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Abstract

and drug development for this malignancy.

inhibitors

The pathogenesis of head and neck squamous cell carcinoma (HNSCC) is notably complex. Early symptoms are often
subtle, and effective early screening methods are currently lacking. The tumors associated with HNSCC develop
rapidly, exhibit high aggressiveness, and respond poorly to existing treatments, leading to low survival rates and poor
prognosis. Numerous studies have demonstrated that histone posttranslational modifications (HPTMs), includ-

ing acetylation, methylation, phosphorylation, and ubiquitination, play a critical role in the occurrence and progres-
sion of HNSCC. Moreover, targeting histone posttranslationally modified molecules with specific drugs has shown
potential in enhancing therapeutic outcomes and improving prognosis, underscoring their significant clinical value.
This review aims to summarize the role of histone posttranslational modifications in the pathogenesis and progres-
sion of HNSCC and to discuss their clinical significance, thereby providing insights into novel therapeutic approaches
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Introduction

Head and neck malignancies rank as the sixth most
common type of cancer globally, with approximately
900,000 new cases and 500,000 deaths annually [1]. The
incidence is expected to increase by 30% by 2030, reach-
ing approximately 1.08 million new cases per year [2,
3]. Head and neck squamous cell carcinoma (HNSCC)
arises from squamous epithelial cells in the oral cav-
ity, nasopharynx, oropharynx, laryngopharynx, larynx,
subglottic region, and nasal sinuses, making it the most
common malignancy in this region. The pathogenesis of
HNSCC is closely linked to HPV infection, tobacco use,
and excessive alcohol consumption [4, 5]. This carcinoma
is highly aggressive, with significant rates of recurrence
and metastasis. Over 60% of patients exhibit no obvious
symptoms or precancerous lesions in the early stages,
often leading to a diagnosis of advanced HNSCC [6].
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Current treatments for HNSCC include surgical resec-
tion, chemotherapy, radiotherapy, and multimodal com-
binations [7]. While these approaches can manage and
alleviate the disease to some extent, they do not prevent
the emergence of cancer cell resistance and can have
significant side effects on the patient’s body [8, 9]. This
results in high recurrence rates (15-40%), high metas-
tasis rates, a five-year survival rate of less than 50%, and
poor prognosis [10]. Therefore, it is imperative to explore
new diagnostic and therapeutic methods for HNSCC.

Epigenetic modifications are heritable changes in gene
activity that co-regulate gene function, expression, and
chromatin structure through covalent modifications of
nucleic acids and histones, without altering the underly-
ing DNA sequences. These modifications are reversible
and dynamically regulated, occurring at various levels
of gene expression. The primary mechanisms include
chromatin remodeling (dynamic spatiotemporal locali-
zation of nucleosomes), DNA methylation, HPTMs, and
noncoding RNA (ncRNA) regulation. Epigenetic mecha-
nisms involve a diverse array of enzymes and protein
domains, which fine-tune gene expression programs to
control critical biological processes such as cell differen-
tiation and embryogenesis. Epigenetic modifications can
significantly influence gene expression activity, thereby
driving tumor dynamic transcriptome heterogeneity.
They have emerged as essential tools for tumor diagnosis
and treatment, with their reversibility offering innovative
strategies for tumor drug development [11].

HPTMs are multifunctional epigenetic markers that
modulate chromatin conformation and the accessibil-
ity of transcription factors, coactivators, and repressors.
They play pivotal roles in processes such as transcrip-
tion, DNA damage repair, apoptosis, and cell cycle regu-
lation [11, 12]. In the 1960s, Vincent Allfrey, a biologist
from the USA, was the first to identify the association
between histone acetylation and mammalian gene activ-
ity [13]. Since then, over ten covalent modifications have
been identified, including lysine acetylation, arginine and
lysine methylation, ubiquitination, ADP ribosylation, cit-
rullination, serine and tyrosine phosphorylation, proline
isomerization, acylation, carbonylation, and the debated
biotinylation [14]. With the advancement of technol-
ogy, the discovery of new histone modification sites and
patterns continues to expand. Various pairs of histone-
modifying enzymes antagonize the cis—trans regulation
of chromatin, thereby influencing the physicochemical
properties of histones and chromatin through distinct
modification methods, resulting in a series of biological
effects [12]. The miswriting, misinterpretation, and clear-
ance of histone modifications are closely associated with
tumorigenesis and cancer progression, as histone cod-
ing disorders lead to dysregulation of gene expression

Page 2 of 15

and cellular characteristics. Consequently, HPTMs are
significant contributors to the initiation, progression,
and metastasis of cancer [11]. Research has shown that
histone modifications such as acetylation, methylation,
phosphorylation, ubiquitination, acylation, ADP ribo-
sylation, crotonylation, and 2-hydroxyisobutyrylation are
involved in the development and progression of HNSCC.
Enzymes associated with acetylation and methylation, in
particular, represent important therapeutic targets for
HNSCC, with substantial clinical value.

Histone posttranslational modifications in head
and neck squamous carcinoma

Histone variants and modifications

Nucleosomes represent the fundamental units of chro-
matin, each comprising an octamer of histones—HS3,
H4, H2A, and H2B—around which a segment of DNA is
wrapped. These histones form the core structure, provid-
ing scaffolds that encapsulate and compact DNA, thereby
regulating chromatin organization and accessibility [12,
14]. Histone variants, such as H2A.Z, H3.3, and mac-
roH2A, are nonallelic forms of the core histones that can
substitute for their canonical counterparts within the
nucleosome. These variants introduce diversity to chro-
matin structure and can lead to functional outcomes
such as altering nucleosome stability, facilitating tran-
scription factor access, and establishing distinct chro-
matin domains. For instance, H2A.Z deposition at gene
promoters is often associated with active transcription
[15], while macroH2A enrichment in heterochromatin
regions contributes to gene silencing and chromosomal
stability [16]. Moreover, histone modifications, including
acetylation, methylation, and phosphorylation, dynami-
cally regulate chromatin architecture by modulating the
interaction between histones and DNA. These PTMs can
either directly impact chromatin compaction or serve
as recruitment platforms for chromatin-associated pro-
teins, which in turn can lead to the formation of active
or repressive chromatin states. For example, acetylation
of histone H3 at lysine 27 (H3K27ac) is a mark of active
enhancers and promoters, promoting a more open chro-
matin conformation that is permissive for transcription
[17]. In contrast, trimethylation of histone H3 at lysine 27
(H3K27me3) is associated with Polycomb-mediated gene
silencing and the establishment of repressive chromatin
structures [18].

Histone acetylation

Histone acetylation is meticulously and dynamically
regulated by histone acetyltransferases (HATs) and his-
tone deacetylases (HDACs), maintaining normal histone
acetylation levels that control the initiation and termi-
nation of gene transcription. Changes in overall histone
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acetylation levels have been linked to cancer phenotypes
in various cancers and can predict cancer patient prog-
nosis. Elevated acetylation levels result in gene activation,
while decreased acetylation levels, usually found at pro-
moters and often occurring alongside DNA methylation,
lead to gene silencing.

Histone acetylation by HATs

HATs utilizes acetyl coenzyme A as a cofactor to trans-
fer the acetyl group to the e-amino side chain of histone
lysine residues. The mechanism by which HAT influ-
ences transcriptional activity operates through two pri-
mary pathways: (1) Acetylation neutralizes the positive
charge of histones, thereby weakening the electrostatic
interactions between the negatively charged DNA and
histones. This weakening facilitates chromatin relaxation,
increasing chromatin accessibility, and thereby allowing
transcription factors to bind more readily. This posttrans-
lational modification mechanism reduces DNA-histone
interactions and promotes transcription factor binding.
(2) Histone acetylation may influence intracellular pH
levels, a hypothesis supported by evidence that many
tumors exhibit lower pH levels alongside reduced histone
acetylation. Additionally, low pH in tumors correlates
with poor prognosis in cancer patients [19].

HATSs are categorized into two types based on their
intracellular localization: (1) Type A, which are situ-
ated in the nucleus. These enzymes add acetyl groups to
lysine residues of nucleosome histones via bromodomain
interactions. Type A HATs have been more thoroughly
studied and are primarily classified into four groups in
humans: [1] HAT1; [2] Gen5/PCAF; [3] MYST: MOZ/
YBF2/SAS2/TIP60; and [4] CBP/p300. (2) Type B, which
are found in the cytoplasm. Unlike Type A, Type B
HATs lack bromodomains and therefore acetylate newly
synthesized, unacetylated histones before nucleosome
assembly. Research on Type B HATs is relatively limited.

Research has demonstrated that head and neck squa-
mous carcinoma cell lines can secrete endothelial secre-
tory factors, which initiate histone acetylation. However,
the acetylation levels in these carcinoma cell lines are
significantly lower than those in normal mucosal cells
[20, 21]. The co-expression of Vimentin, a marker of
epithelial-mesenchymal transition (EMT), with acety-
lated histones has been detected in head and neck squa-
mous carcinoma samples. This finding indicates a close
relationship between histone acetylation and the EMT
phenomenon, which further affects the invasive and
metastatic capabilities of tumors [22—25]. Furthermore,
a mouse implantation model of human-origin head and
neck squamous carcinoma revealed that the combination
of the epidermal growth factor receptor (EGFR) inhibi-
tor cetuximab and the bromodomain inhibitor JQ1 delays
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tumor resistance, resulting in more effective treatment of
head and neck squamous carcinoma. These observations
underscore the clinical importance of HATs in influenc-
ing the therapeutic outcomes for head and neck squa-
mous carcinoma [26].

Histone deacetylation by HDACs

HDAC:s facilitate the removal of acetyl groups from his-
tones, thereby restoring the positive charge of lysine
residues. This restoration strengthens the DNA-histone
interaction, reduces chromatin accessibility, and inhib-
its chromatin transcription. Based on their enzymatic
activity, structural characteristics, and cofactor require-
ments, HDACs are classified into four categories: (1)
Class I, comprising HDAC1, HDAC2, HDACS3, and
HDACS; (2) Class II, consisting of HDAC4, HDACS5,
HDAC6, HDAC7, HDACY, and HDAC10; (3) Class III,
which includes the sirtuin proteins (SIRT1-7); and (4)
Class IV, which solely includes HDAC11. Notably, Class
III enzymes utilize NAD+ as a cofactor, whereas the
other classes employ Zn2+ as a cofactor. Due to their
relatively low substrate specificity, each HDAC can dea-
cetylate multiple histone sites, and each lysine residue
can be targeted by more than one HDAC. HDACs play
a crucial role in regulating tumor development by acti-
vating oncogenic cell signaling pathways and repress-
ing oncogenes. HDACs are frequently overexpressed in
cancer patients. Notably, HDAC2 can disrupt apoptotic
mechanisms and regulate the cell cycle through the dea-
cetylation of p53 and cyclin-dependent kinase inhibitors
1B, 1C, and 2A, thereby facilitating tumor cell activation
[27]. Numerous studies have demonstrated that HDACs,
including HDAC1, HDAC2, HDAC6, and HDACY, are
upregulated in oral squamous carcinoma and nasal squa-
mous carcinoma tissues, contributing to the progression
of these cancers. Among these, the expression of HDAC6
is notably elevated in oral squamous carcinoma tissues,
indicating that histone deacetylation is associated with
EMT, which further enhances tumor invasiveness [28].
In addition, research has found that HDAC inhibitors
can suppress the invasiveness of HNSCC by blocking the
EGFR-ATrfl1 axis [29].

Histone methylation

Histone methylation is a posttranslational modifica-
tion occurring on histone lysine or arginine residues,
regulated synergistically by histone methyltransferases
(HMTs) and histone demethylases (HDMTs). This modi-
fication is integral to the regulation of chromatin struc-
ture and genetic alterations, without altering the histone’s
charge [30]. The epigenetic impact of histone methylation
is contingent on the methylation state and specific loca-
tion. Lysine residue methylation is linked to chromatin
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transcription and DNA repair, whereas arginine residue
methylation exclusively affects chromatin transcrip-
tion [31, 32]. Histone H3 possesses several lysine meth-
ylation sites, including K4, K9, K27, K36, and K79. The
methylation of H3K4 results in the opening of chroma-
tin structures, whereas the methylation of H3K9 leads to
chromatin condensation [30]. Furthermore, H3K4me3,
H3K36me3, and H3K79me3 are indicative of transcrip-
tionally active genes, whereas H3K27me3, H3K9me2,
and H3K9me3 are markers of gene silencing [33, 34].

Histone methylation by HMTs

HMTs are predominantly classified into histone lysine
methyltransferases and histone arginine methyltrans-
ferases. These enzymes catalyze the transfer of 1-3
methyl groups to the e-amino or w-guanidino groups of
lysine and arginine residues, respectively [30]. Histone
lysine methyltransferases exhibit high specificity; fol-
lowing monomethylation of lysine, a distinct aromatic
residue within their catalytic site determines whether
further dimethylation or trimethylation occurs, allowing
lysine residues to exist in monomethylated, dimethyl-
ated, or trimethylated states [35, 36]. Arginine methyl-
transferases are categorized into type I and type II; both
types catalyze monomethylation of arginine, with type I
facilitating asymmetric dimethylation and type II facili-
tating symmetric dimethylation, thus resulting in mono-
methylated or dimethylated (symmetric or asymmetric)
arginine [37]. Among histone lysine methyltransferases,
EHMT2/G9a, EZH2, NSD1, NSD2, NSD3, SMYD2,
and DOTIL are notable. Research has identified five of
these—NSD1, NSD2, NSD3, EZH2, and EHMT2—as
particularly relevant to head and neck squamous car-
cinoma. The NSD family of enzymes, which catalyze
H3K36me and H3K36me2, may enhance transcriptional
activity, with each member playing a critical role in the
pathogenesis and progression of head and neck squa-
mous carcinoma. EHMT2/G9a is a histone lysine methyl-
transferase that induces H3K9me and H3K9me2, leading
to the transcriptional silencing of target genes [38]. Fur-
thermore, G9a (H3K9 methyltransferase) has been impli-
cated in promoting malignant progression in head and
neck squamous carcinoma, correlating with a poorer
prognosis for patients [39]. EZH2, primarily responsible
for catalyzing H3K27me3 methylation, functions as an
oncogene in various cancers. It independently predicts
poor patient survival by facilitating cell cycle progression,
EMT, chemotherapy resistance, and dedifferentiation
in head and neck squamous carcinoma. As a potential
drug target, EZH2 may serve as a cisplatin sensitizer or
be utilized for secondary prevention after curative radio-
therapy, offering significant clinical research value [40].
Analysis of oral cancer cases in Taiwan demonstrated
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that overexpression of EZH2 and SUV39H1 (H3K9
methyltransferase) in the nucleus correlates with lymph
node metastasis and tumor stage, respectively, while
cytoplasmic staining intensity of G9a is associated with
histological typing related to differentiation [41]. The
latest research has found that EZH1 and EZH2, as key
components of PRC2, compete with each other and can
affect the development of oral squamous cell carcinoma
through H3K27 methylation [42]. Research has demon-
strated that the levels of H3K4 methylation in head and
neck squamous carcinoma cells differ significantly from
those in normal cells, with H3K4me3 being underex-
pressed and H3K4me2 being overexpressed in oral squa-
mous carcinoma tissues. Furthermore, EZH2 (H3K27
methyltransferase), responsible for methylating the
H3K27, is highly expressed in oral squamous carcinoma
cell lines, along with H3K27me3. The expression levels
of both EZH2 and H3K27me3 correlate with tumor pro-
gression (tumor T and N stages), disease-free survival,
and cancer-specific survival, indicating their potential
as prognostic markers for patients with oral squamous
carcinoma [30, 43]. Consequently, histone methylation is
intricately associated with the development of head and
neck squamous carcinoma.

Histone arginine methyltransferases include PRMT]1,
PRMT4, PRMT5, and PRMT6; however, only PRMT1
and PRMT5 have been implicated in head and neck squa-
mous carcinoma according to the literature. PRMT1
can monomethylate and asymmetrically dimethylate a
range of histone substrates, whereas PRMT5 is involved
in monomethylation and symmetric dimethylation of
histone proteins and has been identified as an onco-
gene in various cancers [39]. Yang et al. reported that
elevated PRMT5 expression is significantly correlated
with advanced lymph node staging and decreased overall
survival in patients with head and neck squamous carci-
noma [44].

Histone demethylation by HDMTs

HDMTs, analogous to HMTs, are divided into histone
lysine demethylases and histone arginine demethylases.
These enzymes catalyze the removal of methyl groups
from lysine and arginine residues, respectively, which
results in a range of biological effects.

Lysine-specific histone demethylases (KDMs) are aero-
bic enzymes and are classified into two primary groups
based on their catalytic mechanisms and cofactor utiliza-
tion: FAD-dependent KDMs and KDMs of the JumonjiC
(JmjC) family. The latter group, which contains a Fe** ion
in its active site, requires 2-oxoglutarate for activation.
JmjC family KDMs are further subdivided into seven sub-
families—KDM?2, KDM3, KDM4, KDM5, KDM6, KDM7,
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and KDM8—according to their substrate specificity [45,
46).

KDM1A/LSD1, a component of the transcriptional co-
repressor complex, specifically removes methyl groups
from H3K4mel or H3K4me2, thereby mediating gene
silencing [47]. Evidence from in vitro and in vivo preclini-
cal studies underscores LSD1’s significant role in enhanc-
ing proliferation and viability while inhibiting apoptosis
in head and neck squamous carcinoma cells. KDM2 is
categorized into two types, KDM2A and KDM2B, both
targeting H3K36mel and H3K36me2 [48, 49]. The
KDM3/JMJD1 subfamily, comprising KDM3A, KDM3B,
and KDM3C, removes methyl groups from H3K9me2
and activates target gene expression. Nevertheless, the
exact role of KDM3 in head and neck squamous carci-
noma is not fully elucidated and requires further research
[50]. The KDM4/JMJD2 subfamily, including KDM4A,
KDM4B, KDM4C, and KDM4D, facilitates the demethyl-
ation of H3K9me2/3. Additionally, KDM4A-C can dem-
ethylate H3K36me3. Given that H3K9me2/3 functions
as a transcriptional repressor marker associated with
heterochromatin formation, and H3K36me3 is generally
linked to transcriptional repression at the transcription
start site but promotes elongation, KDM4 is proposed
to act as a transcriptional activator [51, 52]. KDM5 cata-
lyzes the demethylation of H3K4me2/3, with KDM5A
being identified in various head and neck squamous
carcinomas [53] and other malignant tumors. KDM6A/
UTX and KDM6B/JMJD3 demethylate H3K27me2/3,
leading to the activation of target genes, and both exhibit
elevated expression in head and neck squamous carci-
nomas. KDM7A and KDM7B/PHEF8 preferentially tar-
get mono- and dimethylation repressor markers, such
as H3K9mel/2, H3K27me2, and H4K20mel, thereby
promoting transcriptional activation. They can also bind
to H3K4me3, enhancing its demethylase activity toward
H3K27/KDM7A or H3K9/KDM7B. Additionally, KDM8
impacts multiple histone tails, including the demethyla-
tion of H3K36me3 [54].

To date, only three histone arginine demethylases—
PAD4, JMJD6, and JMJD1B—have been documented
[55, 56]. PAD4 regulates arginine methylation and gene
expression by removing methyl groups from residues
H3R2, H3R8, H3R17, and H3R26 and converting arginine
to citrulline [57]. A reduction in PAD4 activity is associ-
ated with increased expression of mesenchymal mark-
ers, which plays a crucial role in inhibiting tumor growth
and metastasis. Furthermore, PAD4 knockdown induces
cellular autophagy and apoptosis, consequently impair-
ing cell proliferation [58]. JMJD6, an iron-containing,
2-oxoglutarate-dependent dioxygenase from the JmjC
family, functions as an arginine demethylase, removing
methyl groups from H3R2me2 and H4R3me2. JMJD1B

Page 5 of 15

is involved in the demethylation of H3K9me2 and, indi-
rectly, the demethylation of H4R3me2/mel [56]. As of
now, no studies have explored the relationship between
histone arginine demethylases and head and neck squa-
mous carcinoma (Tables 1, 2).

Histone phosphorylation

Histone phosphorylation occurs at serine, threonine, and
tyrosine residues across all histones, with a notable prev-
alence on histone H4 [30]. This modification is subject to
reversible regulation by kinases and phosphatases. Phos-
phorylation decreases the positive charge of histones,
potentially altering chromatin structure. A study of oral
cancer cases within a Taiwanese cohort identified over-
expression of the threonine protein kinase ARK2 (ARAF-
related kinase 2). This upregulation in the nucleus was
associated with adverse clinical outcomes, whereas
cytoplasmic overexpression correlated with tumor size
and cancer stage [41]. Consequently, ARK2 may serve
as a valuable prognostic biomarker [41]. Additionally,
research by Qi et al. established that ARK2 is overex-
pressed in head and neck squamous carcinoma patients,
with elevated enzyme levels correlating with histological
differentiation, cell proliferation, and metastasis of oral
cancer. This highlights ARK2’s critical role in the pro-
gression of oral squamous cell carcinoma [59]. Studies
have shown that the EGFR-specific inhibitor cetuximab
(Erbitux) can cause abnormal phosphorylation of tyros-
ine 1173 in HNSCC cell lines [60].

Histone ubiquitination and histone SUMOylation

Ubiquitin is a small regulatory protein comprising 76
amino acids, present in nearly all cell types. Histone
ubiquitination represents a multi-step posttranslational
modification process wherein ubiquitin attaches to a sub-
strate protein. This process involves three critical stages:
activation, binding, and attachment. Regulation of his-
tone ubiquitination is mediated by three primary types
of enzymes: ubiquitin-activating enzymes (Els), ubiq-
uitin-conjugating enzymes (E2s), and ubiquitin ligases
(E3s). Ubiquitinizing, deubiquitinizing, and ubiquitin-
modifying enzymes are integral to transcriptional regu-
lation and DNA repair [61-63]. Evidence suggests that
various histone ubiquitination-modifying enzymes exert
either oncogenic or tumor-suppressive effects, indicat-
ing a significant connection between histone ubiquitina-
tion and cancer. For example, ubiquitin-specific protease
14 (USP14) is overexpressed in tongue cancer relative to
adjacent noncancerous tissues and enhances proliferation
and invasion of HNSCC in both in vivo and in vitro set-
tings [64]. USP4, which facilitates TNF-a-induced apop-
tosis, also functions as an oncogene in head and neck
squamous carcinoma [65]. Moreover, survival analyses
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Table 1 Histone posttranslational modifications in head and neck squamous cell carcinoma
PTMs Sites Specific functions Effect (V) References
Acetylation Lysine residues e-amino side chains 1. Promotes chromatin release, thereby increasing chroma- 1 [79]
tin accessibility !
2. Exhibits a lower pH with reduced levels of histone
acetylation
Deacetylation — 1. Upregulated in oral squamous cell carcinoma promotes 1 [80]
the development of cancer [30]
2. Deacetylation is associated with epithelial-mesenchymal
transition, affecting the aggressiveness of tumors
Methylation H3K36me 1. Induces transcriptional activity, EHMT2/G9a can silence ¥ [38]
Demethylation target gene transcription
2.G9a can promote the malignant progression of HNSCC
H3K36me2 t [81]
H3K27me3 An oncogene for many types of cancer and can be used 1 [40]
as adrug target
H3K27 1. Associated with lymph node metastasis and the stage 1 [41]
H3K9 of the tumor
2. Associated with histological typology of differentiation
H3K79me3
H3K4me1 KDM1A/LSD1 can selectively remove its methyl markers \ [47]
H3K4me2 and mediate gene silencing
H3K36mel Targets of KDM2 KDM3/JMJD1 can remove methyl groups ¥ [48]
H3K36me2 in H3K9me2 and activate target gene expression [49]
H3K36me3 KDM4A-C also demethylates H3K36me3, KDM8 has a dem- | [52]
ethylating effect on histone tails [82]
H3K9me1/2 KDM7A and KDM7B/PHF8 act on monomethylation N\ [82]
H3K27Me2 and dimethylation. Repressive markers lead to transcrip-
tional activation
H4K20Me1
H3K36me3 KDM4A-C also demethylates H3K36me3 \ [52]
H3R2me2 JMJD6 removes methyl groups as arginine demethylase { [56]
H4R3me2
Phosphorylation Histone residues of serine threonine tyrosine 1. Upregulation in the nucleus of ARK2 cells is associated 1 [41]
with poor clinical outcomes in patients, and overexpression [59]
in the cytoplasm is associated with tumor size and cancer
stage
2. Associated with histological differentiation, cell prolifera-
tion, and metastasis of oral cancer
Acylation Histone lysine residues Semps can reverse SUMOization, SNEP5 expression is asso- 1 [30]
ciated with the differentiation of oral squamous cell car-
cinoma, SUMO-1 overexpression is associated with tumor
cell proliferation
ADP ribosylation — Affects biological functions such as DNA damage repair, 1 [71]
transcription, and apoptosis
An increase in the degree of malignancy of oral tissues,
an increase in the degree of ADP ribosylation
Ker — 1. Involved in cell metabolism, cell cycle and other pro- t [72]
cesses
2.The expression of KCR regulators is associated
with the occurrence and development of HNSCC
Khib — 1. Chromatin is involved in the regulation of cellular func- 1 [75]
tion
2.1t plays an important role in the occurrence and develop-
ment of pancreatic cancer
Lactylation H3K18 1. Stabilize key regulators within cells 1 (78)

2. Activates relevant transcriptional and signaling pathways
3.1t plays an important role in a variety of tumors such
as cervical cancer
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Table 2 Potential clinical significance of histone posttranslational modifications in HNSCC
PTMs Inhibitor Function References
Acetylation HATs CCs1477 Phase I/1l clinical studies for the treatment of hematologic malignancies, prostate cancer, breast cancer and non- [83]
small cell lung cancer have been initiated
EP31670 Phase I clinical trial of safety and maximum tolerated dose in advanced solid tumors
HDACs  SAHA 1. Treatment of cutaneous T-cell lymphoma, laryngeal squamous cell carcinoma [86]
2. Inhibits cell proliferation, induces cell cycle arrest and apoptosis [88]
3.The combination with pembrolizumab has stronger therapeutic activity against HNSCC [92]
Romidepsin 1. Treatment of cutaneous T-cell lymphoma [83]
2. Inhibits tumor-associated histone deacetylase
Valproic acid 1. Increase cell arrest and promote apoptosis [93]
2. It has strong efficacy in combination with cisplatin
TSA 1. By regulating cell cycle mediators [94]
2. Inhibits cell proliferation and induces G2/M phase arrest in tumor cells [95]
3.TSA-induced H3K9ac can ameliorate the chemoresistance of HNSCC to cisplatin under active NF-kB signaling
pathway
PBA 1. Damage to the EMT process [96]
2.Itincreased p21 and p27, decreased the levels of G1/S molecules CDK6, cyclin D1 and phosphorylated kinase, [97]
and inhibited the growth of oral squamous cell carcinoma
Methylation HMTs Chaetocin It plays an important role in the combination of drugs in cancer treatment [83]
BIX-01294 Inhibits H3K9me2 expression [103]
CUDC-101 Phage | study on intermediate or high-risk HNSCC patients [113]
GSK-343 1. The tumor growth of tongue squamous cell carcinoma was significantly inhibited after DZNeP administration [104]
DZNeP 2. DZNeP is effective against a variety of cancers, including HNSCC, either alone or in combination [105]
3. Associated with HPV status [106]
EPZ-568
HNMTs ~ TCP Most are associated with hematologic disorders [83]
ORY-1001
INCB059872
IMG-7289
TAK-418
GSK-LSD1 1. Blocks EGF-induced proliferation [112]

2. Weakens genes involved in carcinogenic properties
Inhibits the growth of oral squamous cell carcinoma

have revealed that elevated expression of USP7 correlates
with poor prognosis in head and neck squamous carci-
noma [66]. PiR-has-23533 can bind to USP7 and promote
its expression, thereby affecting the proliferation and
apoptosis of HNSCC cells [66].

Histone SUMOylation represents a posttranslational
modification analogous to histone ubiquitination, involv-
ing three principal enzymes: El-activating enzyme,
E2-binding enzyme, and E3 ligase. These enzymes
facilitate the addition of small ubiquitin-like modifiers
(SUMOs) to histone lysine residues, while SUMO-spe-
cific proteases (SENPs) can reverse this modification.
Among the seven known SENPs in humans, SENP5 has
been identified as particularly relevant to head and neck
squamous carcinoma. Research indicates that SENP5 is
overexpressed in oral squamous carcinoma specimens
relative to normal epithelial cells, suggesting a correlation
between SENP5 expression and the differentiation of oral
squamous carcinoma [67, 68]. Furthermore, SUMO-1
has been shown to be overexpressed in human oral squa-
mous carcinoma cell lines and patient tissues, potentially
contributing to tumor cell proliferation [30].

Histone ADP ribosylation

ADP ribosylation of lysine residues represents a relatively
infrequent histone modification, occurring in approxi-
mately 1% of histones, yet it is significantly pronounced
in response to single DNA strand breaks. This modifica-
tion impacts crucial biological processes such as DNA
damage repair, transcription, and apoptosis [69]. The
enzymes responsible for ADP ribosylation, known as
poly(ADP-ribose) polymerases (PARPs), utilize nico-
tinamide adenine dinucleotide (NAD) to synthesize
poly(ADP-ribose) (PAR) [70]. Studies have demonstrated
that the extent of ADP ribosylation correlates with the
level of malignancy in oral tissues [71]. In recent years,
there has been an increasing focus on targeting ADP
ribosylation in clinical trials for various cancers, includ-
ing head and neck squamous carcinoma.

Histone crotonylation

Lysine crotonylation (Kcr) represents a novel post-
translational modification of histone proteins, which is
reversibly regulated by protein crotonyltransferases and
decrotonylases. This modification is implicated in various
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cellular processes, including metabolism and the cell
cycle [72]. Studies have demonstrated that the expression
of lysine crotonylation regulatory factors is associated
with the progression of head and neck squamous carci-
noma. Many of these factors are aberrantly expressed in
HNSCC, potentially providing insights into the prognos-
tic characteristics of the disease [73].

Histone 2-hydroxyisobutyrylation

Lysine 2-hydroxyisobutyrylation (Khib) is a recently iden-
tified posttranslational modification discovered via mass
spectrometry (MS). This modification is implicated in the
regulation of chromatin and various cellular processes
[74]. Although the role of histone lysine 2-hydroxyisobu-
tyrylation has been elucidated in the context of pancre-
atic cancer development [75], there is a lack of literature
addressing Lysine 2-hydroxyisobutyrylation in head and
neck squamous carcinoma. Further in-depth research is
required to explore its potential relevance in this context.

Histone lactylation

Histone lactylation represents a novel histone modifica-
tion characterized by the addition of lactoyl groups to
lysine residues. This modification not only alters nucleo-
some structure but also profoundly affects chromatin
dynamics and gene expression, playing a significant role
in cellular metabolism, inflammatory responses, and
embryonic development [76, 77]. Studies have demon-
strated that lactate, following its entry into cancer cells
through monocarboxylic acid transporter protein 1, facil-
itates the lactylation of histone H3K18. This modification
stabilizes key intracellular regulators, such as hypoxia-
inducible factor la, and activates associated transcrip-
tional and signaling pathways, thus playing a critical role
in various cancers, including cervical cancer [78]. Despite
these findings, histone lactylation in head and neck squa-
mous carcinoma remains underexplored and requires
further comprehensive investigation.

Clinical significance of histone posttranslational
modifications in HNSCC

In recent years, research into novel drug therapies for
HNSCC has largely failed to produce effective new
treatments. As a result, current management strategies
remain limited to surgery, radiotherapy, and platinum-
based chemotherapy, which are considered the stand-
ard first-line interventions [7]. While these treatments
can provide some degree of relief, they do not entirely
prevent the emergence of cancer cell resistance or miti-
gate the associated side effects. This scenario leads to
high rates of recurrence and metastasis, a low five-year
survival rate, and a generally poor prognosis [10]. Thus,
there is an urgent need to explore innovative diagnostic
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and therapeutic approaches. Epigenetic modifications,
due to their reversible nature, present promising new
opportunities for drug development in the context of
HNSCC [12].

Histone acetyltransferase inhibitors

Numerous experimental molecules have been developed
as inhibitors of HATs. These include PU139, a broad-
spectrum inhibitor; PCAF and p300 inhibitors such as
isothiazolone, Garcinol, and hydroxybenzoquinone-
based compounds like Embelin; the p300-specific inhibi-
tor PU141 and the small molecule pyrazolinone C646; as
well as the MYST family HAT Tip60 inhibitor TH1834,
and anaxin acid and its derivative, 6-alkyl salicylate.
Despite these developments, few histone acetyltrans-
ferase inhibitors have advanced to clinical trials. For
instance, the CBP/p300 inhibitor CCS1477 is undergo-
ing Phase I/1I clinical trials for hematologic malignancies,
prostate cancer, breast cancer, and non-small cell lung
cancer. Additionally, a Phase I clinical trial evaluating the
safety and maximum tolerated dose of the dual BET and
CBP/p300 inhibitor EP31670 in advanced solid tumors
was initiated in 2022 [83]. Nonetheless, there are cur-
rently no reported studies on histone acetyltransferase
inhibitors specifically targeting HNSCC.

Histone deacetylase inhibitors

Factors within the tumor microenvironment, such as
those secreted by endothelial cells, can induce acetyla-
tion in HNSCC cells. Nevertheless, the acetylation levels
in these cancer cells remain comparatively low relative to
those in normal oral mucosal cells [25]. These findings
indicate that histone deacetylase inhibitors may serve as
a novel target for anticancer therapy. As the development
and application of histone deacetylase inhibitors advance,
their therapeutic efficacy in various solid tumors increas-
ingly depends on combination regimens [84]. Further-
more, histone deacetylase inhibitors have been shown to
function as modulators of immunotherapy initiation by
upregulating PD-L1 expression and decreasing the popu-
lation of regulatory T cells [85] (Fig. 1).

Among the first-generation histone deacetylase
inhibitors, suberoylanilide hydroxamic acid (SAHA)
was approved by the US Food and Drug Administra-
tion in 2006 for the treatment of cutaneous T-cell lym-
phoma, and research into its efficacy across various
cancer types commenced subsequently [86]. A Phase II
clinical trial found that vorinostat did not achieve a sig-
nificant tumor response in patients with recurrent and
metastatic HNSCC [87]. Nevertheless, vorinostat dem-
onstrated notable therapeutic potential when utilized
in combination therapies. For instance, the combina-
tion of vorinostat with cisplatin has shown considerable
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Fig. 1 Modulation of Immunotherapy by Histone Deacetylase Inhibitors: Histone deacetylase inhibitors such as suberoylanilide hydroxamic acid
downregulate regulatory T cells (A) and upregulate PD-L1 expression on cancer cells (B), enhancing the immunotherapy response. This leads

to apoptosis (C) and cancer cell death, improving immunotherapy efficacy.

therapeutic promise in laryngeal squamous cell carci-
noma [88]. Besides its role in inhibiting cell proliferation,
inducing cell cycle arrest, and promoting apoptosis, vori-
nostat also enhances the sensitivity of squamous cell car-
cinoma cells to cisplatin [89]. Additionally, vorinostat has
proven effective when combined with concurrent chemo-
radiotherapy [90] and has displayed positive results when
used in conjunction with the EGFR inhibitor gefitinib
[91]. Furthermore, a Phase II clinical trial assessing the
combination of vorinostat and the anti-PD-1 agent pem-
brolizumab has revealed superior therapeutic activity in
HNSCC compared to pembrolizumab monotherapy [92].

Romidesine, a bicyclic peptide isolated from Purple
Bacillus, is an additional histone deacetylase inhibitor
that has been approved by the US Food and Drug Admin-
istration for the treatment of cutaneous T-cell lym-
phoma, following the earlier approval of vorinostat. In a
Phase II clinical trial focusing on patients with recurrent
or metastatic HNSCC, romidesine effectively inhibited
tumor-associated histone deacetylase. Nevertheless, it
did not exhibit significant efficacy as a monotherapy and
demonstrated greater clinical potential when combined
with other therapeutic agents [21].

Valproic acid, traditionally used as an anticonvulsant
for neurological conditions such as epilepsy, also func-
tions as a Class I and II histone deacetylase inhibitor. It
promotes cell cycle arrest and apoptosis. In vitro stud-
ies have shown that valproic acid is effective in treat-
ing HNSCC, especially when combined with cisplatin
[93]. However, a Phase II clinical trial assessing the

combination of valproic acid with standard platinum-
based chemoradiotherapy was terminated due to con-
siderable toxicity and severe side effects [80].

Trichostatin A (TSA) is a natural inhibitor of Class
I and II HDACs, known for its ability to inhibit cell
proliferation and induce G2/M phase arrest in tumor
cells. This effect is mediated through modulation of
cell cycle mediators, including the upregulation of
p21 expression, reduction of cyclin Bl, and altera-
tion of cyclin E and cyclin A levels. Additionally, TSA
decreases transcription factors E2F-1 and E2F-4 and
reduces the hyperphosphorylation of retinoblastoma
tumor suppressor proteins [94]. TSA-induced acetyla-
tion of H3K9 also mitigates chemoresistance to cispl-
atin in HNSCC cells, especially in the presence of active
NF-kB signaling [95] 0.4-Phenylbutyric acid (PBA),
initially introduced as an ammonia scavenger for urea
cycle disorders, has been shown to induce apoptosis,
differentiation, and cell cycle arrest. Sodium phenylbu-
tyrate exhibits antitumor effects and can interfere with
the EMT process [96]. When used as an adjunct to
radiation therapy, PBA reduces oxidative stress, TNF-a
levels, and oral mucositis, thereby promoting DNA
repair and cell survival. The phenylbutyric acid-derived
histone deacetylase inhibitor HDAC42 demonstrates
superior antiproliferative activity relative to vorinostat
and inhibits the growth of oral squamous cell carci-
noma by increasing p21 and p27 levels, while decreas-
ing G1/S phase molecules, including CDK®, cyclin D1,
and phosphorylated kinases [97].
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Experimental studies have demonstrated that the his-
tone deacetylase inhibitor apxidin can effectively inhibit
cell proliferation, impede the G2/M transition through
the upregulation of p21, and induce autophagy, thereby
exerting its tumor-suppressive effects. However, the role
of apxidin in the context of HNSCC remains to be inves-
tigated [98].

Histone methyltransferase inhibitors
Chaetocin was the first histone lysine methyltransferase
inhibitor identified, specifically targeting Drosophila 3—-9
HMTs [99]. Since then, a range of inhibitors has been
developed for HMTs, and numerous phase I/II clinical
trials have been conducted across various cancers [100].
Importantly, the integration of histone methyltransferase
inhibitors with other therapeutic modalities has garnered
substantial attention in these clinical trials, underscoring
their potential significance in cancer treatment [83].
Numerous lysine and arginine methyltransferase
inhibitors have been identified, investigated, and uti-
lized, including those targeting G9a and EZH2 [101,
102]. BIX-01294, a selective inhibitor of G9a and GLP,
impedes H3K9me2 expression and has demonstrated
efficacy in reducing cell growth and proliferation,
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promoting cell phagocytosis, inhibiting colony forma-
tion, and suppressing tumor growth in mouse xenograft
models [103]. EZH2, which is implicated in the trimeth-
ylation of H3K27, has several inhibitors, including GSK-
343, DZNeP, and EPZ-568. Experimental data reveal that
DZNeP significantly inhibits tumor growth in a tongue
squamous cell carcinoma transplant model, induces tar-
geted apoptosis, and enhances the epithelial phenotype
[104]. DZNeP, whether used alone or in combination,
has shown effectiveness across various cancers, including
HNSCC [105]. GSK-343 effectively inhibits H3K27me3
in both HPV-positive and HPV-negative oral squamous
cell carcinoma cell lines, DZNeP is effective against
HPV-negative cell lines, whereas EPZ-568 exhibits no
significant impact. These findings suggest that the anti-
tumor efficacy of histone methyltransferase inhibitors
may be influenced by HPV status [106] (Fig. 2). HPV is
classified into low-risk and high-risk types based on their
carcinogenic potential, primarily driven by two viral
oncoproteins: E6 and E7 [107]. These proteins, through
interactions with cellular partners, engage in the mutually
dependent viral and cellular cycles within stratified squa-
mous epithelia, concurrently inducing epigenetic altera-
tions in both infected and malignant transforming cells.

[GSK—3431 DZNeP IEPZ-568J

H3K9me2, H3K27...

Tumor cell apoptosis

Fig.2 Impact of Histone Methyltransferase Inhibitors on Tumor Cell Apoptosis: BIX-01294, an inhibitor of H3K9 methyltransferase and GLP, reduces
H3K9me2 expression, decreasing cell growth and tumor proliferation. H3K27 methyltransferase inhibitors like GSK-343, DZNeP, and EPZ-568 block
H3K27 trimethylation, suppressing oncogenic gene expression and inducing tumor cell apoptosis.
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Fig.3 Effect of LSD1 Inhibitor GSK-LSD1 on EGF-Induced Proliferation: GSK-LSD1, an LSD1 inhibitor, blocks EGF-induced proliferation
and modulates oncogenic gene expression, reducing oral squamous cell carcinoma growth. [t enhances E-cadherin expression and reduces
vimentin, collagenase-3, LOXL4, and CTGF levels, thereby suppressing tumor growth.

Oncoproteins E6 and E7 interact with and/or regulate the
expression of numerous proteins involved in epigenetic
regulation, including DNA methyltransferases, histone-
modifying enzymes, and subunits of chromatin remode-
ling complexes, thereby affecting host cell transcriptional
programs [108, 109] Upregulation of HPV oncoproteins
promotes DNA methylation, further repressing the tran-
scription of tumor suppressor genes. These epigenetic
mechanisms play a crucial role in the regulation of both

free and integrated HPV DNA expression, potentially
driving early tumor progression [110, 111].

Histone demethylase inhibitors

Among demethylases, KDM1, KDM4, KDMS5, and
KDM6 proteins are regarded as the most promising
prognostic and therapeutic targets for head and neck
cancer. Currently, a range of histone demethylase inhibi-
tors targeting LSD1 has been developed, with several
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progressing to clinical trials to evaluate their efficacy
and safety. These include the irreversible LSD1 inhibi-
tor TCP, the highly selective covalent LSD1 inhibitor
ORY-1001, the novel LSD1 inhibitors INCB059872 and
IMG-7289, and the small molecule LSD1 inhibitor TAK-
418. Nevertheless, most of these inhibitors are primarily
associated with hematologic diseases, and there is a pau-
city of research concerning their application in HNSCC
[83]. In contrast, inhibitors targeting other demethylases
have rarely advanced to clinical trials when compared to
LSD1 inhibitors. Notably, among histone demethylase
inhibitors, only the LSD1 inhibitor GSK-LSD1 has been
identified as capable of blocking EGF-induced prolifera-
tion, modulating oncogenic gene expression, and inhibit-
ing oral squamous cell carcinoma growth by enhancing
E-cadherin expression and reducing levels of vimentin,
collagenase-3, lysine oxidase-like 4, and connective tissue
growth factor [112] (Fig. 3).

Discussion and conclusion

This review provides a comprehensive overview of the
relationship between HPTMs and HNSCC, addressing
modifications such as acetylation, methylation, phospho-
rylation, ubiquitination, vanoylation, ADP ribosylation,
crotonylation, 2-hydroxyisobutyrylation, and lactylation.
The discussion then shifts to the advancements in uti-
lizing these modifications for the treatment of HNSCC,
with a particular focus on histone deacetylase inhibitors.
The reversible nature of epigenetic modifications renders
them promising therapeutic targets for cancer, offering
potential benefits in overcoming the limitations of tra-
ditional treatment methods or enhancing their efficacy,
thereby holding considerable clinical research potential.
Nonetheless, it is important to acknowledge that current
research on histone PTMs in HNSCC is still in its nas-
cent stages. The exploration of certain novel modification
methods such as lysine 2-hydroxyisobutyrylation and
lactylation and their associations with HNSCC remains
relatively limited, and many underlying mechanisms and
targets are not yet fully elucidated. It cannot be denied
that in the future, there will be more research on epige-
netics in HNSCC, which will provide new ideas for the
treatment of HNSCC and bring more effective and less
toxic treatment methods for HNSCC patients.
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