted microenvironments could help overcome resistance and improve treatment outcomes.

Naturally cancer-resistant subterranean species provide unique and valuable models to understand this transition. Long adapted to
hypoxia, these species have reshaped their immune systems in favor of cancer resistance, either through anti-inflammatory
modulation of HMM-HA in NMRs or by enhanced innate immune surveillance in BMRs. Together, these divergent strategies ultimately
converge on cancer resistance, highlighting the deep evolutionary interplay between hypoxia and inflammation. From a translational
perspective, these species suggest two principles: dampening maladaptive chronic inflammation without abolishing clearance, or
forcing stressed premalignant cells back into immune elimination.
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