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Abstract

Oral squamous cell carcinoma (OSCC) represents a
significant global health burden with poor prognosis and
limited therapeutic options. Telomerase reactivation,
primarily through upregulation of human telomerase
reverse transcriptase (h"TERT), is a hallmark of OSCC
pathogenesis, enabling unlimited replicative potential
and contributing to tumor progression through both
canonical telomere maintenance and noncanonical
MicroRNAs (miRNAs) have

emerged as critical post-transcriptional regulators of

signaling  functions.

hTERT expression and telomerase activity, with specific

miRNAs demonstrating direct targeting of hTERT or
indirect modulation through key signaling pathways.
Among these, miR-512-5p has been validated as a direct
hTERT suppressor through 3'UTR binding, while miR-
31, miR-138, miR-21, and miR-155 show altered
expression in OSCC with potential regulatory roles. The
molecular mechanisms underlying miRNA-telomerase
interactions involve complex signaling networks
including AKT/ERK and Wnt/B-catenin pathways,
which drive proliferation, chemoresistance, and
epithelial-mesenchymal transition. Telomerase activity

and hTERT overexpression demonstrate significant
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prognostic value, with meta-analyses revealing hazard
ratios of 3.01 for overall survival and 4.03 for disease-
free survival. Diagnostic applications include tissue-
TRAP  assays,
circulating miRNA panels achieving AUC values of

based immunohistochemistry, and
0.776-0.88. Therapeutic strategies encompass SiRNA-
mediated telomerase inhibition, miRNA mimics and
antagomiRs, and hTERT-targeted immunotherapy, with
preclinical ~studies demonstrating tumor growth
suppression and enhanced chemo sensitivity. However,
clinical translation faces challenges including delivery
optimization, tumor heterogeneity, and the need for
prospective validation. This review synthesizes current
evidence on telomerase-miRNA interactions in OSCC,
molecular biomarker

highlighting mechanisms,

potential, and therapeutic prospects while identifying
critical gaps for future investigation.

Keywords: Chemoresistance, 0OSCC, Oral
Malignancies, Multimodal Therapy

Introduction

Oral squamous cell carcinoma (OSCC) accounts for over
90% of oral malignancies and represents the sixth most
common cancer worldwide, with approximately 377,000
new cases and 177,000 deaths annually ®. Despite
advances in multimodal therapy, five-year survival
due to

remains approximately 50-60% late-stage

diagnosis, locoregional recurrence, and therapeutic
resistance 2. Molecular pathogenesis involves genetic
alterations, epigenetic modifications, and dysregulated

signaling pathways 2.

Figure 1. Global OSCC Epidemiology and Survival Statistics
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Figure 1: Global OSCC annual burden (left) and five-year survival rates by clinical stage (right). Overall five-year

survival remains ~55%, with stage IV patients showing only ~25% survival.
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Global Distribution of OSCC Incidence Rates
(Age-Standardised Rate per 100,000 population)
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Figure 2: Schematic global distribution of OSCC incidence rates (age-standardised rate per 100,000). South and Southeast

Asia carry the highest burden, driven by betel nut and tobacco use.

Telomerase reactivation occurs in over 80-90% of oral
cancers, representing a critical molecular event in OSCC
development 4. Telomeres, protective nucleoprotein
structures at chromosome ends composed of TTAGGG
repeats, progressively shorten with each cell division,
ultimately triggering replicative senescence °. Cancer
cells circumvent this barrier through telomerase
reactivation, a specialized ribonucleoprotein reverse
transcriptase that adds telomeric repeats and confers
unlimited replicative potential ®. Beyond canonical
telomere maintenance, telomerase exhibits noncanonical
functions including regulation of gene expression,
mitochondrial function, and cellular signaling that
promote tumor progression 78,

MicroRNAs (miRNAs) are small non-coding RNAs (19-
25 nucleotides) that regulate gene expression post-
transcriptionally through complementary base pairing
with target mRNA 3’ untranslated regions (3'UTRs),
leading to translational repression or mRNA degradation
° In OSCC, miRNAs function as oncogenes or tumor
suppressors, modulating  proliferation,  apoptosis,

invasion, and metastasis 1°. Emerging evidence

©2026, IJIMACR

demonstrates that specific miRNAs directly or indirectly
regulate  human telomerase reverse transcriptase
(hTERT) expression and telomerase activity, creating a
regulatory network with implications for cancer biology
and therapeutics 1112,

This review synthesizes current evidence on telomerase-
mMiRNA interactions in OSCC, examining molecular
mechanisms, diagnostic and prognostic applications, and
therapeutic potential.

Telomerase Structure and Function in Oral Cancer
(Table:1)

Telomerase is a specialized ribonucleoprotein complex
comprising three core components essential for its
function: hTERT (the catalytic subunit with reverse
transcriptase activity), hTR/TERC (the RNA template
component providing the template for telomeric DNA
synthesis), and dyskerin (a protein component that
stabilizes the complex and ensures proper assembly) 3.
Among these components, hTERT represents the rate-
limiting determinant of telomerase activity, with its
expression tightly regulated in normal tissues and

typically absent or expressed at very low levels in most
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somatic cells. However, hTERT is reactivated in of the most consistent molecular alterations in
approximately 85-95% of human cancers, making it one malignancy .

Table 1. Core Components of the Telomerase Complex and Their Roles in OSCC

Component Type Function Status in OSCC
. . . Reverse transcriptase; adds TTAGGG repeats; Overexpressed in 85-95%
hTERT Catalytic Protein Subunit noncanonical gene regulation of cases; rate-limiting subunit
Provides RNA template for Constitutively expressed;
hTR / TERC RNA Template telomeric DNA synthesis not rate-limiting
. . Stabilises hTR; ensures proper Occasionally overexpressed;
Dyskerin (DKC1) Structural Protein complex assembly associated with poor prognosis
. Localises telomerase to Cajal bodies; Dysregulated in several
[CAERANDR PEEEEEaRy FeE facilitates telomere access cancer types including OSCC
TERT Promoter Genomic Alteration Creates de novo ETS-binding sites; Present in ~5-10% of OSCC;
Mutations (C228T/C250T) drives hTERT transcription correlates with aggressive phenotype

Table 1: Core components of the human telomerase complex and their functional roles and status in OSCC

In OSCC, telomerase reactivation represents an early carcinoma, showing strong correlations with histological
and critical molecular event in the multistep process of grade, clinical stage, and tumor aggressiveness .
carcinogenesis. Multiple studies have demonstrated Comprehensive meta-analyses have confirmed that
elevated telomerase activity in premalignant oral lesions hTERT overexpression in OSCC tissues associates with
including oral leukoplakia and erythroplakia, suggesting significantly poor prognosis, with hazard ratios of 3.01
that telomerase activation precedes frank malignant for overall survival and 4.03 for disease-free survival,
transformation %°. Importantly, telomerase activity establishing telomerase as a robust prognostic biomarker
increases progressively from normal oral mucosa 1,

through various grades of dysplasia to invasive

Progressive Increase in Telomerase Activity During Oral Carcinogenesis

100 4 === Trend
=
= 30_
W
a
o
o
2 604
=
a
&
4 401 P
] 30%-
E -
=} L~
& 204 e
5% .-
o | ,
Normal Mild Moderate Severe Invasive
Mucosa Dysplasia Dysplasia Dysplasia 0sCC

ICIs
Figure 3: Progressive increase in telomerase-positive cases (%) from normal oral mucosa through dysplasia grades to

invasive OSCC, illustrating telomerase reactivation as an early carcinogenic event.
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Beyond its canonical role in telomere maintenance,
hTERT exhibits diverse noncanonical functions that are
critical for OSCC pathogenesis and progression. Nuclear
hTERT functions as a transcriptional cofactor, directly
modulating the expression of genes involved in cell
proliferation, apoptosis resistance, and epithelial-
mesenchymal transition (EMT) 8. Specifically, hTERT
interacts with the Wnt/B-catenin signaling pathway,
physically associating with B-catenin and chromatin at
target gene promoters to enhance B-catenin-mediated
transcription of oncogenic targets including c-Myc and

cyclin D1 *°. Additionally, mitochondrial localization of

hTERT provides protection against oxidative stress-
induced damage and apoptosis, contributing significantly
in OSCC %. These
pleiotropic functions position telomerase as a central hub

to chemoresistance observed

regulating multiple malignant phenotypes in OSCC
beyond simple telomere length maintenance.

hTERT Regulation Mechanisms (Table:2)

hTERT expression is regulated through transcriptional
control, epigenetic modifications, alternative splicing,
and post-transcriptional regulation 2. Understanding
these regulatory layers is essential for developing

targeted therapeutic strategies.

Table 2. Mechanisms of hTERT Regulation in OSCC

Regulatory Level Mechanism Key Regulators

Transcriptional
Activation

Transcription factor binding

Y6 ATERT promater c-Myc, Spl, NF-kB, ETS

Effect on hTERT Therapeutic Relevance

¢-Myc inhibitors;

Upregulation NF-kB antagonists

Transcriptional
Repression

Tumor suppressor binding

to hTERT promoter p53, WT1, CTCF

p53 restoration

Downregulation strategies

Promoter De novo ETS binding sites
Mutation (C228T / C250T)

Mutation-specific

ETS transcription factors targeting

Constitutive activation

DNA methylation &
histone modification

Context-dependent HDAC / DNMT

DNMTs, HDACs, H3K4me3 activation inhibitors

Epigenetic

Alternative Dominant-negative SR proteins, splicing factors Reduced net activity Splice-switching

Splicing isoform generation

oligonucleotides

Post-transcriptional miRNA binding to
(miRNA) hTERT 3'UTR

miR-512-5p, miR-138,
miR-21, miR-155

miRNA mimics /
antagomiRs

Direct suppression
or indirect activation

Table 2: Multi-level regulatory mechanisms governing hTERT expression in OSCC, including transcriptional, epigenetic,

splicing, and miRNA-mediated control

Transcriptional Regulation

The hTERT promoter contains binding sites for
numerous transcription factors. Oncogenic transcription
factors including c-Myc, Spl, and NF-kB activate
hTERT transcription in cancer cells 222%, Conversely,

tumor suppressors such as p53 and WT1 repress hTERT

expression . In OSCC, dysregulation of these
transcription ~ factors  contributes to  telomerase
reactivation. Notably, hTERT promoter mutations

(C228T and C250T) create de novo ETS transcription

factor binding sites, occurring in approximately 5-10%

©2026, IJIMACR

of OSCC cases and correlating with aggressive
phenotypes 2526,

Epigenetic Modifications

Epigenetic mechanisms profoundly influence hTERT
expression through DNA methylation and histone
modifications. Promoter hypermethylation paradoxically
associates with increased hTERT expression in some
cancers through complex chromatin remodeling #.
Histone modifications, including H3K4 trimethylation
and H3K9 acetylation at the hTERT promoter, correlate
DNA

with transcriptional activation 28,

methyltransferases and histone deacetylases represent
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potential therapeutic targets for modulating telomerase
activity %°.

Post-transcriptional Regulation

Alternative splicing generates multiple hTERT transcript
variants with distinct functional properties %. Full-length
hTERT exhibits telomerase activity, while splice
variants lacking critical reverse transcriptase domains act
as dominant-negative inhibitors 3. The balance between
active and inactive isoforms influences net telomerase
activity in OSCC cells *2. Post-transcriptional regulation

by miRNAs adds another regulatory layer, with specific

miRNAs directly targeting hTERT mRNA or
modulating upstream signaling pathways controlling
hTERT expression %,

miRNA-Telomerase Interactions (Table-3)
MicroRNAs regulate telomerase through direct targeting
of hTERT mRNA or indirect modulation of signaling
pathways and transcription factors controlling hTERT
expression. Several miRNAs demonstrate altered
expression in OSCC with functional roles in telomerase

regulation.

Relative miRNA Expression Levels During Oral Carcinogenesis

miR-512-5p 1 1.0
miR-138 1 1.0
miR-203 1 1.0
miR-31 1 1.0
miR-21 4 1.0 el
miR-155 A 1.0 1.2
miR-146a - 1.0 11
miR-184 - 1.0 0.8
Norlmal MEId Severe
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Figure 4: Relative expression levels of key miRNAs during oral carcinogenesis. Tumor suppressor miRNAs (miR-512-5p,

miR-138, miR-203) progressively decrease, while oncogenic miRNAs (miR-21, miR-155) increase from normal mucosa

to advanced OSCC.
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miR-512-5p

Expression in 0SCC

Downregulated

Regulation Type

Direct

Target / Mechanism

Binds hTERT 3'UTR;
mRNA destabilisation

Table 3. Key miRNAs Regulating Telomerase Activity in OSCC

Effect on Telomerase

Suppression of hTERT
expression & activity

Therapeutic Potential

miRNA mimic
restoration therapy

miR-138

Downregulated

Indirect

Targets c-Myc, p-catenin;

ERK pathway inhibition

Reduced hTERT
transcription

mIiRNA mimic;
anti-invasion

miR-21

Upregulated

Indirect (oncomiR)

Suppresses PTEN;
activates AKT/ERK

Enhanced hTERT
transcription

AntagomiR-21
targeting

miR-155

Upregulated

Indirect (oncomiR)

PI3K/AKT, NF-kB,
TRF1 targeting

Enhanced telomerase
activity; telomere fragility

AntagomiR-155
therapy

miR-31

Context-dependent

Indirect

Multiple invasion/
proliferation targets

Variable; pathway-
dependent modulation

Biomarker; context-
specific therapy

Putative hTERT

miR-1182 Downregulated Direct (predicted)

3'UTR binding

Potential suppression

(validation needed) iEstastarsl

Table 3: Key miRNAs regulating telomerase activity in OSCC: expression status, regulatory mechanism, effect on

telomerase, and therapeutic potential.
Direct NTERT-Targeting miRNAs
miR-512-5p represents the most extensively validated
and well-characterized direct hTERT suppressor in
human cancers. This miRNA binds specifically to
conserved sequences within the hTERT 3'UTR, inducing
translational repression and mMRNA destabilization
miRNA-mediated

mechanisms . In OSCC, miR-512-5p expression is

through  canonical regulatory
significantly downregulated compared to normal oral
mucosa, and this downregulation correlates strongly
with hTERT overexpression and enhanced telomerase
activity in tumor tissues *. Functional studies involving
experimental restoration of miR-512-5p in OSCC cell
lines through transfection of synthetic miRNA mimics
demonstrate substantial reductions in hTERT expression
at both mRNA and protein levels, accompanied by
significant inhibition of cell proliferation, colony
formation capacity, and induction of apoptotic cell death
%, These findings establish miR-512-5p as a critical
tumor suppressor in OSCC through direct telomerase
regulation. Additional miRNAs including miR-1182,
miR-1207-5p, and miR-1266 have been computationally
predicted or experimentally validated as hTERT

regulators in various cancer types, though their specific

©2026, IJIMACR

functional roles in OSCC require further investigation 3"
38.

Indirect Regulatory miRNAs

Multiple miRNAs indirectly regulate telomerase activity
by targeting upstream signaling components,
transcription factors, and pathway modulators that
control hTERT expression. miR-138 functions as a
tumor suppressor by directly targeting and suppressing
c-Myc, one of the most potent transcriptional activators
of the hTERT promoter, as well as other oncogenic
transcription factors involved in telomerase regulation .
In OSCC tissues and cell lines, miR-138 expression is
significantly downregulated compared to normal
controls, and this down regulation associates with
increased hTERT levels, enhanced telomerase activity,
and aggressive tumor behavior including increased
invasion and metastatic potential *°. Conversely, miR-21,
one of the most frequently and consistently upregulated
miRNAs in OSCC, promotes telomerase activity through
activation of the AKT and ERK signaling pathways by
targeting and suppressing PTEN and other negative
regulators of these pathways #**2. The resulting
hyperactivation of AKT/ERK signaling enhances

hTERT transcription through multiple downstream
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effectors. Similarly, miR-155 modulates telomerase
through complex effects on multiple interconnected
signaling networks including the PI3K/AKT pathway,
NF-xB signaling, and other oncogenic cascades that
converge on hTERT transcriptional regulation *. These
indirect regulatory mechanisms create intricate feedback
loops between mMIRNA networks and telomerase
regulation in OSCC.

miR-31 in OSCC

miR-31 exhibits complex, context-dependent roles in
OSCC. Studies report both upregulation and down
regulation depending on tumor stage, anatomical subsite,
and patient population #*°, miR-31 targets multiple
genes involved in proliferation, invasion, and metastasis,
with potential indirect effects on telomerase through
signaling pathway modulation “. The precise
relationship between miR-31 and telomerase activity in

OSCC warrants further investigation.

Circulating miRNAs

Circulating miRNAs in blood, saliva, and other body
fluids represent promising non-invasive biomarkers for
OSCC detection and monitoring #. Specific miRNA
signatures, including panels incorporating miR-31, miR-
21, and miR-184, achieve diagnostic accuracy with AUC
values of 0.776-0.88 for distinguishing OSCC from
healthy controls “4°, While direct correlations between
circulating miRNA levels and telomerase activity require
validation, these biomarkers offer potential for early
detection and treatment monitoring.

Molecular Mechanisms and Pathways

The interplay between miRNAs and telomerase in
OSCC involves complex signaling networks that
regulate proliferation, survival, invasion, and therapeutic

resistance.

Key Signaling Pathways Linking miRNAs and Telomerase in OSCC

Growth Factors
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THF-a /| NF-xB
Signals

|

—
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Figure 5: Integrated signaling network linking oncogenic and tumor-suppressor miRNAs to hTERT/telomerase activation
in OSCC via PI3K/AKT, MAPK/ERK, Wnt/B-catenin, and NF-xB pathways.

AKT/ERK Signaling

The PI3BK/AKT and MAPK/ERK signaling pathways are
frequently hyperactivated in OSCC due to genetic

alterations, growth factor receptor overexpression, and
loss of negative regulators, and these pathways directly

requlate. hTERT  expression through  multiple

42
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mechanisms . AKT phosphorylates and activates
numerous transcription factors including c-Myc, NF-«xB,
and others that bind to and activate the hnTERT promoter,
thereby enhancing hTERT transcription . Similarly,
ERK signaling promotes hTERT expression through
phosphorylation-dependent activation of ETS family
transcription ~ factors and other transcriptional
mechanisms that converge on the hTERT promoter %2,
miRNAs modulate these pathways at multiple regulatory
miR-21
activates AKT signaling by suppressing PTEN, a critical
inhibits ERK

signaling through direct targeting of upstream kinases in

nodes, creating complex feedback loops:

negative regulator, while miR-138
the MAPK cascade 53%. This creates intricate regulatory
networks where miRNA dysregulation drives telomerase
activation through coordinated modulation of multiple
signaling pathways.

Whnt/g-Catenin Pathway

The Wnt/B-catenin signaling pathway plays critical and
multifaceted roles in OSCC development, progression,
and maintenance of cancer stem cell populations .
Beyond its well-established role as a transcriptional
regulator of hTERT, recent discoveries have revealed
that hTERT physically interacts with [-catenin and
associates with chromatin at Wnt target gene promoters,
functioning as a transcriptional cofactor that amplifies
Wnt signaling output independent of its catalytic
telomerase activity 6. This noncanonical function
creates a bidirectional relationship where Wnt signaling
activates hTERT expression, and hTERT protein in turn
enhances Wnt-mediated transcription of proliferation-
promoting genes including c-Myc, cyclin D1, and others.
miRNAs including miR-138 and miR-203 suppress Wnt
signaling by directly targeting multiple pathway
TCF/LEF

components  including p-catenin  and

©2026, IJIMACR

transcription factors, thereby indirectly reducing both
hTERT expression levels and its transcriptional cofactor
functions 5758, This creates a complex regulatory
network where miRNA-mediated suppression of Wnt
signaling simultaneously reduces telomerase expression
and blocks its noncanonical oncogenic functions.
Apoptosis and Chemoresistance

Telomerase activation contributes to apoptosis resistance
hTERT inhibits

mitochondrial apoptosis by reducing cytochrome c

and chemoresistance in OSCC .

release and caspase activation . Telomerase-mediated
upregulation of anti-apoptotic proteins including Bcl-2
and survivin enhances survival signaling . miRNAs
modulate these processes: tumor suppressor miRNAS
promote apoptosis by reducing hTERT, while oncogenic
miRNAs enhance chemoresistance through telomerase
activation 2,

Epithelial-Mesenchymal Transition

EMT enables invasion and metastasis in OSCC ©2.
Telomerase promotes EMT through transcriptional
regulation of EMT-inducing factors including Snail,
Slug, and Twist 5. hTERT enhances mesenchymal
markers (vimentin, N-cadherin) while suppressing
epithelial markers (E-cadherin) ®. miRNAs regulate
EMT-telomerase interactions: miR-138 and miR-203
suppress both EMT and telomerase activity, while miR-
21 promotes both processes 57,

Role in OSCC Pathogenesis

Telomerase reactivation and miRNA dysregulation are
0osccC

progression, and therapeutic resistance.

interconnected  drivers of development,
Tumor Initiation and Progression

Telomerase activation occurs early in the multistep
process of oral carcinogenesis and is detectable in

premalignant lesions with progressively increasing
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frequency during malignant transformation °. This early
reactivation of telomerase is functionally critical because
it enables the accumulation of multiple genetic and
epigenetic alterations by preventing replicative crisis and
allowing sustained clonal expansion of cells harboring
oncogenic mutations ., Without telomerase reactivation,
pre-malignant cells would undergo senescence after a
limited number of divisions. miRNA dysregulation
parallels and contributes to telomerase activation during
oral carcinogenesis, with progressive and coordinated
changes in miRNA expression profiles observed from
normal oral mucosa through various grades of dysplasia
to invasive carcinoma %% Specifically, the coordinated
downregulation of tumor suppressor miRNAs that target
hTERT (such as miR-512-5p and miR-138) combined
with upregulation of oncogenic miRNAs that promote
telomerase activity (such as miR-21 and miR-155)
facilitates the sustained proliferative capacity and
genomic instability that are hallmark characteristics of
OSCC development.

Metastasis and Invasion

Telomerase contributes significantly to the metastatic
potential of OSCC through both its canonical telomere
maintenance functions and diverse noncanonical
activities 7. Telomere maintenance enables the extensive
proliferation required for successful metastatic
colonization at distant sites, as metastatic cells must
undergo numerous cell divisions to establish secondary
hTERT’s

cofactor activities directly promote expression of

tumors.  Simultaneously, transcriptional

invasion-associated genes including matrix
metalloproteinases, EMT transcription factors, and other
pro-metastatic factors 8, miRNAs modulate metastatic
processes through coordinated effects on telomerase and
metastasis-related

numerous other targets:

©2026, IJIMACR

downregulation of tumor suppressor miRNAs including
miR-138 and miR-203 combined with upregulation of
oncogenic miRNAs including miR-21 and miR-155
creates a permissive molecular environment that
facilitates and metastatic

invasion, intravasation,

colonization “%43, This coordinated dysregulation
represents a critical mechanism enabling aggressive
metastatic behavior in advanced OSCC.

Therapeutic Resistance

Telomerase activation contributes to resistance against
oscc %

Mechanisms include enhanced DNA repair, apoptosis

chemotherapy and radiotherapy in
resistance, and maintenance of cancer stem cells 8% 61,
miRNA-mediated regulation of telomerase influences
therapeutic sensitivity: restoration of tumor suppressor
miRNAs targeting hTERT enhances chemo sensitivity,
while oncogenic miRNAs promote resistance 2.
Understanding these interactions offers opportunities for
combination therapies targeting telomerase and miRNA
regulatory networks.

Diagnostic and Prognostic Biomarkers (Table:4)
Telomerase activity, hTERT expression, and telomerase-
regulatory miRNAs demonstrate significant potential as

diagnostic and prognostic biomarkers in OSCC.
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Chang et al. 2018
(3-miRNA Panel - AUC)

Liu et al. 2018
(miR-31 - Plasma Biomarker)

Kannan et al. 1997
(Telomerase - Premalignant)

Patel et al. 2002
(Telomerase - Head & Neck)

Sumida et al. 1998
(TRAP assay - OSCC vs Benign)

Gonzélez-Moles et al. 2022
(Disease-Free Survival - pooled)

Gonzdlez-Moles et al. 2022
(Overall Survival - pooled)

Forest Plot: Prognostic Value of hTERT/Telomerase Biomarkers in OSCC
(Meta-Analysis Data)
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Figure 6: Forest plot of hazard ratios (HR) with 95% confidence intervals from key studies reporting the prognostic value

of hTERT overexpression and telomerase activity in OSCC. HR >1 indicates increased risk of mortality/recurrence.

Biomarker

Table 4. Diagnostic and Prognostic Biomarker Performance in OSCC

Sample Type Detection Method Sensitivity Specificity AUC / HR

Clinical Application

hTERT protein Tissue biopsy Immunchistochemistry (IHC) 82-91% 78-88% HR = 3.01 (0S) Prognosis; treatment stratification
Telomerase activity Tissue biopsy TRAP assay 85-93% 80-92% HR = 2.45-2.80 Diagnosis; malignancy grading
miR-31 Plasma / Saliva qRT-PCR 76-84% 72-80% AUC = 0.78-0.82 Early detection; recurrence monitoring
miR-21 Plasma / Tissue qRT-PCR / ISH B0-87% 74-82% AUC = 0.80-0.85 Diagnosis; chemoresistance prediction
(ﬁ;m:‘;;ﬁ%ﬂ) saliva GRT-PCR multiplex 83-88% 80-86% AUC = 0.776-0.88 Non-invasive early detection
miR-138 Tissue qRT-PCR / IHC 72-80% 70-78% Prognostic (inverse) Invasion / metastasis prediction
”TEPELJME':;‘:‘?'“E Tissue biopsy IHC + TRAP 90-95% 85-92% HR = 4.03 (DFS) Comprehensive prognostic model

Table 4: Performance characteristics of telomerase and miRNA biomarkers for OSCC diagnosis and prognosis, including

sensitivity, specificity, AUC, and clinical applications.
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Figure 7: Diagnostic AUC values of circulating miRNA, salivary miRNA panel, tissue-based telomerase, and combined
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biomarkers for OSCC detection.
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Tissue-Based Biomarkers

Immunohistochemical detection of hTERT protein
expression in OSCC tissue specimens correlates
significantly with multiple adverse clinicopathological
parameters including tumor grade, clinical stage, depth
of invasion, lymph node metastasis, and overall
prognosis ®°. Comprehensive meta-analyses pooling data
from multiple independent studies demonstrate that
hTERT overexpression in OSCC tissues associates with
substantial increases in mortality risk, with hazard ratios
of 3.01 for overall survival and 4.03 for disease-free
survival, establishing hTERT as a robust independent
prognostic biomarker 7. Telomerase activity measured
by the TRAP (Telomeric Repeat Amplification Protocol)
assay, which quantitatively assesses the functional
enzymatic activity of the telomerase complex,
effectively distinguishes malignant oral lesions from
benign conditions with high sensitivity and specificity °.
Importantly, combined assessment integrating both
hTERT expression levels and functional telomerase
activity measurements improves prognostic stratification
compared to evaluation of either biomarker alone .
Circulating Biomarkers

Circulating miRNAs detected in blood, saliva, and other
readily accessible body fluids offer significant promise
as non-invasive biomarkers for OSCC detection, risk
stratification, and treatment monitoring 4. Salivary
miRNA panels incorporating specific combinations of
miRNAs including miR-31, miR-21, and miR-184
achieve impressive diagnostic accuracy with area under
the receiver operating characteristic curve (AUC) values
ranging from 0.776 to 0.88 for distinguishing OSCC
patients from healthy controls, demonstrating clinically
relevant sensitivity and specificity 84, Plasma-based

miRNA signatures demonstrate similar diagnostic

©2026, IJIMACR

performance and additionally correlate with tumor
burden, treatment response, and disease recurrence *.
While direct measurement of circulating telomerase
activity in body fluids faces technical challenges,
combined biomarker panels integrating circulating
miRNA measurements with other molecular markers
may enhance diagnostic accuracy.

Prognostic Stratification

Integration of telomerase biomarkers with clinical
parameters improves prognostic models for OSCC. High
telomerase activity combined with advanced stage and
lymph node metastasis identifies patients at highest risk
for recurrence and mortality . miRNA expression
profiles, telomerase-

particularly those involving

regulatory miRNAs, provide additional prognostic

information %% Multi-marker panels incorporating

telomerase activity, hTERT expression, and key
miRNAs may enable personalized treatment strategies.
Therapeutic Strategies (Table:5)

Targeting telomerase and its miRNA regulators
represents a promising therapeutic approach for OSCC,

with multiple strategies under investigation.
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Table 5. Therapeutic Strategies Targeting Telomerase and miRNA Regulators in OSCC

Strategy Agent / Approach Target Preclinical Evidence Clinical Status

Key Challenges

Apoptosis induction;
reduced proliferation in 0SCC
xenografts

siRNA-mediated
Telomerase Inhibition

hTERT-targeting siRNAs.
(e.g., si-hTERT)

Preclinical only Delivery to tumor;

hTERT mRNA (0SCC) off-target effects

Small Molecule

Imetelstat (GRN163L);
Inhibitors MST-312

Phase Il (non-0SCC);
no OSCC trials

hTR template;
hTERT catalytic site

Tumor growth inhibition

Efficacy in solid tumors;
in multiple cancer models i

resistance via ALT

miRNA Mimics
(Tumer Suppressor)

miR-512-5p mimic;
miR-138 mimic

hTERT 3'UTR;
c-Myc / ERK

Reduced hTERT; inhibited
growth & invasion in OSCC

Delivery; stability;

Investigational off.target effects

AntagomiRs
{Oncogenic miRNA)

Anti-miR-21;
anti-miR-155

Enhanced apoptosis;
chemosensitisation in OSCC

Immune activation;

miR-21; miR-155 tissue specificity

Phase | (non-0SCC)

Telomerase
Peptide Vaccines

hTERT immunogenic Immune activation; Phase I-1Il
epitopes tumour regression in models (non-0SCC cancers)

Patient selection;

GV1001; GRNVAC1 immune tolerance

Combination hTERT siRNA + hTERT +

Synergistic apoptosis;
Therapy cisplatin / 5-FU / RT DNA damage

Preclinical only Toxicity; optimal
overcome chemoresistance (oscc)

dosing & sequencing

Table 5: Summary of therapeutic strategies targeting telomerase and miRNA regulators in OSCC: agent, target, preclinical

evidence, clinical status, and key challenges.
Direct Telomerase Inhibition

RNA interference-mediated knockdown of hTERT using
specifically designed small interfering RNAs (SiRNAS)
effectively suppresses telomerase activity and potently
inhibits OSCC cell proliferation in both in vitro cell
culture systems and in vivo xenograft tumor models 70",
hTERT-targeting siRNAs induce multiple anti-tumor
effects including apoptotic cell death, reduced invasive
capacity, and enhanced sensitivity to conventional
chemotherapeutic agents in preclinical OSCC models .
telomerase inhibitors
(GRN163L), a lipid-conjugated
targets the RNA

component of telomerase,

Small molecule including
imetelstat
oligonucleotide that template
demonstrate significant
antitumor activity in various cancer types, though
systematic clinical evaluation specifically in OSCC
remains limited . Alternative therapeutic strategies
include modulation of alternative splicing patterns to
favor production of catalytically inactive hTERT
isoforms that can act as dominant-negative inhibitors 2.
mMiRNA-Based Therapeutics

Restoration of tumor suppressor miRNAs that directly or
indirectly target hTERT offers significant therapeutic

potential for OSCC treatment. Synthetic miR-512-5p

©2026, IJIMACR

mimics, which are chemically modified double-stranded
RNA molecules designed to recapitulate endogenous
miRNA function, effectively reduce hTERT expression
and inhibit OSCC cell growth and tumor development in
preclinical studies 6. Similarly, delivery of miR-138
mimics suppresses both proliferation and invasion
through combined effects on hTERT and other

oncogenic targets including components of invasion-

promoting signaling pathways*. Conversely,
antagomiRs (chemically modified antisense
oligonucleotides designed to specifically inhibit

oncogenic miRNAs) targeting miR-21, miR-155, and
other oncogenic mMiRNAs that promote telomerase
activity demonstrate significant antitumor effects in
preclinical models *#3, Combination approaches using
multiple miRNA therapeutics simultaneously targeting
different nodes in telomerase regulatory networks may
achieve synergistic efficacy. However, challenges
including efficient delivery to tumor cells, minimizing
off-target effects, and achieving sufficient intracellular
concentrations must be addressed for clinical translation.
Immunotherapy

hTERT represents an attractive immunotherapy target

due to its cancer-specific expression and immunogenic
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epitopes ™. Telomerase peptide vaccines including
GV1001 and GRNVAC1 have been evaluated in clinical
trials, demonstrating acceptable safety and immune
responses 47", hTERT-specific T cell therapies and
CAR-T approaches are under development ™. While
clinical data in OSCC are limited, the high frequency of
telomerase  reactivation = makes  immunotherapy
appealing.

Combination Therapies

Combining telomerase inhibition with conventional
chemotherapy or radiotherapy may overcome resistance.

Preclinical studies demonstrate that hTERT knockdown

sensitizes OSCC cells to cisplatin, 5-fluorouracil, and
radiation "®71, Combining miRNA therapeutics targeting
telomerase with other targeted agents (EGFR inhibitors,
PI3K/AKT inhibitors) may achieve synergistic effects
%051 Rational combination strategies based on molecular
profiling could optimize efficacy while minimizing
toxicity.

Clinical Evidence and Trials

While preclinical evidence strongly supports telomerase
and miRNA targeting in OSCC, clinical translation

remains in early stages.

Table 6. Key Clinical Trials Involving Telomerase-Targeted Therapies

Trial / Agent

Imetelstat
(GRN163L)

Phase Il
(Randomised)

Cancer Type

NSCLC (maintenance)

Intervention

Imetelstat vs placebo
post-chemotherapy

Primary Outcome

PFS

Key Findings

Acceptable safety;
limited PFS benefit

GV1001
(TeloVac)

Phase Ill

Pancreatic cancer

GV1001 + gemcitabine
vs gemcitabine alone

Overall survival

No survival benefit;
immune responses observed

GRNVAC1

Phase I/l

NSCLC

hTERT peptide vaccine
+ adjuvant

Safety; immune response

Well tolerated;
T-cell responses in 75%

MRX34
(miR-34a mimic)

Phase |

Advanced solid tumors

Liposomal miR-34a
mimic IV

Safety; dose-finding

Terminated: immune-
related adverse events

0SCC-specific

None completed

0scc

High unmet need;

telomerase trials

clinical trials urgently required

Table 6: Key clinical trials evaluating telomerase-targeted therapies, highlighting outcomes and the absence of completed

OSCC-specific trials

Telomerase Inhibitor Trials

Imetelstat, a lipid-conjugated oligonucleotide targeting
the hTR template region, has been evaluated in phase Il
trials for hematologic malignancies and solid tumors .
A randomized phase |1 trial in non-small cell lung cancer
demonstrated acceptable safety but limited efficacy as
maintenance therapy™. No completed trials specifically
in OSCC have been reported, though the high telomerase
activity in oral cancers provides rationale for clinical
investigation.

Telomerase Vaccine Trials

GV1001, a 16-amino acid hTERT peptide vaccine, has
been tested in multiple cancer types 7. A phase Il trial

in pancreatic cancer failed to demonstrate survival

©2026, IJIMACR

benefit when combined with chemotherapy ”’. A phase
I/11 trial in non-small cell lung cancer showed immune
responses and acceptable toxicity 4. These results
highlight challenges in telomerase immunotherapy,
including patient selection, combination strategies, and
immune response optimization. OSCC-specific trials are
needed to evaluate efficacy in this indication.

mMiRNA Therapeutic Development

mMiRNA therapeutics are advancing through clinical
development for various diseases, though none
specifically target OSCC or telomerase regulation.
MRX34, a liposomal miR-34a mimic, reached phase I
trials in solid tumors before termination due to immune-

related adverse events 2. This experience underscores
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delivery and safety challenges for miRNA therapeutics.

Next-generation delivery systems including
nanoparticles and exosomes may improve therapeutic
index 2,

Biomarker Validation Studies

Multiple studies have validated telomerase activity and
hTERT expression as prognostic biomarkers in OSCC
cohorts %, However, prospective validation in large,

multi-center trials is needed for clinical implementation.

Challenges in Clinical Translation of

Circulating miRNA biomarkers show promise in
retrospective studies 4%, but require prospective
validation with standardized protocols. Integration of
telomerase and miRNA biomarkers into clinical decision
algorithms awaits completion of these validation studies.
Challenges and Future Directions

Despite promising preclinical data, several challenges
must be addressed to translate telomerase-miRNA

targeting into clinical practice for OSCC.

Telomerase-miRNA Therapies for OSCC —#— Current Challenge Level

(Severity Score 1-10)

Resistance
Mechaniss

Clinical Trial

BiomarRke off-target
Validation Effects

Oelivery
Optimisation

~&- Target (Addressable Level)

Figure 8: Radar chart depicting the severity of key challenges (scored 1-10) in translating telomerase-miRNA therapies

from preclinical to clinical practice in OSCC, alongside target levels addressable through future research.

Delivery and Specificity
Efficient delivery of siRNAs, miRNA mimics, and
antagomiRs to tumor cells remains a major challenge.
barriers

Systemic delivery faces including rapid

degradation, immune recognition, and off-target
accumulation %2, Tumor-targeted delivery systems using
nanoparticles, liposomes, or exosomes may improve
specificity and reduce toxicity . Local delivery

approaches for OSCC, including direct injection or

©2026, IJIMACR

topical application, may circumvent systemic delivery
challenges.

Tumor Heterogeneity

OSCC exhibits substantial intra-tumoral and inter-
patient heterogeneity in telomerase activity, hTERT
expression, and miRNA profiles 8. This heterogeneity
may limit single-target approaches and necessitate
combination strategies. Single-cell analyses and spatial
profiling can characterize heterogeneity and identify

resistance mechanisms 8, Adaptive treatment strategies
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based on biomarker monitoring may address evolving
tumor biology.

Resistance Mechanisms

Cancer cells may develop resistance to telomerase
inhibition through alternative lengthening of telomeres
(ALT), a recombination-based mechanism 7. While
ALT is rare in OSCC, monitoring during telomerase-
targeted therapy is important. Resistance to mMiRNA
therapeutics may occur through mutations in binding
sites, altered mMiRNA processing, or compensatory
pathway activation ®2. Understanding and preventing
resistance requires mechanistic studies.

Clinical Trial Design

Optimal clinical trial design for telomerase-targeted
therapies in OSCC requires careful consideration of
patient selection, endpoints, and combination strategies.
Biomarker-driven trials enrolling patients with high
telomerase activity may enrich for responders ™.
Neoadjuvant trial designs in resectable OSCC enable
assessment of biological activity and identification of
response biomarkers 8. Adaptive trial designs can
accelerate development.

Future Research Priorities

Key research priorities include: (1) comprehensive
miRNA-telomerase

characterization  of regulatory

networks  using  multi-omics  approaches;  (2)
development of improved delivery systems for nucleic
acid therapeutics; (3) identification of predictive

biomarkers for telomerase-targeted therapies; (4)
mechanistic studies of resistance mechanisms and
combination strategies; (5) prospective validation of
telomerase and miRNA biomarkers in large cohorts; and
(6) early-phase clinical trials evaluating telomerase
inhibitors, miRNA therapeutics, and immunotherapies in

OSCC patients.

©2026, IJIMACR

Conclusion

Telomerase reactivation through hTERT upregulation is
a hallmark of OSCC pathogenesis, occurring in over 80-
90% of cases and conferring unlimited replicative
potential through canonical telomere maintenance and
noncanonical signaling functions. MicroRNAs have
emerged as critical regulators of telomerase activity,
with miR-512-5p directly targeting hTERT mRNA and
other miRNAs (miR-138, miR-21, miR-31, miR-155)
modulating telomerase through signaling networks
including AKT/ERK and Wnt/B-catenin pathways.
These

metastasis, and therapeutic resistance.

interactions drive proliferation, invasion,
Telomerase activity and hTERT expression demonstrate
robust prognostic value, with hazard ratios of 3.01 for
overall survival and 4.03 for disease-free survival.
Diagnostic applications include tissue-based
immunohistochemistry and TRAP assays, as well as
circulating miRNA panels achieving AUC values of
0.776-0.88. These biomarkers offer potential for early
diagnosis, prognostic stratification, and treatment
monitoring.

Therapeutic strategies targeting telomerase and its
miRNA regulators show promise in preclinical studies.
SsiRNA-mediated hTERT knockdown, miRNA mimics
and antagomiRs, and hTERT-targeted immunotherapy
demonstrate tumor growth suppression and enhanced
chemosensitivity. However, clinical translation faces
challenges including delivery optimization, tumor
heterogeneity, resistance mechanisms, and the need for
prospective validation.

Future research should focus on comprehensive

characterization of miRNA-telomerase regulatory
networks, development of improved delivery systems,

identification of predictive biomarkers, mechanistic
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studies of resistance and combination strategies, and

early-phase clinical trials in OSCC patients. Addressing

these challenges will

advance telomerase-miRNA

targeting from preclinical concept to effective clinical

therapy, potentially improving outcomes for OSCC

patients.
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