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ABSTRACT

In the healthy oral cavity, mucins play indispensable roles in maintaining mucosal hydration, forming protective
barriers, modulating microbial colonization, and participating in innate immune defence. Alterations in mucin
expression and glycosylation patterns, however, are hallmarks of malignant transformation across various epithelial
cancers, including oral squamous cell carcinoma (OSCC). Understanding mucin biology in the context of oral health
and disease is therefore critical and may open new avenues for biomarker discovery and targeted therapies, with the
ultimate goal of improving patient outcomes. This review explores the role of mucins with a specific focus on oral
cancer, structured around two guiding questions: what we know—the established roles and clinical correlations of
mucins in OSCC; and what we don't know—the unresolved controversies, mechanistic gaps, and therapeutic
challenges. By mapping the current state of knowledge and identifying areas of uncertainty, we highlight opportunities
for future research that could ultimately translate into better diagnostic and therapeutic strategies for OSCC patients.
Keywords: Mucins, Mucl, Muc4, Oral squamous cell carcinoma, Salivary biomarkers, Targeted therapy, Tumor
microenvironment.
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Introduction

Mucins are high-molecular-weight, multifunctional,
heavily glycosylated glycoproteins. Traditionally,
mucins were thought to be restricted to the protection
and lubrication of cell surfaces within the human body,
but accumulating evidence has implicated them in cell
growth, differentiation, cell signalling, maintenance of
epithelial integrity, carcinogenesis, invasion, and
metastasis [1]. Abnormal variations in the structure of
mucins often driven by aberrant glycosylation or

mutated mucin genes affect their biological properties.
These altered mucins generate a microenvironment
that allows tumour cells to survive acidic conditions
and proliferate, contributing to cancer progression [2].
Because mucins mimic the normal epithelial surface,
tumour cells expressing them can also evade immune
surveillance. Thus, upregulation or downregulation of
specific mucins may serve as an early marker for
diagnosis, and mucin-targeted therapy may improve
prognosis [3].
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Following extensive research over the past two
decades, a total of 21 human mucin (MUC) genes have
been identified [4]. These are broadly classified into
two structural and functional groups: (A) gel-forming
mucins, including MUC2 and MUCSAC; and (B)
transmembrane mucins, including MUC1, MUC3,
MUC4, MUCI12, MUCI13, MUCI5, MUCI6,
MUC21, and MUC22 [1,5]. Of these, complete cDNA
sequences are available for only six mucins—MUCI,
MUC2, MUC4, MUCS5B, MUC5AC, and MUCT.
With the exception of MUCS5B and MUCY7, all of
these, together with MUCI16, are observed in cancer
cells [6].

MUCI1 and MUC4 are aberrantly expressed in oral
squamous cell carcinoma (OSCC). In this review, we
connect what is known about the structural and
functional biology of these mucins to what may be
translated into therapy. Although several advances in
OSCC treatment have occurred over the past few
decades, the overall five-year survival has shown only
minimal change in the past twenty years [5]. There is
therefore an urgent need for improved detection and
treatment of this malignancy. Mucins (MUCI-
MUC?24) are expressed by many epithelial tissues, and
several have been implicated in the progression of
various malignancies, making them attractive
candidates for both biomarker discovery and targeted
therapy [7].

In the healthy oral cavity, mucins play indispensable
roles in maintaining mucosal hydration, forming
protective barriers, modulating microbial
colonization, and participating in innate immune
defence [8]. Alterations in mucin expression and
glycosylation patterns, however, are hallmarks of
malignant transformation across various epithelial
cancers, including OSCC [9]. Several studies have
documented overexpression of MUC1 and MUC4 in
OSCC, with associations to tumour invasion,
metastasis, and poor prognosis [10]. Aberrant
expression of MUCI16 has also been reported,
suggesting roles in immune evasion and resistance to
apoptosis [11]. Conversely, salivary mucins such as
MUCSB and MUC7, which are typically protective,
may exhibit reduced or altered expression, potentially
disrupting oral homeostasis [12]. Collectively, these
findings suggest that mucins are not passive
bystanders but active players in OSCC biology.

Despite these insights, critical gaps remain. The
functional mechanisms linking mucins to OSCC
pathogenesis are incompletely understood, with much
of the evidence being correlative rather than causative
[13,14]. Conflicting reports exist regarding their
prognostic significance, some studies find strong
associations with survival, while others report no
significant impact [15]. The potential of mucins as
salivary biomarkers for non-invasive OSCC diagnosis
has been suggested but not conclusively validated
[16]. On the therapeutic front, mucin-targeted
approaches such as MUCI vaccines and antibody
therapies have shown promise in other cancers, yet
their utility in OSCC remains largely unexplored [17].
This review therefore seeks to provide a
comprehensive overview of mucins in OSCC,
structured around two guiding questions: what we
know- the established roles and clinical correlations of
mucins in OSCC; and what we don't know- the
unresolved controversies, mechanistic gaps, and
therapeutic challenges. By mapping the current state
of knowledge and identifying areas of uncertainty, we
aim to highlight opportunities for future research that
could ultimately translate into better diagnostic and
therapeutic strategies for OSCC patients.

Review

Oral Mucins in Health

Mucins are among the major components of mucus, a
viscous secretion released by goblet cells and salivary
acinar cells for the protection of the underlying
epithelium from the external environment. Mucus also
contains proteins, immunoglobulins, electrolytes, and
water, and plays an important role in entrapment of
foreign material, hydration, protection, and lubrication
[18].

Transmembrane mucins

Transmembrane mucins are amphipathic molecules
anchored to the apical membrane of epithelial cells.
Their cytoplasmic tails participate in cell signaling,
modulating pathways that maintain epithelial integrity
and prevent loss of adhesion in response to
environmental change. In the oral cavity, MUC1 and
MUC4 are the principal transmembrane mucins
expressed by stratified squamous epithelium [19].

Gel-forming (secreted) mucins
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Gel-forming mucins, principally MUCS5B and MUC7
in saliva, are responsible for the production of the
viscous mucus gel that coats the oral surfaces.
MUCSB contributes to the bulk of the gel-like
rheological properties of saliva, whereas MUC7 is a
smaller, soluble mucin that binds and clears
microorganisms. Together, these mucins constitute a
critical first line of defence, protecting the epithelium
from desiccation and microbial colonization [20].
Functional contributions in the oral cavity

For the past several years, mucins have been
recognized as dynamic regulators that can be
upregulated or downregulated in response to
physiological and inflammatory stimuli. In the oral
cavity, mucins contribute to hydration, gel formation,
and lubrication of the upper aerodigestive tract,
supporting mastication, bolus formation, and
swallowing. Salivary mucins entrap microorganisms
and assist in their clearance into the digestive tract
[3,17]. Within the gastrointestinal tract, gel-forming
mucins protect the gastric mucosa from acid and
digestive enzymes, while in the colon they form a
physical barrier between excretory products, the
resident microbiota, and the underlying epithelium
[21].

Oral Mucins in Inflammation

In the setting of chronic inflammation, the oral
epithelium undergoes a loss of apical-basal polarity,
allowing aberrant interactions between
transmembrane mucins and basolateral proteins that
normally promote cell survival [20]. Sustained
inflammatory signalling drives goblet-cell and acinar-
cell hyperplasia, leading to increased mucus
production. Concurrently, disruption of tight junctions
and adherent junctions promote  epithelial
mesenchymal transition (EMT), a transcriptional
reprogramming that is increasingly recognized as a
precursor to malignant transformation [21]. The
upregulation of MUC1 and MUC4 observed in chronic
oral inflammatory conditions and in potentially
malignant disorders supports a model in which
sustained mucin expression contributes both to barrier
compensation and to a  pro-tumorigenic
microenvironment [22].

Oral Mucins in Cancer

Cancer is characterized by uncoupled regulation of
cell proliferation and cell death, leading first to
localized tissue derangement and subsequently to

metastatic dissemination with substantial morbidity
and mortality [23]. Aberrant glycosylation of mucins
in cancer cells produces neoantigenic glycoforms that
activate oncogenic signaling pathways, drive cell
growth and differentiation, support angiogenesis, and
promote migration and invasion [24]. Mucins are
increasingly used as diagnostic and prognostic
biomarkers across multiple malignancies, and mucin-
targeted immunotherapy represents a promising
therapeutic avenue [25].

EMT is a hallmark of malignant progression in OSCC
and is driven, in part, by MUCI- and MUC4-mediated
signalling. Hallmark cellular features include loss of
basal polarity, an increased nuclear-to-cytoplasmic
ratio, nuclear pleomorphism with prominent or
multiple nucleoli, increased and atypical mitoses, loss
of tight junctions, invasion of epithelial nests into the
underlying connective tissue, increased cellular size,
pyknotic nuclei, dysplasia, and the formation of
tumour-cell colonies [26]. Understanding these
mechanisms is essential to the rational design of
diagnostic, prognostic, and therapeutic interventions
in OSCC.

The peri-cellular mucin barrier

MUCI forms an extended, negatively charged peri-
cellular halo around tumour cells. This halo functions
as a physical and electrostatic barrier that impedes
drug penetration and creates a permissive
microenvironment for tumour-cell proliferation,
contributing to encapsulated, chemoresistant tumour
masses [27]. Strategies aimed at reducing or
modifying this peri-cellular mucin layer including
enzymatic clearance, blocking antibodies, and small-
molecule inhibitors may improve immune recognition
and drug delivery to tumour cells [28].

MUC1, MUC4, and MUC16 in OSCC

Several studies have documented overexpression of
MUCI and MUC4 in OSCC, with strong associations
to tumour invasion, lymph-node metastasis, and poor
prognosis [29]. MUC4 binds and stabilizes the
receptor tyrosine kinase Erythrocyte Sedimentation
Rate — Blood Test Level 2 (ErbB2), enhancing
downstream survival signalling and promoting
resistance to apoptosis. Aberrant MUC16 expression
has also been reported, with proposed roles in immune
evasion and apoptosis resistance [30]. Conversely, the
protective salivary mucins MUC5B and MUC7 may
exhibit reduced or altered expression in OSCC,
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potentially ~ disrupting  oral

homeostasis and

accelerating disease progression [31].
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2
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Figure 1: Role of Mucins (MUC1 & MUC4) in Oral

Health and OSCC

What We Know vs What Remains Unknown
Table 1 summarizes the established knowledge and

outstanding gaps in our understanding of mucin
biology in OSCC, organized across five thematic
domains: expression patterns, functional roles, clinical

significance, therapeutic
microenvironmental interaction.

potential, and

Table 1. Mucins in OSCC - what we know and

what remains unknown

Aspect ‘What We ‘What
Know Remains
Unknown
Expression MUCI1 and | Need to define
Patterns MUCH4 are specific

Aspect ‘What We ‘What
Know Remains
Unknown
overexpress | expression
edin patterns at
OSCC; different tumor
altered stages and
localization | grades.
(cytoplasmi
c vs apical)
correlates
with poor
differentiati
on.
Functional MUCI1 The precise
Role promotes molecular
EMT and mechanisms
cell and
motility; downstream
MUC4 signalling
interacts crosstalk are
with ErbB2, | not fully
enhancing understood.
tumor
survival.
Clinical High Whether
Significance MUCI/MU | mucins can
C4 serve as
expression reliable
is associated | diagnostic/prog
with poor nostic
prognosis biomarkers in
and clinical
chemoresist | settings.
ance.
Therapeutic Anti-MUCI | Limited data in
Potential vaccines OSCC; need
and for mucin-
antibodies targeted
are under therapeutic
investigatio | trials.
n in other
cancers.
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Aspect ‘What We ‘What
Know Remains
Unknown
Microenviron MUCI1/MU | The full extent
mental C4 of mucin—
Interaction influence immune cell
immune interactions in
evasion by the oral tumor
modulating | microenvironm
T-cell ent.
activity and
cytokine
profiles.

Unresolved Questions and Future Directions
Despite advances, the field continues to face important
unresolved questions. First, the stage- and grade-
specific expression patterns of MUCI1, MUCA4,
MUCI16, and the salivary mucins in OSCC remain
incompletely characterized; well-powered studies
with standardized scoring systems are needed; Second,
although correlative data link mucin overexpression to
EMT, immune evasion, and chemoresistance,
causative mechanisms and the downstream signalling
crosstalk particularly between MUCI-C, MUC4-
ErbB2, and immune checkpoints require functional
validation. Third, the diagnostic utility of salivary
mucins as non-invasive biomarkers, while promising,
has not been validated in large multicentre cohorts.
Fourth, mucin-targeted therapeutics including anti-
MUCI! vaccines, antibody—drug conjugates, and
chimeric antigen receptor (CAR) T-cell strategies
have produced encouraging results in other cancers,
but clinical trials specifically focused on OSCC
remain scarce. Finally, the interplay between mucins
and the oral tumour microenvironment, including
immune cells and the oral microbiome, is poorly
characterized and warrants integrative multi-omics
investigation.

Conclusion

Mucins occupy a pivotal position at the interface of
oral health, inflammation, and malignancy. In the
healthy oral cavity, gel-forming and transmembrane
mucins maintain mucosal hydration, microbial
homeostasis, and epithelial integrity. In OSCC,
aberrant expression and glycosylation of MUCI,
MUC4, MUCI6, and the salivary mucins drive tumour

progression through EMT, immune evasion, and
chemoresistance. Yet, despite a growing body of
correlative  evidence, mechanistic understanding
remains incomplete, prognostic associations are
inconsistent, and mucin-targeted therapy in OSCC is
still in its infancy. Mapping what we know against
what remains unknown highlights a clear research
agenda: rigorous mechanistic studies, validated
biomarker pipelines, and OSCC-specific clinical trials
of mucin-directed therapies. Pursuing these directions
has the potential to transform mucins from descriptive
markers into actionable diagnostic and therapeutic
targets, ultimately improving outcomes for OSCC
patients.
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