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Oral squamous cell carcinoma (OSCC) is a prevalent and aggressive malignancy
with a persistently high mortality rate, largely attributable to therapy resistance
and tumor recurrence. This review comprehensively explores the critical
interplay between epigenetic dysregulation and the tumor microenvironment
(TME) in driving OSCC progression. We detail how key epigenetic mechanismes,
including DNA methylation, histone modi cations, and non-coding RNAs
(ncRNAs), intrinsically transform cancer cells and actively orchestrate pro-
tumorigenic TME. These alterations substantially contribute to resistance
against conventional therapies. Furthermore, we discuss the therapeutic
potential of targeting these pathways using epigenetic drugs (epi-drugs), such
as DNA methyltransferase (DNMT) inhibitors and histone deacetylase (HDAC)
inhibitors, as well as engineered extracellular vesicles (EVs). The primary objective
of this review is to synthesize current knowledge on the epigenetic-TME axis,
thereby providing a mechanistic foundation for developing novel therapeutic
strategies. We emphasize that rational combinations of epigenetic-targeting
agents with conventional treatments or immunotherapy hold signi cant
promise for overcoming drug resistance and improving clinical outcomes in
OSCC patients.

KEYWORDS

biomarkers, epigenetic regulation, oral squamous cell carcinoma, therapeutic targets,
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Introduction

Oral squamous cell carcinoma (OSCC) represents a signi cant global health burden,
accounting for over 90% of all oral malignancies. It is among the most common cancers
worldwide, with incidence rates varying geographically and in uenced by regional risk
factors (1, 2). Major risk factors include tobacco use, heavy alcohol consumption, betel quid
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chewing, and infection with high-risk human papillomavirus
(HPV) types (1, 3, 4). Clinically, OSCC often presents as non-
healing ulcers, erythroplakia or leukoplakia, pain, or dysphagia, and
diagnosis typically involves clinical examination, imaging, and
histopathological con rmation via biopsy (5-7). Current
treatment strategies primarily encompass surgery, radiotherapy,
and chemotherapy, tailored to tumor stage and patient condition
(8). However, these approaches are frequently hampered by
limitations such as locoregional recurrence, metastasis, and the
development of drug resistance, which collectively contribute to
poor ve-year survival rates, particularly in advanced cases (8, 9).
The emergence of resistance to conventional therapies like cisplatin
and 5- uorouracil underscores the urgent need for novel
therapeutic targets and improved diagnostic biomarkers (8, 10, 11).

The limited ef cacy of these conventional therapies and the
frequent emergence of resistance are not solely attributable to the
cancer cells themselves. This resistance is fueled by the dynamic and
supportive tumor microenvironment (TME), which is now
recognized as an essential contributor to OSCC progression (12).
The complex interplay between cancer cells and the surrounding
stromal and immune cells within the TME acts as a major driver of
tumor growth, immune evasion, and the development of therapy
resistance (13, 14). In recent years, epigenetic mechanisms have
garnered substantial attention for their pivotal role in OSCC
pathogenesis and progression (3, 15). Epigenetics refers to
heritable changes in gene expression that do not involve
alterations to the underlying DNA sequence, primarily
encompassing three key mechanisms: DNA methylation, histone
modi cations, and regulation by non-coding RNAs (ncRNAs) (3,
15, 16). In OSCC, aberrant DNA methylation is a frequent event,
characterized by global hypomethylation leading to genomic
instability and oncogene activation, as well as promoter-speci ¢
hypermethylation resulting in the silencing of tumor suppressor
genes (17, 18). Histone modi cations, including acetylation,
methylation, and phosphorylation, alter chromatin structure and
accessibility, thereby modulating the expression of genes critical for
cell cycle control, apoptosis, and invasion (19-21). Additionally,
ncRNAs, particularly microRNAs (miRNAs) and long non-coding
RNAs (IncRNAs), function as post-transcriptional regulators or
epigenetic modulators, in uencing various oncogenic pathways
(22-24). These epigenetic alterations collectively drive OSCC
initiation, progression, and metastasis by disrupting normal
cellular processes, and they also contribute to therapy resistance
mechanisms (25).

Given the pivotal roles of these epigenetic mechanisms in OSCC
pathogenesis, their dynamic and reversible nature makes them
attractive targets for therapeutic intervention (26, 27). Epigenetic-
targeted therapies, such as DNA methyltransferase (DNMT)
inhibitors and histone deacetylase (HDAC) inhibitors, have
demonstrated potential in preclinical OSCC models by reversing
aberrant gene silencing, thereby reactivating tumor suppressor
genes or suppressing oncogenes, and restoring normal cellular
functions (27-29). Beyond small molecule inhibitors, the eld is
exploring innovative delivery platforms for epigenetic therapy. In
this context, extracellular vesicles (EVs), natural carriers of
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epigenetic regulators like miRNAs, are emerging as promising
therapeutic tools (30). Leveraging this innate biology, engineered
EVs represent a representative strategy for the precise delivery of
epigenetic therapeutics (31).

Although the contributions of epigenetic alterations and the
TME to OSCC pathogenesis are increasingly recognized, a key
unknown is how their dynamic interplay, particularly the epigenetic
orchestration of a pro-tumorigenic TME, contributes to therapy
resistance. Therefore, this review aims to bridge this knowledge gap
by comprehensively exploring the intricate interplay between
epigenetic regulations and the TME of OSCC. We delve into the
mechanisms by which DNA methylation, histone modi cations,
and ncRNAs not only drive intrinsic cancer cell pathways but also
orchestrate a pro-tumorigenic TME. By integrating these insights,
we further discuss the implications of these epigenetic mechanisms
for developing novel therapeutic strategies, with a speci c¢ focus on
overcoming drug resistance by targeting the epigenetic-TME axis,
ultimately paving the way for more effective combination therapies
in OSCC (Figure 1).

2 TME in OSCC

TME is a critical determinant in the initiation, progression, and
metastasis of OSCC (12, 32). It is a complex and dynamically
evolving ecosystem comprising various cellular and non-cellular
components that interact dynamically to either suppress or, more
commonly, promote tumorigenesis (Figure 2) (13). This evolution
involves a shift from an initially pro-in ammatory state towards a
profoundly immunosuppressive and pro-angiogenic landscape.
Critically, the TME also plays a major role in treatment response
by hindering drug delivery and suppressing anti-tumor immunity,
thereby fostering therapy resistance (14). This pro-tumorigenic and
therapy-resistant functionality is not a static feature, but is actively
shaped and maintained through sustained signaling and
intercellular crosstalk. Consequently, understanding the
composition and function of the TME is essential for developing
novel therapeutic strategies (10).

3 Epigenetic alterations in TME of
OSCC

The progression of OSCC is signi cantly driven by epigenetic
dysregulation, encompassing aberrant DNA methylation, histone
modi cations, and ncRNA function (Figure 3) (3). These
mechanisms collectively orchestrate key oncogenic processes by
modulating genes critical to DNA repair, cell cycle control,
apoptotic signaling, and metastatic dissemination (15). Importantly,
growing evidence indicates that epigenetic alterations are pivotal in
reshaping the TME and modulating anti-tumor immunity, thereby
in uencing tumor progression and therapy response (61).
Consequently, targeting these epigenetic drivers presents a
promising avenue for developing innovative diagnostic biomarkers
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Schematic representations of roles of epigenetic regulation in OSCC. DNA methylation, histone modi cations and ncRNAs regulate OSCC
progression and pro-tumor TME remodeling, support therapeutic targets and mediate drug resistance. Abbreviations: DNMT: DNA
methyltransferase; HDAC:histone deacetylase; TME: Tumor microenvironment.

and therapeutic interventions, offering the potential to enhance
clinical management for OSCC patients.

3.1 DNA methylation in OSCC

DNA methylation is a fundamental epigenetic modi cation
involving the addition of a methyl group to a cytosine base in
DNA, primarily at CpG sites (62). This process is catalyzed by
DNMTSs, which establish and maintain these methylation patterns
through cell division (63). The primary functional consequence of
DNA methylation is the regulation of gene expression (Figure 4)
(64). Promoter hypermethylation typically leads to transcriptional
silencing, effectively turning genes off (65). In contrast, global
hypomethylation can result in genomic instability and the
inappropriate activation of genes (66).

However, in the neoplastic context of OSCC, this precise regulation
is profoundly disrupted. The genome undergoes widespread
hypomethylation, promoting genomic instability, while speci c
promoter-associated CpG islands become subject to hypermethylation,
leading to the transcriptional silencing of critical tumor suppressor genes
(3). This dual dysregulation is a hallmark of OSCC, fundamentally
contributing to its initiation and malignant progression (67). Critically,
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both hypermethylation and hypomethylation events can alter the
expression of immunomodulatory genes and cancer-associated
signaling pathways, actively sculpting the immunosuppressive TME
(Figure 4) (3).

3.1.1 Hypomethylated genes involving OSCC

In OSCC, DNA hypomethylation drives tumorigenesis by
activating oncogenes and pro-metastatic factors, dysregulating key
signaling pathways, and remodeling the TME (17). The following
sections detail the roles of speci ¢ hypomethylated genes in
these processes.

Dysregulated DNA hypomethylation plays a crucial role in
reshaping the immunosuppressive TME (68). A key mechanism
involves tumor-derived factors that actively reprogram the
epigenome of immune cells. For instance, calnexin, an
endoplasmic reticulum chaperone upregulated in OSCC, is
expressed on the tumor cell membrane. It impairs antitumor
immunity by interacting with T cells and inducing DNA
hypomethylation of the programmed cell death protein 1 (PD-1)
promoter CpG island. This epigenetic alteration leads to increased
PD-1 expression on CD4" and CD8" T cells, driving their
functional exhaustion and suppressing cytokine production.
Consequently, calnexin-expressing tumors exhibit reduced T-cell

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1758433
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lietal.

10.3389/fimmu.2026.1758433

FibronectinT

N v
Tumor-associated
neutrophi

3 @ O EIastinT
E 10 TGF- Invasion
—IL10 TGP, Angiogenesis
Immunosuppression
M2 macrophage
@ Growth factor
—= —
TGF-B Cancer
“Rorabiast | Extracaluar
7\ =
\\ ) \.\
— - ST
Regulatory T cell (@) Myelond—denzgﬁ Cellular N

Cytotoxic
T lymphocyte

Drive fibrosis, EMT, and
immunosuppression

FIGURE 2

invasion, angiogenesis, and tumor progression (48). Tumor angiogenesis

key mechanism of immune resistance (60).

Hyaluronic acidT

Extracellular
matrix

Immune f Intercellular
checkpoints TME in 0SCC communication ?
Lipid
CTLA-4 c§§&/ ‘
IncRNA Protein
g Cytokine O
CD28 network AR
T cell \/
/" Memory T cells
( )
— \ / e °
( \ TICylo:‘oxlc JJ:OJ ¢:° °
'mphocy I’ o
\ Y Thmeneae Crete
Regulatory T cell LA
TGF-g TNF-a
! ~

The TME of OSCC. The TME is a dynamic ecosystem critical for OSCC initiation, progression, and therapy resistance (33). It comprises diverse
cellular and non-cellular components that interact to foster a pro-tumorigenic niche (34). Cellular components: Key residents include tumor-
associated macrophages (TAMs), particularly the M2-polarized subtype recruited by C-C motif chemokine ligand 2 (CCL2) (35) and colony
stimulating factor 1 (CSF-1) (35), which promote invasion, angiogenesis, and immunosuppression via interleukin 10 (IL-10) (36) and transforming
growth factor beta (TGF-b) (37). Cancer-associated broblasts (CAFs), activated by tumor-derived TGF-b, remodel the stroma, secrete extracellular
matrix (ECM) and growth factors, and support cancer stemness and therapy resistance (38, 39). The immune landscape includes cytotoxic T
lymphocytes (CTLs) (40) whose function is suppressed, alongside immunosuppressive regulatory T cells (Tregs) (41) and myeloid-derived suppressor
cells (MDSCs) (42) that inhibit effector T-cells and promote immune tolerance (41, 42). Extracellular matrix (ECM): The ECM provides structural
support and biochemical signaling (43—45). It is composed of collagens (43),
stromal cells, via enzymes like matrix metalloproteinases (MMPs) (47), releases sequestered growth factors (e.g., IGF, FGF, TGF-b), facilitating

subsequent VEGF overexpression, angiogenesis supplies nutrients and oxygen (49, 50). The resulting vasculature is often disorganized and leaky,
hindering drug delivery and facilitating metastasis (51, 52). Intercellular communication: Crosstalk occurs via direct contact, secreted factors, and
extracellular vesicles (EVs) such as exosomes (53, 54). Tumor and CAF-derived exosomes transfer proteins, lipids, and nucleic acids (e.g., INcCRNAs,
miRNAs) to reprogram recipient cells, promoting traits like M2 macrophage polarization or enhanced cancer cell proliferation and invasion (54—56).
Cytokine network: A pathogenic network of cytokines sustains chronic in ammation and immunosuppression (48). TGF-b drives brosis, EMT, and
immunosuppression (37). Pro-in ammatory cytokines like IL-6 (activating STAT3) (57) and tumor necrosis factor alpha (TNF-a) (58) directly fuel
tumor aggression, proliferation, survival, and invasiveness. Immune checkpoints: OSCC cells exploit regulatory pathways like programmed death 1
(PD-1)/programmed death ligand 1 (PD-L1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) to evade immune destruction (59, 60). PD-L1
binding to PD-1 on T cells induces inhibitory signaling and exhaustion, while CTLA-4 competitively inhibits T-cell activation. Their upregulation is a
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bronectin (44), elastin (45), and hyaluronic acid (46). Remodeling by

: Driven by hypoxia-inducible factor 1-alpha (HIF-1a) stabilization and

in Itration and poorer patient survival, illustrating how a tumor cell
surface protein can exploit DNA demethylation to enforce an
immunosuppressive TME (69).

A primary oncogenic effect of DNA hypomethylation is the
transcriptional reactivation of genes that drive tumor aggression and
metastasis. For instance, the promoter of Wntl inducible signaling
pathway protein 1 (WISP1) is signi cantly hypomethylated in OSCCs
with lymph node metastasis, leading to its high expression which
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promotes cancer spread and correlates with poorer survival (70).
Similarly, hypomethylation at the homeobox protein CDX-1 (CDX1)
motif reactivates the transcription factor gene homeobox C9 (HOXC9)
in OSCC. HOXC9 upregulation promotes tumor invasion and
metastasis by driving the expression of MMP13 through the ITGA6/
PI3K/AKkt signaling axis and is associated with advanced disease stages
(71). However, the proposed HOXC9-driven PI3K-Akt/MMP13 axis
represents a potential pathological association requiring further direct
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validation, and the regulatory interplay between HOXC9 and upstream
factors remains to be fully elucidated.

The activation of pivotal oncogenic signaling pathways is
another major consequence of gene-speci ¢ hypomethylation. For
instance, in higher-grade OSCC samples, the dickkopf Wnt
signaling pathway inhibitor 2 (DKK2) and DKK4 genes, which
are inhibitors of the Wnt signaling pathway, were found to be
hypomethylated. This hypomethylation is postulated to lead to their
increased expression, potentially facilitating tumor cell invasion and
progression through the modulation of the Wnt pathway, a key
driver in oral carcinogenesis (72). Furthermore, in OSCC associated
with oral lichen planus, promoter hypomethylation drives the
overexpression of SRY-box transcription factor 11 (Sox11), which
in turn activates the PI3K/AKT signaling pathway and enhances
glycolysis to promote tumor growth (73). Integrated bioinformatic
analyses corroborate that numerous hypomethylated and
upregulated genes in OSCC are key components of the PI3K/
AKT and epithelial-mesenchymal transition (EMT) pathways
(74). Therefore, identifying additional oncogenic pathways
activated by this mechanism remains a crucial goal for
future research.

Beyond the regulation of individual genes, widespread
hypomethylation exerts a profound in uence on the TME. Global
DNA hypomethylation, measurable through long interspersed
element 1 (LINE-1) repetitive elements, is a common feature of
OSCC, and low LINE-1 methylation levels in pre-malignant lesions
predict a higher risk of progression to cancer (75). This
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hypomethylated state extends to immune-related genes. Genome-
wide studies have identi ed unique sets of hypomethylated
promoters enriched for immune response genes, suggesting that
DNA hypomethylation can facilitate lymphocyte in Itration and
modulate anti-tumor immunity (76). This is supported by ndings
that promoters of various immune genes are signi cantly more
hypomethylated in OSCC tissues compared to normal mucosa,
irrespective of HPV status (77).

The consistent pattern of DNA hypomethylation in OSCC
offers considerable potential for clinical translation into
biomarkers (78). Studies on oral brushing samples have identi ed
hypomethylated genes like miR-296 and telomerase reverse
transcriptase (TERT) in OSCC and pre-malignant lesions,
demonstrating their utility for early and non-invasive detection
(79). In mouse models, hypomethylation and overexpression of
Fgf3 occur during the early stages of oral carcinogenesis, marking it
as a potential early detection biomarker (80). From a prognostic
perspective, hypomethylation of the ornithine aminotransferase
(OAT) gene promoter is associated with a radio-resistant TME
and poorer survival after radiotherapy (81), whereas the
hypomethylated state of the tubulin polymerization promoting
protein family member 3 (TPPP3) promoter, which favors its
tumor-suppressive expression, is an indicator of good prognosis
(82). The IncRNA H19 also exhibits promoter hypomethylation and
high expression in OSCC, which is associated with a signi cantly
lower 5-year survival rate, underscoring its role in disease
progression (83). It promotes disease progression through diverse
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mechanisms, including acting as a competitive endogenous RNA
(ceRNA) to sponge miRNAs such as miR-138, miR-29b, and let-7a.
This sponge activity leads to the upregulation of downstream targets
like zeste homolog 2 (EZH2), zinc nger E-box binding homeobox
1 (ZEB1), and 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3 (PFKFB3), thereby driving EMT, enhancing cell
proliferation, invasion, and glycolysis, and contributing to
immunosuppressive TME (84).
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In conclusion, DNA hypomethylation is a pervasive and driving
force in OSCC pathogenesis. It functions not only by activating speci ¢
oncogenes and pathways that enhance tumor cell proliferation, invasion,
and metastasis, but also by reshaping the global genomic and immune
landscape, most notably by reshaping immunosuppressive TME, to
ultimately favor tumor survival and progression. The wealth of
hypomethylated genes and loci, many with clear clinical correlations,
positions DNA hypomethylation as a rich source of mechanistic insights
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and a promising foundation for developing diagnostic, prognostic, and
therapeutic strategies against OSCC.

3.1.2 Hypermethylated genes involving OSCC

DNA hypermethylation of tumor suppressor genes is a
fundamental epigenetic mechanism driving OSCC pathogenesis
(85). A key consequence of this silencing is the blunting of anti-
tumor immune responses and the fostering of immunosuppressive
TME, which is increasingly recognized as a critical step in OSCC
progression (86). Recent studies have identi ed a range of genes
silenced by this mechanism, which can be broadly grouped by their
disrupted cellular functions, underscoring the critical role of
epigenetic dysregulation in OSCC.

A primary mechanism by which promoter hypermethylation
directly establishes immunosuppressive TME in OSCC is the
silencing of genes that regulate key immune checkpoint molecules
(87). The paired box 1 (PAX1) gene is downregulated due to
arecoline-induced hypermethylation. This loss of PAX1 function is
a pivotal event that not only enhances cancer stem cell (CSC) -like
properties but also actively promotes an immunosuppressive TME by
upregulating interferon induced protein with tetratricopeptide
repeats 1 (IFIT1) and the immune checkpoint programmed death
ligand 1 (PD-L1), thereby facilitating tumor immune evasion. Future
validation in an orthotopic animal model is needed to con rm the
involvement of the IFIT1/PD-L1 signaling pathway (88). Similarly,
promoter hypermethylation-induced downregulation of the tumor
suppressor miRNA miR-34b/c drives OSCC aggressiveness and is a
marker of adverse clinical outcomes, including shortened survival
(89). Given the established role of the miR-34 family in directly
targeting and suppressing immune checkpoints such as PD-L1 in
other cancers (90), its silencing in OSCC likely contributes directly to
immune dysregulation within the TME. This epigenetic event is
strongly associated with advanced tumor stage, nodal metastasis,
cancer recurrence, and poor survival outcomes particularly in HPV-
negative OSCC patients (89). The silencing of PAX1 and miR-34b/c
exempli es how hypermethylation can be leveraged by OSCC to
directly suppress anti-tumor immunity.

A signi cant group of hypermethylated genes disrupts apoptosis
and cell proliferation, which can indirectly alter immune surveillance.
The pro-apoptotic gene homeobox A5 (HOXADS) is frequently
hypermethylated in OSCC tissues leading to its downregulation,
contributing to reduced cell death. Reactivation of HOXAS
expression not only induces cell death but also enhances
chemosensitivity both in vitro and in vivo (91). Another key gene,
PAX9, a differentiation-associated tumor suppressor, is silenced
through hypermethylation. Pharmacological inhibition of DNMTs
can reactivate PAX9 expression, which in turn triggers apoptosis,
inhibits cell growth, and suppresses cancer stemness through an
autophagy-dependent pathway (92). The evasion of apoptosis and
enhanced stemness mediated by the silencing of these genes
contribute to a tumor cell population that is resistant to immune
cell-mediated Killing and fosters a pro-tumorigenic niche.

Another critical pathway affected by hypermethylation involves
genes that control cell invasion, metastasis, and stemness. Methylation-
mediated silencing of miR-124-3 represents one mechanism. The
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suppression of this miRNA leads to the overexpression of its target,
the oncogene leucine rich repeat containing 1 (LRRC1), which
subsequently drives OSCC cell proliferation and migration (93). The
homeobox gene HOXAS3 also exhibits epigenetic regulation, with its
expression showing an inverse correlation with promoter methylation
levels. Hypermethylation of its 3’ untranslated region is notably
associated with poor overall survival in advanced-stage OSCC
patients (94). Moreover, HOXA3 expression may also be subject to
post-transcriptional regulation by ncRNAs and RNA-binding proteins,
although this complex regulatory network requires de nitive
experimental con rmation. Furthermore, the tumor suppressor gene
transglutaminase 3 (TGM-3) shows signi cant promoter
hypermethylation in OSCC. This epigenetic alteration is
quantitatively associated with advanced tumor stage and higher
histological grade, highlighting its role in cancer progression (95).
The concerted hypermethylation of this group of genes thus equips
OSCC cells with enhanced invasive, metastatic, and stem-like
capabilities, all of which are hallmarks of an aggressive TME that
supports tumor dissemination and therapy resistance.

Beyond the silencing of protein-coding genes and miRNAs,
hypermethylation also affects genes that regulate the epigenetic
machinery itself. The methylation status of DNMT3A and tet
methylcytosine dioxygenase 2 (TET2), a key demethylation-
initiating enzyme, is aberrant in OSCC. Functionally, knockdown
of DNMT3A and overexpression of TET2 can inhibit the
proliferation and migration of OSCC cells, indicating their crucial
roles in maintaining epigenetic balance (96). On a different level, the
protein methyltransferase SET domain containing 6 (SETD6) is
upregulated in OSCC. Silencing SETD6 inhibits OSCC
tumorigenesis by reducing the promoter methylation of its
substrate proteins P21 (RAC1) activated kinase 4 (PAK4) and
RELA proto-oncogene, NF-kB subunit gene (RelA), thereby
counteracting their pro-tumorigenic activities (97). This category
reveals a self-reinforcing loop in OSCC, where the epigenetic
regulators themselves become targets of dysregulation, further
amplifying the global epigenetic disruption that underpins a
malignant and immunosuppressive TME.

In summary, the landscape of hypermethylated genes in OSCC is
diverse, encompassing key regulators of apoptosis, invasion,
stemness, drug resistance, and the epigenetic apparatus itself, which
signi cantly reshapes the TME of OSCC (Table 1). The collective
evidence from these studies strongly supports the potential of these
hypermethylated genes as valuable biomarkers for diagnosis and
prognosis, as well as promising targets for epigenetic therapy
in OSCC.

3.2 Histone modi cations in OSCC

Histone modi cations represent a fundamental layer of
epigenetic regulation that controls chromatin architecture and
gene expression without altering the underlying DNA sequence
(98). These chemical alterations including acetylation methylation
phosphorylation and ubiquitination occur on the N-terminal tails
of histone proteins (99). They are dynamically orchestrated by
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TABLE 1 The role of DNA methylation in OSCC onset and progression.

Methylation .
i Function
regulation
PD-1 20373 The hypomethylation of the PD-1 promoter CpG island upregulates PD-1 expression on T ©9)
43 cells, thereby driving T cell exhaustion and enforcing immunosuppressive TME.
WISP1 8024.22 Promoter of WISP1 leads to lymph node metastasis and correlates with poorer survival. (70)
cDXI 5032 Hypomethylation at the CDX1 motif reactivates HOXC9 transcription, thereby promoting )
4 tumor invasion and metastasis via the ITGA6/PI3K/Akt/MMP13 axis.
INCRNA H19 11p155 Promoter hypometr.\ylatlon. of In(I:RI\_lA H19 contributes to TN!E dysregulation and is @)
associated with a signi cantly lower 5-year survival rate.
DKK2/4 4925/ 8p11.21 DKK2/4 hypomethylation facilitates tumor cell invasion and progression. (72)
Soxll 2p252 Promoter hypomethylat@n of.Sox.ll enhances gly(folys!s to promote tumor cell 3)
proliferation, invasion, and migration.
Hypomethylated genes . . . . . . .
LINE-1 Widespread Low LINE-1 methylation levels in prg malignant lesions predict a higher risk of )
progression to cancer
miR-296 20q13.32 (79)
Detects for early and non-invasive detection.
TERT 5p15.33 (79)
Hypomethylation and overexpression of Fgf3 function as a potential early biomarker for
Fof3 11q133 0SCC detection. €0
OAT 1002613 Hypomethylation of the OAT promo?er is assomat_ed with a radio-resistant TME and @)
poorer survival after radiotherapy
TPPP3 16022.1 Hypomethylation of TPPP3 promoter favors its tumor-suppressive expression. (82)
TET2 4q24 TET2 hypomethylation suppresses OSCC progression. (96)
PAX1 20p11.22 PAX1 hypermethylation promotes cancer stemness and immunosuppressive TME. (88)
miR-34b/c 116231 Hypermethylation of miR-34b/c promoter promotes immune dysregulation within the ©9)
TME.
HOXAS 7p152 Hypermethylation and down_regule_ltlon Qf HOX_AS Suppresses cell death and confers ©1)
cisplatin resistance in OSCC.
PAX9 14913.3 PAX9 hypermethylation promotes evasion of apoptosis and enhances cancer stemness. 92)
miR-124-3 200133 Hypomethylation of miR-124-3 Ie::_(:s t(:_the m;ere)fprets_swn of LRRC1, driving OSCC cell ©3)
Hypermethylated genes proliferation and migration.
HOXA3 7p152 HOXA3 hypermethylation is associated W|th‘poor overall survival in advanced-stage OSCC ©4)
patients.
TGM-3 2001123 Promoter hypermethylation of TGM-3. is ass90|ated with advanced tumor stage and higher ©5)
histological grade

DNMT3A 2p23.3 Knockdown of DNMT3A promotes OSCC cell proliferation and migration. (96)
PAK4 19q132 Promoter hypermethylation of PAK4 and RelA enhances its pro-tumorigenic activities and ©7)

RelA 11q131 promotes OSCC tumorigenesis.

PD-1, Programmed cell death 1; WISP1, WNT1-inducible signaling pathway protein 1; TME, Tumor microenvironment; DKK2/4, Dickkopf WNT signaling pathway inhibitor 2/4; Sox11, SRY-
box transcription factor 11; LINE-1, Long interspersed nuclear element-1; TERT, Telomerase reverse transcriptase; Fgf3, Fibroblast growth factor 3; OAT, Ornithine aminotransferase; TPPP3,
Tubulin polymerization promoting protein 3; TET2, Ten-eleven translocation 2; PAX1, Paired box gene 1; HOXAS5, Homeobox A5; LRRC1, Leucine rich repeat containing 1; TGM-3,
Transglutaminase 3; DNMT3A, DNA methyltransferase 3 alpha; PAK4, P21-activated kinase 4; RelA, Reticuloendotheliosis viral oncogene homolog A.

speci ¢ writer and eraser enzymes which add or remove these
marks respectively. In OSCC, the precise balance of histone
modi cations is profoundly disrupted, leading to the aberrant
silencing of tumor suppressor genes and the inappropriate
activation of oncogenic pathways (100). Critically, emerging
evidence indicates that histone modi cations also govern the
expression of immunomodulatory genes within cancer cells and
stromal cells thereby actively shaping an immunosuppressive TME
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that facilitates immune evasion and disease progression (Figure 5)
(101). Among the various types of histone modi cations,
methylation and acetylation are the most extensively studied in
OSCC and will be the focus of the following sections.

3.2.1 Histone methylation in OSCC

Histone methylation, a dynamic process regulated by
methyltransferases and demethylases, plays a pivotal role in OSCC
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Histone modi cations and their roles in OSCC progression. Histone methylation and acetylation drive OSCC progression via: NRIP1/NSD2/DGCR8
axis, KDM3A/H3K9me2/DCLK1 axis, TME hypoxia/acidosis, immunosuppressive molecules reduction and IncMX1-215/GCN5/H3K27ac axis, leading to
tumor cell proliferation, migration, invasion, and metastasis. Abbreviations: SAM: S-Adenosylmethionine; DNMT: DNA methyltransferase; DNMTI:
DNA methyltransferase inhibitor; HAT: Histone acetyltransferase; HDAC: histone deacetylase; NRIP1: Nuclear receptor interacting protein 1; NSD2:
Nuclear receptor binding SET domain protein 2; DGCR8: DiGeorge syndrome chromosomal region 8; TME: Tumor microenvironment; TAM:
Tumor-associated macrophage; MDSC: Myeloid-derived suppressor cell; IFN: Interferon; IL-1b: Interleukin-1beta; GCN5: General control non-
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pathogenesis (102). Beyond driving cell-autonomous malignant
behaviors, emerging evidence underscores its profound impact on
shaping the TME, particularly in fostering immunosuppression and
therapeutic resistance (103). The dysregulation of this epigenetic
mechanism directly in uences cellular responses to TME stressors
and activates pathways that collectively mold a pro-tumorigenic
niche (104).

A primary mechanism through which histone methylation
in uences OSCC involves direct modulation of the hypoxic and
acidotic TME, a key driver of immunosuppression (105). This TME
in OSCC, primarily regulated by hypoxia-inducible factor 1-alpha
(HIF-1a), impacts the activity of histone-modifying enzymes,
thereby reshaping the histone modi cation landscape. A
foundational study utilizing LC-MS-based proteomics directly
demonstrated that hypoxic, acidotic, and combined stress
conditions in the CAL27 OSCC cell line induce distinct, position-
dependent alterations in histone methylation and acetylation
marks, such as histone H3 trimethylation at Lys36 (H3K36me3),
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histone H2A lysine 9 acetylation (H2AK9Ac), and H4K16Ac (105).
Building upon this, a subsequent mass spectrometry-based
proteomic study revealed that the combination of the HDAC
inhibitor vorinostat and the thioredoxin-1 (Trx-1) inhibitor PX-
12 further alters a spectrum of histone methylation and acetylation
marks under hypoxic conditions (106). These ndings position
histone methylation as a crucial epigenetic interface between the
hypoxic and acidotic TME and cancer cell adaptability, suggesting
that targeting these modi cations may reverse TME-mediated
therapy resistance.

Beyond the direct hypoxic response, histone methylation fuels
OSCC progression by activating speci ¢ oncogenic axes that
enhance tumor aggressiveness and indirectly reshape the TME. A
compelling signaling cascade involves the nuclear receptor
interacting protein 1 (NRIP1)/nuclear receptor binding SET
domain protein 2 (NSD2)/DiGeorge critical region 8 (DGCR8)
axis. NRIP1, an aberrantly expressed transcription factor, activates
the transcription of the methyltransferase NSD2, which in turn
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increases DGCRS8 transcription by modulating histone methylation
near its promoter. This axis signi cantly augments OSCC cell
proliferation, migration, invasion, and in vivo metastatic potential
(107). However, a key limitation of this work is that the critical
downstream effectors of DGCRS8, which are most likely speci ¢
miRNAs or signaling pathways, need to be further elucidated.
Similarly, lysine demethylase 3A (KDM3A) facilitates OSCC
proliferation and invasion by removing the repressive H3K9me2
mark from the promoter of doublecortin like kinase 1 (DCLK1), a
CSC marker, thereby upregulating its expression (108). However,
this established link is likely to represent a part of a broader
regulatory network. A critical next step is to investigate the full
spectrum of transcription factors targeted by KDM3A and to
unravel the downstream signaling mechanisms through which
DCLK1 executes its oncogenic functions. By promoting this stem-
like phenotype, the KDM3A-H3K9me2-DCLK1 axis indirectly
sustains the immunosuppressive TME, a consequence of the well-
documented immunomodulatory and therapy-resistant properties
of CSCs.

Speci ¢ histone methylation marks have clinical and prognostic
signi cance in OSCC, indicating their role in the TME.
Immunohistochemical analyses have consistently linked aberrant
histone methylation marks to aggressive disease and poor survival.
The upregulation of the heterochromatin mark H3K9me3 in OSCC
tissues is associated with advanced disease features like depth of
invasion (109). Future studies should dissect the functional
relationship between these epigenetic marks and key oncogenic
pathways, particularly the poorly explored link with PISK/AKT
signaling in OSCC. Furthermore, high levels of the repressive mark
H3K27me3, either alone or in combination with the active mark
H3K27ac, are powerful predictors of shorter survival in OSCC
patients (110). The prognostic value of these marks underscores
their potential as biomarkers and therapeutic targets.

In summary, histone methylation drives OSCC progression
through dual mechanisms: directly by modulating cellular
responses to the TME, such as hypoxia, and indirectly by
activating oncogenic pathways that remodel the tumor stroma.
Key marks like H3K9me3 and H3K27me3 are linked to poor
prognosis and likely foster an immunosuppressive TME.
Targeting these epigenetic regulators presents a promising
strategy to simultaneously curb tumor growth and counteract
immunosuppression in OSCC.

3.2.2 Histone acetylation in OSCC

Histone acetylation serves as a critical epigenetic mechanism in
OSCC pathogenesis, with its dysregulation extending beyond cell-
autonomous effects to actively shape the TME and immune
response (111). Evidence increasingly shows that targeting
acetylation pathways can directly reverse immunosuppressive
networks and overcome therapy resistance.

Epigenetic modulation of histone acetylation can directly reshape
the immune landscape of the TME (112). Pharmacological inhibition
of HDAC6 by tubastatin A (TSA) presents a compelling case. It
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suppresses the secretion of the pro-tumorigenic cytokine interleukin
1b (IL-1b) and concurrently reprograms the immune landscape. This
is evidenced by a reduction in myeloid-derived suppressor cells
(MDSCs) and M2-type tumor-associated macrophages (TAM)
alongside an increase in M1-type TAM, effectively alleviating
immunosuppression (113). Furthermore, the oncogenic INcRNA
deleted in lymphocytic leukemia 1 (DLEUL) in uences immune
signaling by modulating the active enhancer mark H3K27ac.
DLEU1 knockdown reduces H3K27ac levels and suppresses
interferon-stimulated genes, linking this speci ¢ acetylation mark
to the regulation of JAK/STAT signaling and TME-associated
immune responses (114). However, the mechanism behind the
concomitant downregulation of genes unrelated to interferon
signaling remains an open question, hinting at a broader epigenetic
function for DLEU1 beyond the JAK/STAT pathway.

The regulatory network of histone acetylation involves complex
interactions with IncRNAs, which can act as critical modulators of
speci ¢ histone marks (115). As mentioned previously, the IncRNA
DLEUL1 contributes to OSCC by maintaining H3K27ac levels to
activate oncogenic transcriptional programs (114). Conversely, a
separate study in head and neck squamous cell carcinoma identi ed
the interferon-alpha-induced IncRNA IncMX1-215, which
negatively regulates immunosuppression. This INCRNA exerts its
function by directly binding to the histone acetyltransferase general
control non-depressible 5 (GCN5), a known writer of the H3K27ac
mark. This interaction interrupts the binding of GCN5 to H3K27ac
sites on the promoters of immunosuppressive molecules such as
PD-L1 and galectin-9, thereby inhibiting their transcription (116).
These ndings demonstrate that IncRNAs can directly interface
with the histone acetylation machinery, either by facilitating or by
obstructing the deposition of speci ¢ acetyl marks to control gene
expression programs in OSCC.

The clinical signi cance of these mechanisms is underscored by
speci ¢ acetyl marks serving as robust prognostic biomarkers.
Hyperacetylation of H3K18 and H3K9 is linked to advanced
invasion and high T stage (109), while elevated H3K27ac levels
are associated with shorter patient survival (110). These marks
epitomize the aggressive, TME-shaped tumor phenotype. Notably,
the expression and therapeutic response may exhibit sex-related
differences, as female mice showed distinct dynamics of H3K9ac
and H3K14ac during carcinogenesis (117), pointing to personalized
therapeutic considerations.

Evidence indicates histone methylation and acetylation interact
closely in OSCC (110). The lysine methyltransferase 2D (KMT2D),
which catalyzes H3K4mel, also promotes H3K27ac enrichment at
enhancers of key oncogenes like KLF transcription factor 7 (KLF7),
activating their transcription (118). This shows one histone
modifying enzyme can directly in uence the deposition of
another mark. This dynamic crosstalk represents a key epigenetic
feature of OSCC, suggesting combination therapies targeting this
network may be more effective than single agents.

In summary, histone acetylation is crucially implicated in
molding the immunosuppressive TME of OSCC. It operates by
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directly reprogramming immune cells, mediating adaptation to TME
stressors, and fueling the chemo-resistant CSC niche. The potent
anti-tumor and immune-modulating effects of HDAC inhibitors,
evidenced by both preclinical and clinical investigations (119),
solidifying the targeting of acetylation pathways as a promising
strategy to disrupt the pro-tumorigenic TME and improve OSCC
treatment outcomes.

3.3 ncRNAs in OSCC

ncRNAs constitute a major category of functional transcripts that
govern gene expression and cellular functions without encoding
proteins (120). Key ncRNAs such as miRNAs, IncRNAs, and
circRNAs are integral to the molecular circuitry of OSCC (121).
Their dysregulation directly contributes to tumor development and
progression (122, 123). Critically, ncRNAs exert profound in uence
over the composition and function of the TME, including the
modulation of immune cell activity and stromal interactions. These
molecules are central to establishing an immunosuppressive milieu
that facilitates immune evasion and tumor persistence (124). The
subsequent sections will explore mechanisms by which speci ¢
ncRNAs drive these processes within the TME of OSCC.

10.3389/fimmu.2026.1758433

3.3.1 IncRNAs in OSCC

IncRNAs are a class of transcripts longer than 200 nucleotides
with limited or no protein-coding potential (125). They have
emerged as critical regulators of gene expression at epigenetic,
transcriptional, and post-transcriptional levels (126). In cancer,
INcRNAs play pivotal roles in diverse biological processes,
including cell proliferation, apoptosis, metastasis, and immune
responses, functioning either as oncogenes or tumor suppressors
(127, 128). In the context of OSCC, numerous IncRNAs have been
identi ed to be dysregulated and contribute signi cantly to tumor
initiation and progression (Figure 6).

3.3.1.1 Oncogenic INcRNAs

INcRNAs act as a ceRNA to sequester miRNAs, thereby
derepressing key oncogenes and promoting cancer hallmarks such
as enhanced proliferation, invasion, and metastasis (129). A
growing body of evidence highlights the prevalence of the ceRNA
network in OSCC pathogenesis. For instance, LINC01296 functions
as a ceRNA for miR-485-5p, upregulating PAK4 and activating the
MAPK/ERK pathway to promote tumor progression (130).
Similarly, LINC01929 accelerates OSCC progression by
functioning as a ceRNA that sponges miR-137-3p to upregulate
FOXC1 expression (131), while small nucleolar RNA host gene 17

FIGURE 6

Regulatory network of long non-coding RNAs (IncRNAs) in OSCC. IncRNAs interact through multiple mechanisms, such as the competitive
endogenous RNA network where IncRNAs sponge miRNAs to coordinately regulate gene expression. They exert oncogenic or tumor suppressive
effects on tumor cell proliferation, apoptosis, invasion and stemness, and dynamically remodel the tumor microenvironment (TME).
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