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Simple Summary: Head and neck squamous cell carcinoma (HNSCC) is a deadly form of cancer,
affecting areas like the mouth, throat, and larynx. This review explores the complex molecular
pathways involved in HNSCC development and progression, focusing on the role of microRNAs
(miRNAs)—small molecules that regulate gene expression. We aim to provide a comprehensive
overview of how miRNAs influence HNSCC, their potential as diagnostic and prognostic markers,
and their use in developing new targeted therapies. We also discuss promising nanotechnology-based
approaches for delivering miRNA therapies more effectively. By synthesizing the current knowledge
on miRNAs in HNSCC, this research may help identify new biomarkers for early detection and
prognosis, as well as novel therapeutic targets. Ultimately, these insights could lead to improved
personalized treatments and better outcomes for HNSCC patients.

Abstract: This paper presents a comprehensive comparative analysis of biomarkers for head and neck
cancer (HNC), a prevalent but molecularly diverse malignancy. We detail the roles of key proteins and
genes in tumourigenesis and progression, emphasizing their diagnostic, prognostic, and therapeutic
relevance. Our bioinformatic validation reveals crucial genes such as AURKA, HMGA2, MMP1,
PLAU, and SERPINE], along with microRNAs (miRNA), linked to HNC progression. OncomiRs,
including hsa-miR-21-5p, hsa-miR-31-5p, hsa-miR-221-3p, hsa-miR-222-3p, hsa-miR-196a-5p, and
hsa-miR-200c-3p, drive tumourigenesis, while tumour-suppressive miRNAs like hsa-miR-375 and
hsa-miR-145-5p inhibit it. Notably, hsa-miR-155-3p correlates with survival outcomes in addition
to the genes RAI14, SIPR5, OSBPL10, and METTLS6, highlighting its prognostic potential. Future
directions should focus on leveraging precision medicine, novel therapeutics, and Al integration to
advance personalized treatment strategies to optimize patient outcomes in HNC care.
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1. Introduction

Head and neck cancer (HNC) is the seventh most common cancer worldwide and
represents a diverse group of malignancies. Its heterogeneity results from different his-
tologic subtypes, etiologic factors, and molecular features. This diversity is influenced
by factors such as viral infections, environmental influences (e.g., tobacco and alcohol
consumption), and various genetic mutations. Understanding these differences is crucial
for accurate diagnosis, prognosis, and the development of targeted therapeutic strate-
gies [1]. Virus-related tumours play an important role in the development of HNC. In
particular, Epstein—Barr virus (EBV) is closely associated with nasopharyngeal carcinoma,
especially in subtypes 2 and 3. EBV-positive nasopharyngeal carcinomas have distinct
molecular and clinical features compared to EBV-negative tumours, which contribute to
their unique behaviour and response to treatment. In addition, human papillomavirus
(HPV) is associated with oropharyngeal carcinomas, further emphasizing the importance
of viral etiology in HNC. This cancer’s diverse molecular basis and clinical manifestations
necessitate a comprehensive understanding at both the molecular and clinical levels to
help identify unique and shared pathways, allowing for improved diagnosis and clinical
management through the development of targeted therapies. Through the examination of
this cancer, potential innovations in treatment strategies, advanced personalized medicine,
and improved patient outcomes can be emphasized [2,3].

The global burden of HNC is significant due to its profound impact on mortality
and morbidity as essential functions such as breathing, eating, and speaking are impaired.
However, the prevalence and outcomes of HNC vary significantly from region to region,
influenced by differences in exposure, risk factors, and access to healthcare services [4,5].

HNC is significantly influenced by genetic predispositions and environmental factors,
with risk factors such as age and family history [6-8]. Susceptibility to head and neck cancer
increases with age, and a family history may suggest a genetic predisposition that heightens
the risk [9]. With an aging global population, the incidence and mortality rates of this
cancer are expected to rise. Symptoms commonly appear in advanced stages, complicating
optimal cancer treatment and significantly reducing survival rates. This highlights the
need for regular screening, heightened awareness, especially for high-risk groups, and
the discovery of novel biomarkers to improve both treatment strategies and cure rates.
Addressing these challenges requires comprehensive strategies, including prevention, early
detection, and tailored treatments [3,10] (Figure 1).

1.1. The Importance of Molecular Studies in Understanding Head and Neck Cancer

Molecular studies have revolutionized our understanding of HNC, revealing the intri-
cate genetic and molecular landscapes underlying this disease. In HNC, molecular research
has shown the central role of viral aetiologies, particularly human papillomavirus (HPV)
and Epstein—-Barr virus (EBV), in the pathogenesis of these cancers. HPV-positive oropha-
ryngeal cancers, for example, are now recognized as distinct cancers with better prognoses
and responses to treatment compared to HPV-negative cancers. The identification of these
viral markers has facilitated the development of targeted therapies and preventive vaccines,
such as the HPV vaccine, which have the potential to significantly reduce the incidence of
these cancers [11,12].

Molecular profiling of HNC has identified key genetic alterations, including mutations
in TP53, NOTCH]1, and PIK3CA and amplifications in oncogenes like epidermal growth
factor receptor (EGFR). These findings have led to targeted therapies, such as EGFR in-
hibitors, tailored to each patient’s tumour. Understanding the HNC molecular pathways
has improved patient stratification for personalized treatment, enhancing outcomes and
reducing toxicity [13,14]. In HNC, it is important to distinguish between genetic alterations
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and molecular features. Genetic alterations refer to mutations in key genes such as TP53,
NOTCHI1 and PIK3CA, which directly affect disease progression by impairing basic cellular
processes such as DNA repair, cell cycle regulation and apoptosis. On the other hand, there
are molecular features that affect signalling pathways, such as the EGFR and PI3K/AKT
pathways, which control cellular proliferation, survival, and metastasis. These pathways
are often influenced by both genetic mutations and environmental factors, and their abnor-
mal activation plays a critical role in HNC tumour behaviour. By distinguishing between
these genetic and molecular elements, we can better understand how these different factors
contribute to the complexity of HNC biology and progression. The insights gained from
molecular studies have not only deepened our understanding of HNC biology but have
also revolutionized the clinical treatment of this condition. By identifying critical genetic
and molecular alterations, researchers and clinicians can improve diagnostic accuracy and
personalize medicine plans based on more effective, targeted therapies, thus improving
treatment outcomes. Among the essential regulators of the molecular profile in head and
neck cancer, microRNAs have emerged as a pivotal component, influencing gene expression
and contributing to the complexity of tumour biology.

Incidence Rates

Relatively high due to
late diagnosis and the
aggressive nature of
some types, especially
in low-resource
settings.

Varies significantly
worldwide, with higher
rates in South Asia,
Eastern Europe, and
South America.

Treatment
Approaches

A multidisciplinary
approach includes

infection (especially
for oropharyngeal
cancer), betel quid
chewing, poor oral
hygiene, occupational
exposures.

Nasal cavity

Hard palate

Tonque
Foigatts

surgery, radiotherapy,
chemotherapy, targeted
therapy, immunotherapy,
and palliative care for
advanced stages.

§—-iit
-1

More common in
middle-aged and older
adults, typically
affecting individuals
aged 50-70, but can
occur in younger
populations depending
on specific risk factors.

Age Affects both genders
Distribution but is significantly more
common in men, with a
male-to-female ratio of

approximately 3:1.
Gender PP y

Predilection

Figure 1. Epidemiological aspects of head and neck cancer (created with BioRender.com).
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1.2. Introduction to miRNAs in Head and Neck Cancer

MicroRNAs (miRNAs) are small (18-25 nucleotides), non-coding RNA molecules
that regulate gene expression post-transcriptionally. These molecules play a crucial role
in numerous biological processes such as cell proliferation, apoptosis, metastasis, and
response to therapy. MicroRNAs can act as oncogenes or tumour suppressors, making
them invaluable tools for understanding cancer biology. Their potential as biomarkers for
early diagnosis and prognosis, and as therapeutic targets underlines their importance for
precision medicine.

In head and neck cancer (HNC), miRNAs have been shown to be important regulators
that influence the molecular landscape of the disease. They serve as potential biomarkers
for diagnosis, prognosis, and therapeutic intervention. Despite advances in treatment,
HNC patients are often diagnosed at late stages, have a high relapse rate, and are resistant
to conventional therapies. For this reason, miRNAs are of great importance in exploring
therapeutic strategies to improve patient outcomes. This section provides a detailed
overview of miRNAs in HNC and their role in the development of personalized medicine.

1.3. Molecular Insights into Head and Neck Cancer

The diagnosis of head and neck cancer (HNC) relies primarily on physical examina-
tions, as there are no efficient and standardized screening methods. This often leads to late
detection, when the cancer is more advanced and more difficult to treat. Such diagnostic
limitations have led to a growing interest in molecular biomarkers to improve accuracy
and finding less invasive diagnostic options [14,15], Understanding the molecular sub-
tleties of HNC is critical for developing personalized treatment strategies and improving
treatment outcomes.

Major risk factors for HNC include tobacco use, alcohol consumption, and oncogenic
viruses such as HPV and EBV [16-18]. Molecular profiling has uncovered several genetic
alterations, including mutations in tumour suppressor genes such as TP53 and PIK3CA
and amplifications in oncogenes such as EGFR [11,12]. These findings have paved the
way for targeted therapies to improve patient stratification and treatment outcomes. The
identification of viral aetiologies and genetic alterations has also underscored the potential
of preventive measures such as HPV vaccination to reduce the incidence of HNC [19].
This section highlights the global impact and molecular basis of HNC to provide a clear
understanding of the evolution of these cancers and the promising avenues for targeted
treatment approaches (Table 1).

Table 1. Molecular subtypes of head and neck cancer: characteristics and clinical implications.

Molecular Subtype Characteristic Features Clinical Implications Reference
Presence of HPV DNA, HPV-positive tumours respond better to
overexpression of p1l6 (a surrogate radiation and chemotherapy, and
. marker for HPV oncogenic activity), patients have a better overall prognosis.
HPV-positive and absence of TP53 mutations. These tumours also have a reduced risk 201
Typically associated with of recurrence compared to HPV-negative
oropharyngeal cancers. tumours.
High expression of basal cell Poor prognosis due to aggressive tumour
markers, frequent EGFR behaviour and resistance to certain
Basal amplification, and TP53 mutations. therapies. EGFR inhibitors, like [21]
These tumours often show poor cetuximab, may be used, but overall
differentiation. survival remains low.
. Characterlzed by High resistance to conventional
epithelial-to-mesenchymal .
transition (EMT), with expression of treatments like chemotherapy and
Mesenchymal ! P radiation therapy. This subtype is [22]

mesenchymal markers such as
vimentin and N-cadherin, and
reduced E-cadherin levels.

typically more invasive and associated
with metastatic potential.
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Table 1. Cont.
Molecular Subtype Characteristic Features Clinical Implications Reference
Variable prognosis; potential sensitivity
Defined by mutations in NOTCH1  to NOTCH inhibitors in the future. These
Atypical and low expression of HPV and p16. tumours may benefit from targeted [23]
Exhibits molecular heterogeneity. therapies, but their response to current
treatments is unpredictable.
High expression of genes involved Highly agg'ressive Wit.h rapid tumour
. in cell cycle regulation, includin progression. Target{n 5 .Ce.l Leycle
Classical n cel ¢y & A & pathways with CDK inhibitors has [24]
cyclin D1 and CDK6, with frequent . R
alterations in TP53. shown potential f01T treatment in clinical
trials.
These tumours show potential
High levels of immune cell responsiveness to immunotherapy,
infiltration, particularly particularly immune checkpoint
Immune-Related lymphocytes, and expression of inhibitors (e.g., PD-1/PD-L1 inhibitors [25]
immune checkpoint molecules like like pembrolizumab or nivolumab).
PD-L1. Immunotherapy has shown promise in
improving survival rates.
Overexpression of
hypoxia-inducible factors (HIFs), Poor prognosis due to treatment
leading to an adaptive response to resistance and aggressive progression.
Hypoxic low oxygen environments. These Targeting hypoxic pathways and [26]
tumours are typically resistant to angiogenesis inhibitors may offer
apoptosis and have enhanced therapeutic benefits.
angiogenesis.
Potential for therapies targeting
Characterized by alterations in metabolic pathways (e.g., inhibitors of
metabolic pathways, including glycolysis or metabolic enzymes). These
Metabolic increased glycolysis (Warburg tumours may also be resistant to [27]

effect) and overexpression of
glucose transporter 1 (GLUT1).

conventional therapies, making
metabolic inhibitors a promising
approach.

2. Signature Proteins/Genes in Head and Neck Cancer
2.1. Literature-Driven Insights

The importance of identifying the pivotal proteins and genes involved in this malig-
nancy has become increasingly apparent in order to acquire a greater understanding of
HNC. In HNC, human papillomavirus (HPV) oncoproteins E6 and E7 play a crucial role,
particularly in oropharyngeal carcinoma, by inactivating the tumour suppressor proteins
p53 and retinoblastoma (Rb), respectively [11,12]. In addition, mutations in TP53, CDKN2A,
and PIK3CA and amplifications in EGFR are common in HNC and drive tumourigenesis
via different pathways.

Several other proteins also play a crucial role in the progression of HNC. Tissue
inhibitors of metalloproteinases (TIMPs) are significantly involved in the regulation of
extracellular matrix (ECM) remodelling and metastasis through their inhibitory effect on
matrix metalloproteinases (MMPs) and thus play a crucial role in the tumour microenviron-
ment [28]. Similarly, galectin-3 (Gal-3) is involved in various aspects of cancer progression,
including proliferation, angiogenesis, metastasis, and immune evasion [29].

In head and neck cancer, MMP25 expression correlates with prognosis and the degree
of immune infiltration, particularly for CD4+ memory T cells, and is involved in onco-
genic signalling pathways such as p53 signalling and PI3K/AKT/mTOR signalling. This
suggests its crucial role in cancer progression and immune responses [30]. Fibronectin 1
(FN1) is significantly overexpressed in head and neck squamous cell carcinoma (HNSCC)
and correlates with higher pathologic stages and a poor prognosis. Its downregulation
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suppresses the proliferation, migration, and invasion of HNSCC cells and inhibits M2
polarization of macrophages in vitro, suggesting its role in promoting HNSCC progression
and immune modulation [31]. This indicates the role of fibronectin in modulating the
post-transcriptional changes that lead to cancer progression [32].

TIMPs, Gal-3, MMPs, and fibronectin are integral to the dynamics of the tumour
microenvironment in both head and neck cancer, influencing tumour growth, metastasis,
and immune responses. These molecules can potentially serve as biomarkers for diagnosis
and prognosis, and as targets for therapeutic intervention. Understanding their role and
interactions is essential for developing personalized treatment approaches and improving
treatment outcomes for this cancer (Table 2).

Table 2. Key proteins and genes in head and neck cancer (HNC).

Key Protein/Gene Role in Cancer Clinical Relevance Ref.
ir{_;lc)t\i/vljfelsnli‘gh;’e?gisnp5’?oa1Tr?cc})E:1\':)l?e7 d HPV status is a critical prognostic
HPV E6/E7 ! & 10 marker and determines treatment [33]
cell cycle progression and .
. . strategies.
tumourigenesis.
Overexpressed in many HNCs, leading Ta.r geted. by EC.;FR 1nh1b1tqrs like
EGFR : . . cetuximab, it predicts responsiveness to [34]
to increased cell proliferation.
therapy.

Mutations lead to loss of tumour Associated with poor prognosis and

TP53 suppressor function, contributing to aggressive disease; potential target for [35]
carcinogenesis. therapy.
CDKN2A (p16) Tl}mour suppressor gene, loss. Freqt%entlly r.nutated or deleted in HNC, 136]
contributes to cell cycle deregulation. indicative of poor prognosis.

Mutation activates the PI3K/AKT Target for PI3K inhibitors associated

PIK3CA . ) . . . . [37]
pathway, promoting tumourigenesis. with therapeutic resistance.
Regulate ECM remodelling and

TIMPs (Tissue Inhibitors of metastasis by inhibiting MMPs, Tf?lrgets for therapy and markers for

. . . disease progression and response to [38]
Metalloproteinases) potentially suppressing tumour
. treatment.
progression.
Gal-3 (Galectin-3) Involved in cell adhesion, r.mgratlon, Potential marker. for prognosis and [39]
and tumour progression. therapeutic targeting.
MMPs (Matrix Facilitate tumour invasion and Biomarkers for invasive potential and [40]
Metalloproteinases) metastasis through ECM degradation. therapeutic targets.

Contributes to cell adhesion and Insights into tumour progression and

Fibronectin migration, influencing tumour growth & pros [41]

and metastasis.

potential therapeutic implications.

2.2. Database-Driven Insights

To identify datasets for HNC, a dataset search was performed in the Genome Expres-
sion Omnibus (GEO). These datasets contain gene expression data for HNC (GSE227919,
GSE142083, GSE138206, and GSE130605). The most significant differentially expressed
genes (DEGs) were identified for HNC. Further analysis identified 37 potential biomarkers
for HNC, of which, the top 5 DEGs were highlighted. In HNC, the most upregulated
genes are MMP1 (matrix metallopeptidase 1), SERPINE1 (serpin family E member 1),
PLAU (urokinase-type plasminogen activator), AURKA (Aurora kinase A), and HMGA?2
(high-mobility group AT-hook 2). Therefore, these genes may serve as biomarkers to distin-
guish patients with HNC from those without this cancer. This conclusion is supported by
literature data from previous studies (Table 3).
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Table 3. Characterization of top DEGs identified for HNC.

Gene

Role in Cancer

References

AURKA

High expression is associated with cancer progression, dysregulated
proliferation, and inhibition of apoptosis. It is a good predictor of OS, with
overexpression representing a poor prognosis.

[42-44]

HMGA2

Overexpression increases tumour cell proliferation, migration, invasion, and
metastasis. A good predictor of OS, with high levels indicating poor prognosis.

[45-47]

MMP1

Upregulation is associated with ECM degradation and consequently promotes
cancer invasiveness. Its expression correlates with T stage (TNM classification)
and cancer progression.

[48,49]

PLAU

Overexpression is associated with ECM degradation, an increased risk of
developing HNC, and an upregulation of MMP1. Knockdown inhibits
proliferation, invasion, and metastasis.

[49,50]

SERPINE1

Overexpression is associated with N stage (TNM classification), poor DFS, and
the promotion of radiotherapy resistance. Inhibition leads to decreased cell

[4,51,52]

proliferation and invasion.

In HNC, the molecular profile is dominated by critical proteins and genes that drive
tumourigenesis, impact patient prognosis, and serve as targets for therapy. AURKA, a mem-
ber of the Aurora serine/threonine kinase family, plays a role in maintaining chromosome
stability and is expressed in many tissues. It is overexpressed in various tumours, including
glioblastoma, cervical cancer, and HNC [42,43]. AURKA has been identified as a novel ther-
apeutic target and predictor of overall survival (OS) in HNC [44]. High expression levels
of AURKA are associated with the progression of HNC and poor prognosis, especially in
HPV-negative tumours. However, AURKA is also known to be upregulated by HPV E7,
which increases tumour cell proliferation. Overexpression of AURKA inhibits apoptosis
by phosphorylating p73, a protein related to programmed cell death [43]. HMGAZ2, which
belongs to the high-mobility group AT-hook (HMGA) gene family, encodes a protein that
regulates gene expression, cell replication, and repair. HMGAZ2 has been identified as an
oncogene associated with cancer development when expressed at high levels [45]. Overex-
pression of HMGAZ2 is associated with processes related to the progression of HNC, such
as significant invasiveness, metastasis, epithelial-mesenchymal transition, dysregulated
proliferation, and migration of tumour cells [45,46]. The expression of HMGA2 influences
OS in HNC, with a high expression indicating a poor prognosis [46,47]. MMP1, a member
of the matrix metalloproteinase family, is involved in extracellular matrix (ECM) degrada-
tion by cleaving collagen IV and gelatine [48]. MMP1 is overexpressed in HNC, and its
expression correlates with the T stage (TNM classification) and cancer progression through
promoting tumour invasion [49]. PLAU, which belongs to the S1 serine peptidase of the
plasminogen activator family, encodes a secreted serine protease that converts plasmino-
gen to plasmin [49,50]. This enzyme promotes ECM degradation and facilitates tumour
cell invasion and metastasis. In HNC samples, PLAU expression is upregulated and is
associated with lower overall survival, poor disease-free survival, and an increased risk
of developing HNC [49]. Overexpression of PLAU also leads to upregulation of MMP1.
Suppression of PLAU inhibits HNC cells’ proliferation, migration, and invasion capaci-
ties, while its overexpression has the opposite effect [49]. SERPINEL, a serine protease
inhibitor family member, is overexpressed in HNC samples [51,52]. Overexpression of SER-
PINET1 is associated with the N stage (TNM classification) and may play a role in tumour
angiogenesis and metastasis. Its inhibition is associated with reduced cell proliferation
and invasion [53]. SERPINEI is also a potential prognostic biomarker, as its expression
correlates with disease-free survival (DFS) in HNC [52]. Overexpression of SERPINE1
promotes resistance to radiotherapy in HNC patients [51]. These essential proteins and
genes play crucial roles in the development and progression of HNC and serve as potential
biomarkers for diagnosis and prognosis, and as targets for therapeutic intervention. Thus,
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understanding their functions and interactions is essential for developing personalized
treatment approaches and improving treatment outcomes in this cancer.

3. Molecular Pathways Involved in Head and Neck Cancer

As with the genetic landscape, the molecular profiles of HNC have unique features.
The dysregulation of signalling pathways such as the EGFR, PI3K/AKT, and RAS-RAF-
MEK pathways is critical in HNC, affecting cell cycle regulation, cellular metabolism, and
apoptosis. In addition, in oropharyngeal carcinoma, HPV adds a unique viral mechanism
to tumour development, mainly through the viral oncoproteins E6 and E7, which affect
tumour suppressor pathways such as p53 and Rb [14,54].

Functional enrichment analysis was performed on the string platform using the DEGs
identified for HNC (n = 37). This analysis aimed to assess the functions of these genes and
their association with HNC. The DEGs identified for HNC were associated with the cancer
and several signalling pathways and molecular functions related to cancer development and
progression, including ERBB and TGF-f3 signalling, ECM degradation, and focal adhesion.
In addition, these genes have been linked to other diseases, such as gastrointestinal and
pancreatic cancers and cardiovascular disorders, where they have been found expressed
in tissues of the cardiovascular system. ERBB signalling includes elements of the HER
family: HER1 (EGFR), HER2 (ErbB2), HER3 (ErbB3), and HER4 (ErbB4) [55-57]. EGFR
plays an important role in signalling pathways critical to cancer progression, including
Ras/Raf/MEK/ERK and PI3K/AKT/mTOR. In HNC, studies have indicated that EGFR
mutations significantly impact prognosis more than TP53 mutations [57,58]. Other HER
family members are also involved in developing HNC and show upregulated expression
in patients [57,59]. TGF-f signalling regulates epithelial-to-mesenchymal transition as
well as cell differentiation and proliferation in HNC. It plays a dual role by inhibiting
dysregulated cell proliferation in the early stages while promoting invasion and metastasis
at later stages [60].

The ECM is essential for physical interactions with cancer cells and serves as a reser-
voir for various ligands and growth factors that influence the tumour microenvironment.
During cancer progression, focal adhesion is lost, which decreases cellular adhesion and
allows cancer cells to permeate the ECM, altering its composition and organization, ulti-
mately leading to degradation. This process is promoted by increased MMP expression in
cancer [61]. After degradation of the ECM, the cancer cells enter the bloodstream, invade
other tissues and metastasize [62].

As mentioned, HNC has alterations in the PI3K/AKT/mTOR signalling pathway,
highlighting its universal role in cancer progression. Targeted therapies in cancers aim to
inhibit this pathway to slow tumour growth and reduce tumour survival [63]. In HNC,
targeted agents against EGFR, such as cetuximab, have shown clinical benefits by exploiting
the abnormal activation of growth factor signalling pathways [4].

Unique to HNC is the influence of viral oncogenes in HPV-associated cancers, necessi-
tating therapeutic strategies that target viral proteins or their effects on cellular mechanisms.
Immunotherapy that harnesses the immune system’s ability to recognize and destroy
cancer cells has shown promise in HNC, particularly PD-1/PD-L1 inhibitors such as pem-
brolizumab and nivolumab [64]. The distinct molecular pathology of HNC emphasizes the
need for cancer-specific targeted therapies that reflect their unique molecular basis [65].
Understanding these pathways helps in the development of targeted therapies and the
identification of potential biomarkers for better disease management [64,65].

4. Biomarkers in Head and Neck Cancer: Progress and Challenge

Biomarkers are crucial for offering insights into the molecular basis of the disease and
providing valuable diagnostic and prognostic information for HNC. Notable biomarkers
include DNA methylation patterns, circulating microRNAs, and proteins such as EGFR
and HPV oncoproteins (E6 and E7). These markers help detect and assess the cancer’s
aggressiveness at an early stage, enabling customized therapeutic measures [66—68]. Exten-
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sive studies have indicated the significant clinical potential of these biomarkers in HNC.
Emerging biomarkers, including gene expression profiling in HNC, represent the next
frontier in cancer diagnostics [69,70]. These novel biomarkers promise to improve the accu-
racy of cancer detection, prognosis, and monitoring, and additionally has the potential to
revolutionize personalized medicine in oncology. The integration of biomarker testing into
clinical practice is expected to significantly improve patient outcomes by enabling earlier
detection, more accurate disease staging, and the development of optimal personalized
treatment strategies based on individual tumour characteristics. For example, Filippini et al.
(2023) [71] presented a systematic review of the current data on diagnostic and prognostic
molecular biomarkers for head and neck cancer of unknown primary (HNCUP). Using an
electronic database and following the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines, they identified 704 articles, of which, 23 studies
were carefully selected for inclusion. Fourteen studies focused on diagnostic biomarkers
for HNCUP, with an emphasis on HPV and EBV, as these are significantly associated with
oropharyngeal and nasopharyngeal cancers, respectively [71].

The review emphasized the prognostic importance of HPV, which is associated with
improved disease-free treatment outcomes and overall survival rates. Currently, HPV and
EBYV are the only biomarkers for HNCUP used in the clinical setting. Improving molecular
characterization and developing accurate tissue of origin classifiers are critical to advancing
the diagnosis, accurate staging, and treatment of HNCUP patients [71]. The ongoing
development and validation of new biomarkers is imperative to improve the precision
of cancer treatment, minimize overdiagnosis and overtreatment, and ultimately improve
patient survival and quality of life.

Despite advances in biomarker research for HNC, significant challenges remain in
their application, validation, and clinical translation. Biomarkers have undoubtedly im-
proved diagnostics and enabled earlier detection of HNC, particularly through the use of
circulating microRNAs, DNA methylation, and proteins such as EGFR and HPV oncopro-
teins. For example, HPV status is a well-established prognostic marker, with HPV-positive
tumours often responding better to treatment than HPV-negative tumours. Similarly, EGFR
expression is used to guide the use of EGFR inhibitors such as cetuximab. However, these
advances also have their limitations. While HPV and EGFR have demonstrated clinical util-
ity, many biomarkers lack validation for routine clinical use due to inconsistent data from
different studies, small sample sizes and diverse patient populations. PIK3CA mutations,
which activate the PI3K/AKT signalling pathway, are also important genetic alterations
that frequently occur in HNC. These mutations contribute to tumour growth and resistance
to therapy. Although PI3K inhibitors have been explored as potential treatments, clinical
success has been limited and further validation of PIK3CA as a predictive marker is needed.
Other genetic and molecular factors such as CDKN2A (p16), which serves as a surrogate
marker for HPV positivity, and alterations in genes such as NOTCH]1, cyclin D1, and FGFR1
have shown potential as prognostic markers. For example, p16 is frequently used in clinical
settings to assess HPV-related oropharyngeal cancer, while NOTCH1 mutations have been
associated with both tumour suppression and oncogenesis in various contexts.

In addition, there are still no predictive biomarkers, i.e., those that can reliably predict
the response to treatment. In HNC, for example, there is no predictive biomarker for
EGEFR inhibitors such as cetuximab, leading to a trial-and-error approach to treatment.
The heterogeneity of HNC exacerbates this problem. Different tumour substances and
aetiologies (e.g., HPV-positive versus HPV-negative) mean that no single biomarker is
universally applicable. The small sample sizes in studies also increase the risk of false-
positive results, making clinical application more difficult.

New biomarkers, such as gene expression profiling and circulating tumour DNA
(ctDNA), represent promising avenues for improving early detection, treatment monitoring,
and personalized care. MicroRNAs (miRNAs) are also gaining attention, both as biomarkers
and as potential therapeutic targets. However, these newer biomarkers still need to be
extensively validated before they can be integrated into routine clinical practice.
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Another challenge is that there are no standardized testing protocols for different
studies. Different platforms and methods for detecting biomarkers has led to discrepancies
in the results, which makes it difficult to generalize the results. In addition, the regulatory
hurdles in validating new biomarkers are considerable and often delay their translation
into clinical practice.

To overcome these hurdles, future research should focus on conducting large-scale,
multi-centre studies to validate promising biomarkers in different populations. In addition,
testing protocols need to be standardized to ensure consistency in biomarker measurements.
The identification of robust predictive biomarkers that can serve as a basis for treatment
decisions is an essential prerequisite for advancing personalized medicine in HNC. The use
of artificial intelligence and machine learning to analyze complex biomarker data could
also help uncover new patterns that improve patient stratification and treatment outcomes.
Although biomarkers hold great promise for the future of HNC diagnosis and treatment,
further efforts are needed to overcome the challenges related to validation, standardization,
and clinical translation. The integration of validated biomarkers into clinical practice will
play a critical role in improving personalized treatment approaches and patient outcomes
and will advance the field of oncology (Table 4).

Table 4. Diagnostic and prognostic biomarkers in HNC: effectiveness overview.

Biomarker Diagnostic Use Prognostic Use Potential Effectiveness Ref.

Identifies Indicates better prognosis Highly effective for
HPV DNA . and response to treatment in subclassification and [72]

HPV-associated HNC o .
HPV-positive cases prognosis

Used for identifying Associated with poor Effective in selecting

EGFR tumours with EGFR response to radiation and candidates for [73]
overexpression certain chemotherapies EGFR-targeted therapies
16 Surrogate marker for  Suggests improved outcomes Widely used, offers good [74]
P HPYV oncogenic activity in HPV-positive HNC prognostic value

5. Functional Roles of miRNAs in Head and Neck Cancer

Many research studies have investigated miRNAs’ role in HNC. Several microRNAs
(miRNAs) have been identified as key regulators of signalling pathways critical for the
pathogenesis of head and neck cancer (HNC). These miRNAs play an important role in
tumourigenesis, progression, and metastasis, and their dysregulation has been linked to
patient prognosis. For example, miRNAs such as miR-21, miR-155, and miR-375 are known
to contribute to oncogenic processes or tumour suppression. Their potential as biomarkers
for early diagnosis, therapeutic intervention, and prognosis in HNC has been extensively
researched. However, despite the promising results, there are notable limitations in the
current state of the research. One of the major challenges is the inconsistency of results
across studies, often due to small sample sizes, differences in study design, and the lack
of validation in larger, independent cohorts. These problems have led to inconsistencies
in the identification of miRNAs that can be universally used as reliable biomarkers. In
addition, many studies report false-positive results where the observed miRNA effects
are not reproducible in larger populations or in different clinical settings. The lack of
standardized protocols for the detection and quantification of miRNAs further complicates
the interpretation of the data. Differences in the techniques used (e.g., qPCR vs. next-
generation sequencing) and the methods of sample collection and processing contribute to
discrepancies in miRNA profiles. Therefore, although miRNAs have significant potential as
prognostic and diagnostic tools, there is an urgent need for rigorous validation studies with
larger, diverse patient populations to confirm their clinical utility. In the future, it will be
crucial to address these limitations by standardizing miRNA analysis methods, increasing
the sample sizes, and conducting multi-centre studies. Only then can miRNAs be reliably
integrated into clinical practice as part of precision medicine for HNC.



Cancers 2024, 16, 3716

11 of 20

5.1. OncomiRs in Head and Neck Cancer

As indicated, oncomiRs contribute to cancer progress by targeting tumour suppressor
genes. In HNC, several oncomiRs have been identified that are involved in tumourige-
nesis, metastasis, and resistance to therapy [75]. MiR-21 was the first and is the most
studied oncomiR in HNC. It is frequently overexpressed in HNC [76,77]. MiR-21 targets
tumour suppressor genes such as those in the PTEN/AKT, TPM1, and PDCD4 pathways
in HNC [78,79]. Overexpression of miR-21 promotes cell proliferation, invasion, and re-
sistance to apoptosis in HNC [75]. Another oncomiR involved in HNC is miR-155, which
targets several genes involved in cell cycle regulation and apoptosis [80]. For example,
suppressor of cytokine signalling 1 (SOCS1) is one of the targetable genes that negatively
regulates the JAK/STAT pathway [81]. MiR-155 elevation downregulates SOCS1 expres-
sion, increasing cell growth and cell survival, making it a potential marker for aggressive
HNC [82]. Targeting miR-155 expression and the overexpression of SOCS1 could have a
potent antitumour effect on HNC [83,84]. MiR-31 is also upregulated in HNC and plays a
significant role in cancer progression, specifically in oral squamous cell carcinoma (OSCC)
through the regulation of gene expression, cell proliferation, the cell cycle, cell survival,
signal transduction, and epithelial-mesenchymal transition. In OSCC, it targets genes
such as FIH (factor-inhibiting HIF) and LATS2 (large tumour suppressor kinase 2), which
are involved in hypoxia responses and the Hippo signalling pathway, respectively [85].
MiR-31 upregulation contributes to proliferation, invasion, and angiogenesis, leading to
more aggressive tumour behaviour in HNC [86]. Another group of miRNAs involved in
HNC oncogenesis is the miR-221/222 cluster. These miRNAs target the cyclin-dependent
kinase inhibitor p27Kipl and the pro-apoptotic protein BMF [87]. MiR-221/222 upreg-
ulation increases cell cycle progression, reduces apoptosis, and enhances resistance to
chemotherapy [88,89]. Ultimately, miR-196a is also overexpressed in HNC and promotes
tumour progression, cell proliferation, migration, and invasion, leading to poor prognosis.
Oncogenic miR-196a directly targets annexin A1 (ANXA1), a gene involved in cell differ-
entiation and apoptosis. ANXA1 protein and mRNA were found to be downregulated
in HNC tissues. However, miR-196a’s functional contribution to HNC development has
remained unclear [90]. OncomiRs could potentially serve as biomarkers for early detection,
prognosis, and monitoring the treatment response in HNC patients [91]. OncomiRs can be
targeted by antagomirs (anti-miRNAs) [92] or miRNA sponges to inhibit their oncogenic
effects [93]. Clinical trials are exploring the efficacy of such approaches in various cancers,
including HNC [94].

5.2. Tumour-Suppressive miRNAs in Head and Neck Cancer

As outlined earlier, tumour-suppressive miRNAs inhibit cancer development and
progression by targeting oncogenes and other genes involved in cell proliferation, invasion,
and survival. In HNC, several tumour-suppressive miRNAs have been identified, playing
crucial roles in maintaining cellular homeostasis and preventing malignant transformation.
Through an analysis of recent findings, the key tumour-suppressive miRNAs in HNC were
documented. MiR-34a is a well-known tumour suppressor miRNA involved in various
cancers, including HNC. It targets multiple oncogenes, such as BCL2, MET, and CDK6. MiR-
34a induces apoptosis, inhibits cell proliferation, and suppresses metastasis. MiR-34a is
considered a novel and highly sensitive biomarker for HNSCC diagnostic applications [75].
MiR-200c is a part of the miR-200 family, known for its role in epithelial-mesenchymal
transition (EMT). It was demonstrated that miR-200c expression is significantly down-
regulated in OSCC tissues compared with adjacent non-tumour tissues, suggesting that
miR-200c might be a potential prognostic biomarker for OSCC [95]. It inhibits ZEB1 and
ZEB2, transcription factors that promote EMT and metastasis, thereby reducing invasion
and metastasis [96]. MiR-200c-3p is another member of the miR-200 family shown to have a
significantly downregulated expression in HNC tissues. In HNC cells, ectopic miR-200c-3p
expression inhibits viability, clonogenicity, migration, and invasion [97]. Additionally, miR-
375 is highly downregulated in HNC and functions as a tumour suppressor. It targets genes
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involved in cell cycle regulation, such as insulin-like growth factor 1 receptor (IGF-1R).
MiR-375 upregulation inhibits growth and induces cell cycle arrest in the GO/G1 phase.
It enhances apoptosis and radiosensitivity in HNC [98]. Reduced levels of miR-375 are
associated with aggressive tumour behaviour and poor clinical outcomes [99]. MiR-145 is
another tumour-suppressive miRNA that is significantly downregulated in HNC. MiR-145
is involved in the p53 signalling pathway. Downregulation of miR-145-5p oncogenes like
FSCN1 (fascin actin-bundling protein 1) at the protein level or SOX2 causes migration, inva-
sion, tumour growth, and EMT. Its minimal expression is correlated with advanced disease
stages and poor survival rates [80]. Tumour-suppressive miRNAs can serve as biomarkers
for early detection, prognosis, and monitoring the response to HNC therapy. Tumour
growth and progression could be inhibited using miRNA or gene therapy approaches.
Combining miRNA-based therapies with conventional chemotherapy and radiotherapy
may change therapeutic outcomes and overcome resistances [100]. MicroRNAs" unique
expression profiles and functional roles make them valuable as diagnostic biomarkers and
therapeutic targets for HNC. Further research into these miRNAs’ specific mechanisms and
interactions in HNC will be essential for developing effective miRNA-based therapies and
improving patient outcomes (Figure 2).
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Figure 2. OncomiRs and tumour-suppressive miRNAs: key regulators in head and neck cancer
progression. This figure illustrates the dual roles of oncomiRs and tumour-suppressive miRNAs in
head and neck cancer. OncomiRs promote tumour growth and metastasis, while tumour-suppressive
miRNAs inhibit cancer progression. Together, these miRNAs orchestrate the molecular pathways in
cell proliferation, apoptosis, and angiogenesis (Created with BioRender.com).

5.3. In Silico Validation of miRNAs in Head and Neck Cancer

To validate miRNAs, the OncoMir database (https://oncomir.org/) was utilized. This
validation revealed that among the oncomiRs, hsa-miR-21-5p, hsa-miR-31-5p, hsa-miR-221-
3p, hsa-miR-222-3p, hsa-miR-196a-5p, and hsa-miR-200c-3p are linked to tumourigenesis
in HNSC (Table 5). For tumour-suppressive miRNAs, hsa-miR-375 and hsa-miR-145-5p
were also associated with HNSC tumourigenesis (Table 6). Notably, hsa-miR-155-3p was
the only miRNA significantly related to survival outcomes in HNSC (Table 7). Additionally,
a strong correlation was observed between hsa-miR-155-3p and the genes RAI14, S1IPRS5,
OSBPL10, and METTL6 (Table 7).
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Table 5. miRNAs associated with tumourigenesis of HNSC.
miRNA Name p-Value t-Test FDR t-Test Upregulated in Tumour Log? Normal Log'2
Mean Expression =~ Mean Expression
hsa-miR-21-5p 8.64 x 10715 6.65 x 10713 Tumour 0 0
hsa-miR-31-5p 1.12 x 1077 8.23 x 1077 Tumour 0 0
hsa-miR-221-3p 1.14 x 1073 3.09 x 1073 Tumour 0 0
hsa-miR-222-3p 2.07 x 107° 1.02 x 1075 Tumour 0 0
hsa-miR-196a-5p 244 x 107V 8.45 x 10715 Tumour 0 0
hsa-miR-200c-3p 1.44 x 1072 3.12 x 1072 Tumour 0 0
hsa-miR-375 177 x 10711 3.60 x 10710 Normal 0 0
hsa-miR-145-5p 244 x 1074 7.54 x 1074 Normal 0 0
Table 6. miRNAs significantly associated with survival in HNSCC.
D d L
miRNA Name Lo%] Rlank Logé{ﬁnk Z-Score Upregulated E;sg;e leﬁgal;logZ t-Te]st t};"l];els{t
p-Vvalue mn E eaq Expression p-value
Xpression
PRI 546102 3.77 x 10°1 1985 S hont 052 0.65 333 x 1071 5.94 x 1071
Table 7. hsa-miR-155-3p—target correlations in HNSCC.
Gene Gene Description Correlation C(;r.r\zlaltlleon Correlation FDR miRDB Score
RAIl4 Retinoic acid-induced 14 —0.106 1.73 x 1072 5.67 x 107! 82
SIPR5 Sphingosine-1- —0.0983 2.73 x 1072 5.67 x 1071 76
phosphate receptor 5
OSBPL10 Oxysterol binding —0.0961 3.09 x 102 5.67 x 1071 90
protein-like 10
METTL6 Methyltransferase-like 6 —0.0876 493 x 1072 579 x 107! 63

6. Recent Studies Profiling miRNA Expression in Head and Neck Cancer Using
High-Throughput Technologies

Several recent studies have applied high-throughput technologies to profile miRNA
expression in HNC. These technologies are advanced and can be used to perform com-
prehensive and large-scale analyses of miRNNA molecules. Using these technologies, the
roles of miRNAs in cancer development and progression and their potential therapeutic
applications have been revealed. Some of the key high-throughput technologies for miRNA
profiling are next-generation sequencing (NGS), RNA-Seq (total RNA sequencing), microar-
rays, Quantitative Real-Time PCR (qRT-PCR), Digital PCR (dPCR), NanoString nCounter
Analysis, and microfluidics-based platforms. The following are selected examples of recent
achievements in finding key miRNAs in HNC using the aforementioned methods. In 2017,
Ganci et al. identified 35 miRNAs that were deregulated in both tumour and peri-tumoural
tissues in head and neck squamous cell carcinoma patients using microarray hybridization,
reverse transcription of miRNAs, and qPCR. This identification of a predictive miRNA
signature would be crucial for early detection, follow up, and treatment strategies for head
and neck squamous cell carcinoma patients [101]. In 2023, three miRNA panels were iden-
tified with the potential for use in the diagnosis of HNSCC from the patients’ plasma. This
research indicated that miR-95-3p and miR-579-5p expression is significantly upregulated,
and miR-1298-3p expression is downregulated in the plasma of HNSCC patients. This
investigation shows a convenient diagnostic and screening tool for the early detection of
head and neck cancer [102]. Another method is dPCR which assists in the management
of patients with a cancer of unknown primary site (CUP). Laprovitera et al. predicted
the primary site of 53 CUPs using a molecular assay based on digital miRNA profiling.
Furthermore, HNC with metastases of known origin was assessed in this study and the
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unknown sites were identified in the CUP patients using dPCR. High-throughput technolo-
gies have revolutionized miRNA profiling in HNC. These methods provide comprehensive,
sensitive, and quantitative data that are essential for understanding the roles of miRNAs in
cancer and developing diagnostic and therapeutic strategies [103]. Each technology has its
unique advantages, and the choice of method depends on the specific research question,
available resources, and the desired resolution of the miRNA profiling. These unique
methodologies have identified numerous miRNAs that are expressed in various HNC
subtypes, providing sensitive and precise miRNA profiling to improve HNC diagnostic
and therapeutic approaches.

Despite all these advancements, HNC is still diagnosed at advanced stages in many
cases, generating limited improvements in survival rates. The improvement of miRNA
therapeutics in HNC faces several limitations such as contradictions in study results,
miRNA specificity issues, a limited understanding of the tumour microenvironment (TME),
heterogeneity in molecular subtypes of HNC, a lack of effective biomarkers for early
detection, resistance of miRNAs to radio- and chemo-therapies, differences between HPV-
positive vs. HPV-negative HNC, the detection and prognostic challenges of miRNAs,
and epidemiological study limitations [104]. These limitations highlight the need for
further research to improve the specificity and reliability of miRNA-based diagnostics
and therapeutics in HNC. However, there are several promising fields that the future
of profiling miRNAs in HNC can focus on. Investigating the miRNA profiles specific to
different anatomical sites of HNC (miRNA signatures) is a promising approach that can help
identify unique biomarkers and therapeutic targets [105]. In addition, detecting miRNA
through liquid biopsies, such as saliva or blood samples, is a non-invasive diagnostic and
prognostic tool for HNC, potentially allowing for early detection and the monitoring of
treatment response in HNC patients [106,107]. The optimization of delivery mechanisms
and the stability of miRNA therapeutics are paramount to allow for the wide application
of miRNAs in HNC [107]. Moreover, integrating miRNA profiling with comprehensive
genomic and transcriptomic data will provide insights into the molecular mechanisms
driving HNC. Ultimately, immunotherapy is a very promising approach for the future of
HNC treatment. Studying how miRNAs interact with the immune system in HNC and
identifying miRNAs that enhance the immune response or can serve as biomarkers for
immunotherapy are fundamental in shaping the future of miRNA therapeutic research in
HNC [106].

In summary, research into miRNA profiling in head and neck cancer offers exciting
opportunities for improving HNC diagnosis and treatments. By focusing on specific
miRNA profiles, integrating genomic data, and exploring non-invasive diagnostic methods,
uncovering new insights and therapeutic targets will be possible. All these efforts will
ultimately serve to enhance patient care and outcomes.

7. Future Perspectives

Precision medicine in HNC detection and treatment focuses on tailoring treatment to
individual genetic profiles. In HNC, identifying specific genetic mutations and viral
associations, particularly HPV, has led to the development of targeted therapies and
vaccines designed to improve patient outcomes. For example, the presence of HPV in
oropharyngeal cancer has been associated with a better prognosis and response to certain
therapies. Targeted treatments, such as those directed against the epidermal growth factor
receptor (EGFR), and the use of HPV vaccines are key advances in the precision medicine
approach to HNC [10].

The future of precision medicine lies in further integrating genomic, transcriptomic,
metabolomic, and proteomic data to enable personalized treatment approaches [108,109].
Combining these different data types allows clinicians to develop more effective, individ-
ualized treatment plans that improve patient outcomes and reduce adverse effects. In
HNC, the research has focused on targeting EGFR with monoclonal antibodies such as
cetuximab and exploring the therapeutic potential of inhibiting the PI3K/AKT/mTOR
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signalling pathway. These signalling pathways are critical for regulating cell growth, sur-
vival, and proliferation, and their dysregulation is a hallmark of many cancers. In addition,
immunotherapy based on checkpoint inhibitors, such as pembrolizumab and nivolumab,
is increasingly recognized as a potential treatment strategy in HNC. These therapies use
the patient’s immune system to recognize and destroy cancer cells, offering a new avenue
for treatment, especially in cases where conventional therapies have failed [14,110].

Laboratory studies and computer-based data analyses are at the forefront of revo-
lutionizing cancer research and the treatment of HNC. The use of artificial intelligence
(AI) and machine learning (ML) analysis of large data sets can potentially discover new
biomarkers, predict treatment outcomes, and personalize treatment plans. These tech-
nologies can process and interpret vast amounts of genomic and clinical data, identifying
patterns and correlations that may not be apparent using traditional methods. Big data
analytics enable the integration of different data types and provide comprehensive insights
into cancer biology and treatment responses [111]. In addition, developing digital health
tools and wearable technologies for real-time patient monitoring offers new opportuni-
ties to improve quality of life and treatment adherence. These tools can track vital signs,
medication adherence, and symptom progression, enabling timely interventions and adjust-
ments to treatment plans. Integrating these technologies into clinical practice is expected to
accelerate the pace of discoveries in cancer research and change the perspective of cancer
care so that treatments become more personalized and responsive to individual patient
needs [112].

The future of HNC research and treatment is poised for significant advances through
precision medicine, new therapeutic targets, and the integration of technology and data
science. These developments promise to improve patient outcomes, personalize cancer
treatment, and ultimately change the approach to treating these complex diseases. The con-
tinued evolution of precision medicine, driven by genomic, transcriptomic, metabolomic,
and proteomic insights, will likely lead to more targeted and effective treatments. The
discovery and validation of novel therapeutic targets will expand the arsenal of available
treatments. At the same time, advances in Al, ML, and digital health technologies will
improve the precision and personalization of cancer care. Integrating these innovative
approaches will be instrumental in minimizing overdiagnosis and overtreatment, improv-
ing survival rates, and enhancing the quality of life for patients with HNC. Collaboration
between researchers, clinicians, and technicians will be crucial in realizing the full potential
of these advancements and ensuring that each patient receives the most effective and
personalized therapy.

8. Conclusions

This review highlights the significant advances in understanding the molecular com-
plexity of head and neck cancer (HNC), with a particular focus on microRNAs (miRNAs).
miRNAs have been shown to be crucial regulators of gene expression and are promising
biomarkers for diagnosis, prognosis, and therapeutic intervention in HNC. Their central
role in the molecular landscape of these malignancies underscores their potential for use in
personalized treatment strategies that can improve patient outcomes while minimizing the
toxicity associated with conventional therapies. The review also highlighted the potential
of miRNAs in improving the precision of the diagnosis and treatment of HNC. Advances
in miRNA profiling have not only improved the accuracy of diagnosis of HNC, but have
also facilitated the identification of new therapeutic targets. These developments are key
to the evolving field of precision medicine in which treatment strategies are tailored to
the individual molecular characteristics of each patient’s tumour. The transition from
traditional, blanket approaches to more patient-specific therapies represents an important
milestone in cancer treatment and offers hope for improved survival rates and a better
quality of life for patients.

Despite the promising advances in miRNA research, challenges remain, including
conflicting results in the literature. These inconsistencies are often due to small sample
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sizes, different detection techniques, and a lack of standardization between studies. For
example, miR-21 and miR-155 have been identified as oncogenic in multiple studies, but
the differences in reported expression levels and clinical relevance underscore the need
for large-scale, multi-centre validation studies. Addressing these limitations through
standardized methods and collaborative research efforts will be critical to ensuring that
miRNAs can be reliably integrated into clinical practice. The molecular understanding
of HNC, particularly through the study of miRNAs, has contributed significantly to the
development of new therapeutic strategies. By exploring the genetic and epigenetic changes
regulated by miRNAs, researchers have identified important signalling pathways and
targets for intervention. These findings are crucial for developing more effective treatments
and overcoming resistance to current therapies. The more miRINAs are explored, the
more important their role will become in designing personalized treatment plans that
will drive the next wave of advances in cancer treatment. Looking ahead, continued
research and collaboration within the oncology community is critical. Multidisciplinary
efforts that combine the expertise of molecular biologists, clinicians, data scientists, and
patient advocates will accelerate the discovery of new biomarkers and therapeutic targets.
Such collaborations will also ensure that breakthroughs in miRNA research are rapidly
translated into clinical practice to improve patient care. These collaborative efforts are key
to overcoming the remaining challenges in the treatment of HNC, including drug resistance,
metastasis, and relapse.

Although significant progress has been made in understanding miRNAs and their
role in HNC, further research, innovation, and collaboration are needed to fully unlock
their potential. As we continue to explore the molecular basis of HNC through the lens of
miRNAs, the future of cancer treatment will increasingly focus on precision medicine. This
transformation will be driven by the integration of cutting-edge technologies, data science,
and personalized approaches to ensure that each patient receives the most effective and
targeted treatment.
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