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ABSTRACT: Oral squamous cell carcinoma (OSCC) is an aggressive malignancy often diagnosed at advanced stages
and associated with poor prognosis. This review aims to summarize the role of Kirsten rat sarcoma viral oncogene
homolog (KRAS) signaling in OSCC progression, with particular emphasis on its involvement in the regulation of
autophagy, apoptosis, and oxidative stress. KRAS contributes to tumor progression despite the low frequency of
activating mutations, primarily through increased KRAS expression associated with activation of downstream signaling
pathways, including phosphoinositide 3-kinase/protein kinase B/mechanistic target of rapamycin (PI3K/AKT/mTOR)
and rapidly accelerated fibrosarcoma/mitogen-activated protein kinase kinase/extracellular signal-regulated kinase
(RAF/MEK/ERK). Collectively, KRAS is involved in a complex regulatory network comprising apoptosis, autophagy,
and oxidative stress, thereby influencing tumor cell survival and therapeutic resistance. Targeting these pathways
may represent a promising strategy to restore apoptotic responses and overcome treatment resistance in OSCC.

KEYWORDS: Oral squamous cell carcinoma; Kirsten rat sarcoma viral oncogene homolog (KRAS); reactive oxygen
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1 Introduction

Oral squamous cell carcinoma (OSCC) is the most common malignancy of the oral cavity and represents
a significant global health burden due to its high morbidity and mortality [1]. It is often diagnosed at advanced
stages and is associated with aggressive progression and poor survival outcomes [1]. Understanding the
molecular mechanisms driving OSCC is therefore critical for improving patient prognosis.

At the molecular level, OSCC development and progression involve dysregulation of multiple oncogenic
signaling pathways, notably the phosphoinositide 3-kinase/protein kinase B/mechanistic target of rapamycin
(PI3K/AKT/mTOR) and rapidly accelerated fibrosarcoma/mitogen-activated protein kinase kinase/extracellular
signal-regulated kinase (RAF/MEK/ERK) cascades [2,3]. These pathways regulate key cellular processes,
including proliferation, survival, migration, and invasion, and their aberrant activation directly contributes
to tumor growth and aggressiveness [2,3]. A central player in these pathways is Kirsten rat sarcoma viral
oncogene homolog (KRAS), a small GTPase that transduces signals from cell surface receptors to downstream
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effectors, including the RAF/MEK/ERK and PI3K/AKT/mTOR pathways [4]. Although RAS mutations,
including KRAS, are infrequent in OSCC, aberrant activation of RAS signaling promotes oncogenic
pathways such as RAF/MEK/ERK and PI3K/AKT/mTOR, driving cell proliferation, suppressing apoptosis,
and supporting survival mechanisms that contribute to therapy resistance [4]. However, considering that
KRAS acts as a downstream effector of receptor tyrosine kinase signaling, particularly epidermal growth
factor receptor (EGFR)-mediated signaling [5], RAS signaling may still be functionally relevant in OSCC
through mutation-independent mechanisms, including increased pathway activation driven by upstream
receptor signaling.

In addition to intrinsic molecular alterations, environmental and lifestyle factors strongly influence
OSCC development, including tobacco use, alcohol consumption, human papillomavirus (HPV) infection,
and chronic inflammation [6]. Tobacco and alcohol together account for 70-80% of OSCC cases and act
synergistically to promote carcinogenesis in oral tissues [6], through mechanisms such as oxidative stress,
DNA damage, inflammatory responses, and epigenetic alterations [7].

Oxidative stress, defined by the excessive accumulation of reactive oxygen species (ROS), represents
a key link between environmental exposures and cellular dysfunction. ROS can induce DNA damage,
lipid peroxidation, and mitochondrial dysfunction, and modulate signaling pathways such as MAPK and
PI3K/AKT/mTOR. Consequently, oxidative stress influences cellular processes like autophagy and apoptosis,
which are critical for maintaining homeostasis and determining cell fate [8].

Autophagy, an essential catabolic process responsible for the recycling of damaged organelles and
proteins, plays a key role in maintaining cellular homeostasis [9]. In OSCC, autophagy may function
both as an adaptive survival mechanism under metabolic stress and ROS-induced accumulation or as a
pathway leading to programmed cell death, depending on the signaling context and microenvironmental
conditions [9,10].

Apoptosis is frequently inhibited in many cancers through activation of KRAS and its downstream
signaling pathways, which promote cell survival by upregulating anti-apoptotic proteins (e.g., Bcl-2
family members) and suppressing pro-apoptotic molecules [11]. Constitutive KRAS signaling through the
PI3K/AKT/mTOR and RAF/MEK/ERK cascades, therefore, contributes to resistance to programmed cell
death and treatment failure [11]. In the context of OSCC, similar disruptions of apoptotic regulation promote
tumor progression and therapy resistance, with AKT and MAPK-mediated signaling pathways playing central
roles in enhancing cell survival [12]. Although KRAS-mediated signaling has attracted increasing attention
in OSCC, the complex interplay between KRAS, oxidative stress, autophagy, and apoptosis within the oral
tumor microenvironment remains poorly characterized, highlighting a critical gap in our understanding. A
deeper insight into these interactions is essential for identifying novel, personalised therapeutic strategies.
Accordingly, this review aims to synthesise current knowledge regarding the role of KRAS in OSCC, focusing
on its roles in MAPK and PI3K/AKT/mTOR pathways, regulation of autophagy, apoptosis, and emerging
therapeutic strategies targeting these pathways.

2 Molecular Normal Functions of KRAS
2.1 Upstream Regulation of KRAS

The KRAS protein plays a crucial role in cell growth and extracellular-to-intracellular signal
transduction [13-15]. It operates through active (GTP-bound) and inactive (GDP-bound) states. This self-
regulatory mechanism ensures that RAS signaling is transient and occurs only in response to specific external
signals [16]. Upon growth factor binding to the receptor tyrosine kinases (RTK), including EGFR, upstream
signaling events lead to activation of KRAS.
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2.2 Downstream Signaling of KRAS

Upon activation, KRAS initiates downstream signaling pathways, including the RAF/MEK/ERK and
PI3K/AKT/mTOR cascades. Therefore, the KRAS protein interacts with multiple effector proteins such as
RAF, PI3K, AKT, MEK, and MAPK) [16,17].

The RAF/MEK/ERK signaling pathway regulates gene expression and plays a crucial role in controlling
cell proliferation and differentiation [18]. In addition, the PI3K/AKT/mTOR pathway regulates cell survival,
metabolism, and growth and contributes to the inhibition of apoptosis [19].

Consequently, RAS signaling is essential for normal cellular responses to extracellular stimuli, regulating
processes such as cell cycle progression, survival, and differentiation, and thereby contributing to tissue
growth, repair, and homeostasis [20]. However, dysregulation of RAS activity, particularly through activating
mutations, can lead to constitutive signaling and promote cancer development due to uncontrolled cell
proliferation and enhanced cell survival [20,21].

3 KRAS-Mutant Biological Heterogeneity
3.1 RAS Gene Family and Mutation Frequency

The RAS gene family includes three genes—HRAS, KRAS, and NRAS—and is among the most frequently
mutated gene families in human cancer. Approximately 19% of patients with malignant tumors have
mutations in RAS genes, with KRAS accounting for about 75% of these alterations [22]. Therefore, the RAS
family has been of major interest in cancer research for more than 40 years [22]. The human proto-oncogene
KRAS is located on chromosome 12p12.1 and is commonly mutated, particularly in pancreatic cancer (80%
of cases), colorectal cancer (40%), and lung adenocarcinomas (about 30%) [14].

3.2 KRAS Hotspot Mutations

In cancers associated with RAS genes, missense mutations commonly occur at specific hotspots,
particularly at codons glycine 12 (G12), glycine 13 (G13), and glutamine 61 (Q61). Across all cancer types,
mutations at glycine 12 (G12) are the most frequent KRAS mutations and are highly oncogenic, representing
approximately 83% of KRAS mutations. The most common mutations include G12D (glycine to aspartic
acid), G12V (glycine to valine), G12C, G13D (glycine to aspartic acid), and Q61R [21]. Q61 mutations in
KRAS are relatively rare (~2%), with Q61H (glutamine to histidine) being the most common substitution,
accounting for approximately 57% of Q61 mutations [23].

3.3 Distribution of KRAS Mutations in Cancer

Mutant RAS isoforms are found in various types of cancer. KRAS is commonly associated with lung,
pancreatic, and colorectal tumors, NRAS with melanoma, and HRAS with bladder cancers. In non-small cell
lung cancer (NSCLC), KRAS is a common oncogenic driver, with the G12C mutation being the most frequent
substitution, followed by G12V, G12D, and G12A. KRAS mutations are prevalent in smoking-related NSCLC,
occurring more frequently in smokers (30%) than in non-smokers (10%) [24].

3.4 Functional Effects of RAS Mutations

Each of these mutations has distinct effects on the biochemical behavior and oncogenic potential
of RAS proteins. RAS mutations often maintain the protein in its active GTP-bound state, resulting in
persistent activation of signaling pathways such as the ERK pathway. This leads to continuous signaling
that promotes uncontrolled cell division and tumor growth [24].
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Understanding the heterogeneity of RAS-mutant tumors is essential for designing personalized
treatment approaches. Tailoring therapies to specific mutation subtypes may improve outcomes by addressing
the unique biology of each tumor.

4 The Prevalence of KRAS Mutation in OSCC
4.1 Low Prevalence of KRAS Mutations in OSCC

In OSCC, KRAS mutations are relatively rare. A study from 2024 found that none of the nine OSCC
samples from Romanian patients exhibited KRAS Q61 mutations when analyzed using droplet digital PCR
(ddPCR) [25]. In another study, samples from 26 patients with oropharyngeal squamous cell carcinoma
located at the tongue base (10 tumors), tonsil (12 tumors), and floor of the mouth (4 tumors) were analyzed
for KRAS and BRAF gene mutations, and none of them showed mutations in these genes [26]. Similarly, in
tongue squamous cell carcinoma (TSCC), a high-sensitivity mass spectrometry-based mutation profiling
platform was used to analyze 66 samples from Asian patients, and KRAS mutations were not identified [27].
Moreover, in oral carcinoma cell lines (HOC313, TSU, HSC2, HSC3, KOSC2, KOSC3, SCCKN, 0SC19,
Ca9.22, and Holul) compared with normal gingival fibroblasts (GF12 cells derived from a Japanese
population), no KRAS nucleotide substitutions were detected. The nucleotide substitutions were analyzed
using single-strand conformation polymorphism analysis [28].

4.2 Occasional Detection of KRAS Mutations in OSCC

However, a recent study from 2023 revealed that stop-codon mutations in KRAS were observed following
PCR amplification and DNA sequencing of the first two exons of the KRAS gene. The study also suggested
that KRAS mutations may occur more frequently in OSCC compared with HRAS and NRAS in the analysed
samples [29]. Additionally, one of the 42 OSCC samples evaluated by direct genomic sequencing of exon
1 of KRAS identified a KRAS G12D mutation [30]. Moreover, in another study involving 100 patients with
OSCC from South India, 13% of cases harboured the KRAS G12D mutation, and 9% showed the KRAS
G12V mutation, detected using the polymerase chain reaction-restriction fragment length polymorphism
(PCR-RFLP) method [31]. In contrast, no KRAS mutations were found in 47 OSCC samples, although two
polymorphisms (rs1137282 and rs712) were detected. Individuals with the KRAS SNP rs712 genotypes G/T
or T/T showed a reduced risk of OSCC compared with those with the G/G genotype. These data suggest a
potential role for the rs712 polymorphism of the KRAS gene in OSCC susceptibility [32].

In conclusion, the literature still offers limited reports on the frequency of KRAS mutations specifically
in OSCC. Several studies have analyzed KRAS mutation status across different populations and tumor sites.
While most reports found no detectable mutations, a few investigations identified low-to-moderate frequencies
of codon 12 mutations, such as G12D and G12V. Variability in reported mutation frequencies likely reflects
differences in geographic populations, tumor sites, or detection methods. Table 1 summarizes the reported
prevalence, mutation types, and methods used to detect KRAS alterations in OSCC.

Table 1: KRAS mutations in OSCC—summary of studies.

Sample KRAS Mutation

Population/Location Size Frequency Mutation Type/SNP Method Reference
OSCC pati . 0% (No mutations Nucleptl{le - y
patients, Romanian 9 detected) substitutions (KRAS Droplet digital PCR (ddPCR) [25]
Q61)
Oropharyngeal SCC . . Quantitative fluorescent PCR
- 0% (No mutations Nucleotide : : . .
(tongue base, tonsil, floor 26 detected) substitutions (QF-PCR) with a multiplex kit [26]

of mouth), Turkey and capillary electrophoresis
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Table 1: Cont.

Population/Location S'flmp le KRAS Mutation Mutation Type/SNP  Method Reference
Size Frequency
Tongue SCC, Asian 66 0% (No mutations Nucleotide Mass spectrometry-based [27]
patients detected) substitutions mutation profiling
10 tumor Nucleotide
Oral carcinoma cell lines . . substitutions affecting ~ PCR + Single-strand
L cell lines + 0% (No mutations . ; . y
vs. normal gingival coding sequence conformation polymorphism [28]
1 normal detected) . . . .
fibroblasts, Japan line (silent, missense, (SSCP) + direct sequencing
nonsense)
Nucleotide
. Stop-codon substitutions (point PCR amplification and DNA .
OSCC patients NR mutations detected mutation that results sequencing (exons 1-2) [29]
in a stop codon)
. PCR amplification and direct
2.4% (1 mutation Nucleotide DNA sequencing (exon 1)
OSCC patients, USA 42 . substitution (missense, . . g [30]
detected) verified by independent PCR
KRAS G12D) .
and reverse sequencing
Nucleotide
. . 22% total (13% G12D,  substitutions (KRAS PCR-Restriction Fragment .
OSCC patients, South India 100 9% G12V) codon 12 point Length Polymorphism (RFLP) [31]
mutations)
Single nucleotide
. . 0% (No mutations polymorphisms . .
OSCC patients, Taiwan 47 detected) (SNPs)—rs1137282, DNA sequencing [32]

rs712
Note: OSCC, Oral squamous cell carcinoma; SCC, Squamous cell carcinoma; NR, not reported in the available abstract; ddPCR,
Droplet digital polymerase chain reaction; QF-PCR, Quantitative fluorescent polymerase chain reaction; PCR, Polymerase
chain reaction; SSCP, Single-strand conformation polymorphism; RFLP, Restriction fragment length polymorphism; DNA,
Deoxyribonucleic acid; SNP, Single nucleotide polymorphism.

5 KRAS Protein and OSCC Development

Beyond its relatively low mutation frequency, KRAS signaling has also been implicated in OSCC
pathogenesis through functional regulatory mechanisms. For example, Wang et al. demonstrated that
knockdown of isoprenylcysteine carboxyl methyltransferase (ICMT) disrupts KRAS localization to the cell
membrane, leading to reduced tumor growth, inhibition of cell proliferation, induction of apoptosis, and
decreased migration and invasion in tongue squamous cell carcinoma (TSCC). ICMT catalyzes the final
post-translational methylation of KRAS, which is essential for its activity; ICMT deficiency thus suppresses
the protein’s function [33]. Moreover, downregulation of KRAS expression by miR-181d, a microRNA, has
been shown to inhibit cell growth and promote apoptosis in OSCC cells [34]. A similar effect has been
reported for miR-181a, which directly targets KRAS and downregulates KRAS protein expression. This
downregulation of KRAS leads to suppression of OSCC cell growth [35]. These findings suggest that KRAS
may contribute to tumor progression in OSCC.

6 The Expression Levels of KRAS in OSCC

Given the importance of alterations in KRAS signaling in OSCC, the expression levels of the KRAS
protein may also represent an important aspect of its biological role.

The level of KRAS protein in OSCC was reported to be lower than in oral epithelial precursor lesions
(OEPL) [36], but higher than in premalignant epithelial dysplasias [37], suggesting dynamic changes in
KRAS expression during tumour progression. An additional study has found that increased KRAS expression
correlates with advanced OSCC stages [38]. It is also associated with the male sex [36]. Furthermore, high
KRAS expression was observed in 17 out of 40 OSCC cases (42.5%), and this was associated with poor tumor
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differentiation (grade 3), greater tumor extent, presence of nodal and distant metastasis, higher pathological
stage, and the presence of lymphovascular invasion [37].

Additionally, KRAS expression has been reported to be associated with other molecular markers such
as Bcl-2, Ki-67, and Cyclin D1, which are involved in cell proliferation and survival. KRAS expression was
positively correlated with Bcl-2 and Cyclin D1 expression, suggesting that higher KRAS levels may be
associated with increased Bcl-2 expression and consequently reduced apoptosis in cancer cells [37].

These findings suggest that KRAS expression may be associated with invasion and metastasis in
OSCC, highlighting its potential as a prognostic marker for disease progression. Consequently, KRAS
expression could contribute to the clinical prognosis of OSCC by providing insight into tumor aggressiveness,
underscoring the importance of further investigation into KRAS-related mechanisms and potential
therapeutic targets. Studies involving larger cohorts are warranted to validate these observations.

Table 2 provides a comparative overview of KRAS expression across different OSCC cohorts, highlighting
variations in expression levels, associated clinicopathological features, and correlations with other molecular
markers. The table emphasizes the heterogeneity of KRAS expression in OSCC and its potential interactions
with key signaling pathways, offering insights into its role as a possible prognostic indicator and therapeutic
target.

Table 2: KRAS expression in OSCC and correlation with clinical and molecular parameters.

KRAS .
. . Clinical Molecular
Sample Size Expression lati lati Notes Reference
Level Correlations Correlations
KRAS expression Evaluated in the Igecr:a:;(griflsswn
is significantly  Higher KRAS (RASTR o /11\-:/[1?131( 0SCC vs. OEPLs,
lower in OSCC expression is ’ suggesting a role
than in OEPLs; significantly PISK/AKT/mTOR, in early
177 patients (132 males showed associated with male athwzéno carcinogenesis; [36]
OSCC + 45 OEPL) relatively higher sex in OSCC; no Is)i niﬁca}\]n,t higher levels in
KRAS expression  significant correlation cogrrelations of males may
compared with was observed with . maintain
KRAS alone with . ..
female OSCC age. functional activity
molecular
patients markers reported and contribute to
P progression
High KRAS
expression is
significantly .
. . KRAS expression
. associated with poor L
High KR. AS histological is mgmﬁcantly
expression (>50% . o higher in OSCC
.\ differentiation (grade .
positive tumor 3). larger tumor Positive compared with
40 OSCC patients + 20 cells) was > arg 1 . . oral epithelial
oral leukoplakia with ~ observed in 42.5% extent (TNM), noda correlation with dysplasia
1 . ) metastasis, distant Ki-67, Bcl-2, and : [37]
epithelial dysplasia of OSCC cases; . . Suggests KRAS
. metastasis, advanced Cyeclin D1 . .
cases low expression . . involvement in
pathological stage, expression

(<50% positive
tumor cells) in
57.5%.

and presence of
lymphovascular
invasion. No
significant association
with sex, tumor site,
or perineural invasion

tumor
progression and
potential
prognostic value
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Table 2: Cont.
. KRAS . Clinical Molecular
Sample Size Expression . . Notes Reference
Correlations Correlations
Level
KRAS expression
localized in
cytoplasm and
KRAS was cell membr‘ane;
expressed in all co-expression
. Higher expression in with PIK3CB
OSCC cases; high . . . .. .
. well-differentiated Highly significant  suggests possible
expression (score - )
. s OSCC and advanced positive cross-talk in
41 patients (31 OSCC 4, >70% positive .
; stage tumors (stage correlation advanced OSCC;
+ 10 normal oral cells) in 51.6% - ionifi [38]
mucosa controls) cases: moderate IV); no significant between KRAS control mucosa
> correlation with age, and PIK3CB showed minimal
expression (score : ) . L
sex, histological grade, expression expression; study

3, 40-80% positive
cells) in 25.8%
cases

or clinical stage emphasizes
potential
therapeutic
targeting of
RAS/PI3K/mTOR
pathways

Note: OSCC, Oral squamous cell carcinoma; OEPL, Oral epithelial premalignant lesion; TNM, Tumor, Node, Metastasis classification;
MAPK, Mitogen-activated protein kinase; PI3K, Phosphoinositide 3-kinase; AKT, Protein kinase B; mTOR, Mechanistic target of
rapamycin; STAT3, Signal transducer and activator of transcription 3.

Building on these findings, the observed associations between KRAS overexpression and advanced
tumor stage, metastasis, and poor differentiation support its potential role as a prognostic biomarker
for disease progression and classification of patients according to disease risk. Moreover, given its
involvement in key oncogenic pathways such as MAPK and PI3K/AKT/mTOR, KRAS may indirectly
influence tumor behavior, particularly through pathway activation, and could be relevant in the context of
targeted therapeutic strategies. Although direct evidence linking KRAS expression to treatment response
in OSCC remains limited, its association with proliferation- and survival-related markers (e.g., Ki-67, Bcl-2,
Cyclin D1) suggests a possible role in modulating therapeutic sensitivity. However, it should be noted
that evidence regarding KRAS expression in OSCC remains limited, and this area is still under active
investigation. Therefore, further investigation into KRAS-related signaling may help clarify its potential
utility in predicting treatment outcomes and guiding personalized management approaches in OSCC
patients.

7 KRAS-Related Signaling Pathways
7.1 The KRAS Protein and Downstream RAF/MEK/ERK Signaling Pathway in OSCC

The MAPK signaling pathway has very high complex role in OSCC, being a multifaceted pathway
involved in development and metastasis. This pathway is structured as a three-tier cascade involving MAPKKK
(e.g., RAF), MAPKK (e.g., MEK), and MAPK (e.g., ERK). The pathway comprises several key members,
including ERK (1/2; 3/4; 5; 7/8), Jun N-terminal kinase (JNK 1/2/3), and p38 o/3/v (ERK6)/d, each directing
distinct cellular outcomes: ERK1/2 primarily promotes survival, whereas JNK and p38 MAPK mediate
apoptotic responses [34].

KRAS acts as a pivotal upstream activator of the RAF/MEK/ERK pathway. In this cascade, KRAS
activates RAF, which subsequently triggers a kinase cascade involving MEK and ERK [39]. The crucial role
of KRAS-driven MAPK signaling is illustrated by Marconi et al., who demonstrated that KRAS mutations
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upregulate c-Myc through RAF/MEK/ERK activation in OSCC. This, in turn, elevates the expression of Bcl-2,
HIF-1, VEGF, and MMP-9, orchestrating invasive, metastatic, hypoxic, angiogenic, and inflammatory
processes within the tumor microenvironment [26].

Other molecular players further highlight the pathway’s importance. Overexpression of miR-654-5p
promotes OSCC progression, metastasis, and chemoresistance by activating the RAS/MAPK pathway.
It achieves this by downregulating GRAP, a negative regulator of RAS signalling, thus encouraging
epithelial-mesenchymal transition (EMT) [40]. Conversely, pharmacological inhibition of MAPK signalling
can induce tumour cell death. Semilicoisoflavone B (SFB) prompts apoptosis by raising ROS levels, reducing
pro-survival proteins like Survivin, and suppressing RAS/RAF/MEK and MAPK signalling, which ultimately
leads to caspase activation [41].

ERK1/2, the most extensively studied branch of the MAPK pathway, exerts its effects by phosphorylating
transcription factors such as ELK1, ETS, FOS, Jun, Myc, and Sp1, thereby modulating genes involved in
proliferation and the cell cycle [3]. Activated ERK1/2 further promotes tumor growth, migration, and
invasion by upregulating MMP2 and MMP9, which degrade the extracellular matrix and basement membrane,
facilitating metastatic dissemination [42,43].

Importantly, targeting ERK/MAPK may slow OSCC progression. For example, simultaneous downregulation
of ERK1/2 and PI3K/AKT/mTOR, along with suppression of cyclins D1 and E, causes G0/G1 cell cycle arrest
and reduces proliferation [44].

Overall, dysregulation of KRAS and ERK1/2 disturbs the balance of proliferation and differentiation,
promoting abnormal growth and survival, and ultimately aiding OSCC development. These findings emphasise
RAS and ERK1/2 signalling as promising therapeutic targets in managing OSCC.

7.2 KRAS and Apoptosis in OSCC

Apoptosis is a tightly regulated form of programmed cell death characterized by activation of caspases
following the release of pro-apoptotic factors such as cytochrome c from mitochondria. This process is
controlled by a balance between pro-apoptotic proteins (e.g., BAX, Bim, Puma, Bad) and anti-apoptotic
members of the Bcl-2 family (e.g., Bcl-2, Bel-xL, Mcl-1). Dysregulation of this balance—through upregulation
of anti-apoptotic proteins, downregulation of pro-apoptotic factors, or loss of tumor suppressor TP53—is a
common mechanism of apoptosis resistance in human cancers [11].

Studies in other cancer models have indicated that KRAS may regulate apoptosis through activation of
the PI3K/AKT and RAF/MAPK signaling pathways.

Consequently, KRAS can influence apoptosis by activating the PI3K/AKT/mTOR and RAF/MAPK
pathways, which promote cell survival. When KRAS activates PI3K, Rac is subsequently activated, leading
to the activation of nuclear factor kappa B (NF-kB), which promotes the transcription of anti-apoptotic
genes, including inhibitors of apoptotic proteins (IAPs) [11]. PI3K also activates AKT, a crucial protein in
reducing apoptosis. AKT inhibits caspase-9 and forkhead-box transcription factors (Fox), and inactivates
the pro-apoptotic protein Bad, which normally inhibits anti-apoptotic proteins Bcl-2 and Bel-xL [11].
Simultaneously, KRAS signaling via the RAF/MEK/ERK pathway can downregulate pro-apoptotic proteins
(e.g., Par-4, Bim) and upregulate anti-apoptotic proteins such as Mcl-1 and Bcl-2, further enhancing apoptosis
resistance [11,45].

In OSCC, KRAS and other RAS proteins disrupt apoptosis and promote tumor progression.
KRAS activation through the Raf-MEK-ERK/MAPK and PI3K-AKT axes facilitates uncontrolled growth,
anti-apoptotic effects, and cellular immortality [46]. Targeting these survival pathways can restore apoptotic
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responses. For instance, cardamonin has been shown to promote apoptosis in OSCC by inhibiting the
PI3K/AKT/mTOR pathway, thereby decreasing cell survival and proliferation [47].

Overall, KRAS-mediated suppression of apoptotic pathways facilitates tumor growth and metastasis,
underscoring the importance of targeting KRAS-associated signaling networks in therapeutic strategies [46,48].

7.3 KRAS and Autophagy in OSCC

ROS, whether endogenous or from chemotherapy, radiotherapy, or flavonoids, can promote autophagy [49].
Autophagy counteracts ROS damage by eliminating and recycling cellular components, maintaining cellular
homeostasis [50]. Excessive autophagy, however, may lead to apoptosis [51]. Beclin1 is essential for autophagy
initiation, forming complexes that promote autophagosome formation. Increased ROS can release Beclin1
from anti-apoptotic proteins such as Bcl-2, initiating autophagy and potentially apoptosis via interaction
with pro-apoptotic factors [52].

In OSCC, autophagy is frequently activated, and clinical studies have reported increased expression
of autophagy-related markers in tumor tissues compared with normal oral mucosa. Specifically, markers
such as LC3B and p62/SQSTM1 are upregulated, and higher expression levels are associated with
advanced tumor stage, poorer prognosis, and increased risk of recurrence [53,54]. Mechanistically, stress
conditions typical of the OSCC microenvironment, particularly hypoxia, can induce autophagy through the
HIF-1a/BNIP3/Beclin-1 signaling pathway, which promotes activation of the autophagic machinery and
supports tumor cell adaptation to hypoxic conditions [55].

Autophagy also contributes to chemotherapy resistance. In OSCC cell models, autophagy and
extracellular vesicles (EVs) have been shown to promote cisplatin resistance, and the autophagy marker
LC3B-II detected in EVs has been proposed as a potential non-invasive predictive biomarker of cisplatin
response [56]. Moreover, autophagy blockade has been shown to potentiate the antitumor activity of metformin,
leading to reduced tumor growth and increased apoptosis in OSCC xenograft models [57].

Conversely, in certain experimental contexts, excessive activation of autophagy can trigger autophagic
cell death, representing an alternative therapeutic strategy. FBXW?7 promotes autophagy by regulating Atg7,
Beclinl, Bcl-2, BAX, and BAK, reducing OSCC cell proliferation [58]. Surfactin induces autophagy associated
with apoptosis in OSCC [59]. PI3K/AKT-mediated autophagy under 16-naphthoquinone treatment correlates
with apoptosis [60]. The PI3K/AKT/mTOR pathway is a central inhibitor of autophagy. mTOR prevents
autophagosome formation via Atgl3 phosphorylation. PI3K and AKT inhibition activate autophagy [61].

In OSCC, autophagy has been suggested to interact with oncogenic RAS signaling in a context-dependent
manner, based in part on findings from other cancer types. In early stages of tumorigenesis, RAS activation
may induce autophagy through upregulation of BECN1 (Beclin-1), potentially leading to autophagic cell death
or cellular senescence and limiting tumor cell proliferation. In more advanced stages, RAS-driven autophagy
is thought to support tumor cell survival by promoting metabolic adaptation and maintaining mitochondrial
function under stress [62].

In RAS-driven cancers, autophagy supports survival and adaptation to the hostile microenvironment,
allowing recycling of cellular debris and maintaining energy levels. Mutated KRAS tumors depend on
autophagy for proliferation and survival [11]. For instance, KRAS"G12V increases autophagy [63], which
contributes to tumor cell survival and progression [11]. Autophagic cell death can also be induced by KRAS
via Beclin-1 and Noxa upregulation [64] or through MAPK-mediated Bcl-2 family regulation in colorectal
cancer [65]. Although KRAS can both suppress and promote autophagy depending on the downstream
pathway, KRAS-mutant cancers rely on autophagy for survival.
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7.4 KRAS Signaling Interconnections with Autophagy, Apoptosis, and Oxidative Stress in OSCC

Evidence from the literature suggests that in OSCC, KRAS may act as a central regulator of cell fate by
modulating both apoptosis and autophagy, two interconnected processes that determine cell survival under
stress. Through activation of the PI3K/AKT/mTOR and RAF/MEK/ERK pathways, KRAS may promote
anti-apoptotic signaling, inhibit pro-apoptotic proteins (such as Bim, Bad, and Par-4), and enhance cell
survival, proliferation, and resistance to chemotherapy [11,45-47]. Concurrently, in OSCC, KRAS may
influence autophagy in a context-dependent manner: it can suppress autophagy via PI3K/AKT/mTOR
activation and Beclin-1 inhibition [61,62], but it may also induce autophagy through MAPK signaling under
stress conditions [3,26,55]. In this context, KRAS-driven RAF/MEK/ERK activation has been associated
with increased c-Myc expression, which in turn contributes to the upregulation of downstream effectors
including Bcl-2, HIF-1a, VEGF, and MMP-9, thereby supporting proliferative, anti-apoptotic, angiogenic,
and invasive phenotypes in OSCC [26]. In addition, stress conditions, particularly hypoxia, can trigger
autophagy through the HIF-1«, which further links stress adaptation to autophagic activation through the
BNIP3/Beclin-1 axis, reinforcing tumor cell survival under metabolic stress [55].

The interplay between KRAS-mediated apoptosis inhibition and autophagy modulation creates a
pro-survival network that may favour cancer cell persistence, highlighting the therapeutic potential of
targeting KRAS and its downstream pathways to restore apoptotic responses and disrupt autophagy-dependent
survival mechanisms in OSCC.

Oxidative stress is a key component of this regulatory network in head and neck cancers, including
OSCC. Elevated levels of ROS contribute to tumor progression by inducing DNA damage, genomic instability,
and proliferative signaling, while also activating survival pathways that counteract apoptosis and alter
autophagy regulation [66]. Moderate ROS levels can promote neoplastic transformation and tumor cell
survival, whereas excessively high ROS levels can overwhelm antioxidant defences and trigger cell death,
highlighting the dual role of ROS in cancer biology [66]. Cancer cells adapt to oxidative stress through
activation of antioxidant systems (e.g., Nrf2/KEAP1, glutathione pathways) that help maintain redox
balance, support metabolic homeostasis, and contribute to therapy resistance by modulating autophagy
and preventing apoptosis [66]. In this context, autophagy may act as a protective mechanism that limits
ROS-induced damage by recycling cellular components and maintaining metabolic homeostasis. However,
under certain conditions, excessive autophagic activity may contribute to apoptotic cell death.

Recent studies on the natural compound apigenin have reported differential effects on normal
epithelial cells versus OSCC cells, revealing vulnerabilities in redox signaling and autophagy that can
be therapeutically exploited. In OSCC cells, apigenin treatment reduced autophagy, whereas in normal
epithelial cells, autophagy increased, highlighting the interplay between oxidative stress and adaptive
autophagic mechanisms [10]. Similarly, sanguinarine has been reported to inhibit autophagy in OSCC cells,
further supporting the notion that redox-autophagy pathways represent exploitable vulnerabilities in this
cancer type [67].

Overall, the interplay between KRAS signaling, oxidative stress, autophagy, and apoptosis represents
a complex regulatory network that contributes to OSCC progression. A better understanding of these
interactions, particularly the context-dependent effects of ROS on autophagy and cell survival, may facilitate
the identification of novel therapeutic targets and support the development of strategies aimed at disrupting
tumor survival mechanisms in OSCC.

Fig. 1 illustrates the role of KRAS in the survival and progression of OSCC cells, highlighting how
oxidative stress and signaling through the PI3K/AKT/mTOR and RAF/MEK/ERK pathways influence
apoptosis, autophagy, and cellular adaptation.
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Figure 1: Role of KRAS in OSCC cell survival and progression under oxidative stress. KRAS mediates PI3K/AKT/mTOR
and RAF/MEK/ERK signaling pathways, promoting tumor cell survival. Under moderate oxidative stress, tumor cells
survive through apoptosis inhibition and autophagy regulation, whereas high oxidative stress can lead to cell death
via apoptosis or excessive autophagy. Interactions between KRAS and these signaling pathways contribute to OSCC
progression and chemoresistance. 1 indicates upregulation/activation, and | indicates downregulation/inhibition.
Created by the authors in Microsoft PowerPoint (Microsoft 365, Microsoft Corporation, Redmond, WA, USA), based
on data from the literature [3,11,26,44-47,50-62,66].

In OSCC, the interplay between apoptosis, autophagy, and oxidative stress forms a tightly
interconnected regulatory network in which cellular fate is determined by the intensity, duration, and
context of stress signals. ROS act as central modulators within this system, exerting concentration-dependent
effects: moderate levels of ROS promote tumor cell survival, while excessive or prolonged ROS exposure
can trigger cell death. In parallel, ROS-induced dissociation of Beclin-1 from Bcl-2 family proteins provides
a mechanistic link between oxidative stress, autophagy initiation, and apoptosis activation. Additionally,
beyond the ability of ROS to induce autophagy, autophagy itself protects against ROS. These findings
highlight a bidirectional interrelation between ROS and autophagy, whereby ROS induces autophagy, while
autophagy modulates ROS levels. In OSCC, ROS influences apoptotic and autophagic processes, which
are also regulated by KRAS through the PI3K/AKT/mTOR and RAF/MEK/ERK pathways. KRAS activation
promotes apoptosis resistance through PI3K/AKT- and MAPK-dependent upregulation of anti-apoptotic
mediators (Bcl-2), while simultaneously influencing autophagy through mTOR-dependent suppression or
MAPK-driven induction. Importantly, in OSCC, microenvironmental stress conditions, particularly hypoxia,
are associated with the activation of autophagy, which may contribute either to tumor cell survival or,
under certain conditions, to cell death. Consequently, in OSCC, cellular outcomes ranging from tumor cell
survival and therapy resistance to autophagic or apoptotic cell death are influenced by oxidative stress
levels, microenvironmental conditions, and KRAS-driven signaling pathways.

Fig. 2 schematically summarizes the KRAS-driven signaling networks in OSCC and their integrated
regulation of autophagy, apoptosis, and ROS homeostasis through the RAF/MEK/ERK and PI3K/AKT/mTOR
pathways.
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Figure 2: The scheme illustrates the role of KRAS in OSCC and its interrelationship with autophagy and apoptosis,
mediated by the main downstream signaling pathways, namely the RAF/MEK/ERK and PI3K/AKT/mTOR pathways.
Both pathways contribute to the maintenance of tumor cell survival and the inhibition of apoptosis. Beclin-1
represents a key molecular node that connects these signaling pathways with autophagic mechanisms. Activation
of the RAF/MEK/ERK pathway leads to increased Beclin-1 expression and, consequently, stimulation of autophagy,
whereas the PI3K/AKT/mTOR pathway inhibits Beclin-1, resulting in suppression of autophagy in OSCC. Autophagy
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plays an important role in the adaptation of tumor cells to stress, supporting their survival and tumor progression,
including through protection against oxidative stress induced by ROS. A bidirectional relationship exists between
autophagy and ROS: elevated ROS levels can induce autophagy, while autophagy, in turn, limits excessive ROS
accumulation. However, under certain conditions, inhibition of autophagy or, conversely, its excessive activation may
lead to cell death, either through mechanisms of autophagic cell death or through the induction of apoptosis. Thus,
autophagy exerts a dual role in OSCC, functioning both as a pro-survival mechanism and as a pro-death mechanism
when excessively activated, in close interplay with apoptotic pathways. 1 indicates upregulation/activation. Created
by the authors in Microsoft PowerPoint (Microsoft 365, Microsoft Corporation, Redmond, WA, USA), based on data
from the literature [3,26,44,46,47,53-62].

8 Potential Therapeutic Targeting of KRAS and Alternative Pathways

Considering the role of KRAS in regulating downstream signaling pathways, both KRAS and its
downstream effectors may represent promising therapeutic targets in OSCC.

8.1 Challenges in Direct KRAS Targeting

Targeting KRAS in OSCC remains challenging due to both biological and clinical factors. Historically,
KRAS has been considered “undruggable” because of its high affinity for GTP/GDP and the lack of deep
binding pockets suitable for small molecules [68]. Although inhibitors targeting KRAS G12C, such as sotorasib
and adagrasib, have been developed, this mutation is exceedingly rare in OSCC, restricting the direct clinical
relevance of these drugs [69]. Furthermore, KRAS-driven tumors activate compensatory survival pathways,
including PI3K/AKT/mTOR and MAPK, which can reduce the effectiveness of single-agent therapies [70].
Intratumoral heterogeneity and frequent co-occurrence of other genetic alterations further complicate
targeted therapy approaches, emphasising the need for combination regimens and detailed molecular
profiling.

8.2 Indirect Targeting of KRAS via EGFR

Indirect KRAS inhibition in OSCC can be achieved through EGFR-targeted therapies. EGFR is
overexpressed in over 80% of invasive HNSCC, including OSCC, and is associated with tumor progression,
metastasis, therapy resistance, and poor prognosis [71]. Therapies targeting EGFR include monoclonal
antibodies (mAbs) and tyrosine kinase inhibitors (TKIs). Cetuximab, a chimeric IgG1 antibody, is FDA-approved
for use with radiotherapy in advanced HNSCC. While effective in combination regimens, its monotherapy
response rates are low (10-13%), and resistance often arises, particularly in tumors with EGFR variants
like EGFRVIII [71]. Nimotuzumab, a humanized mAb, has a favorable toxicity profile and shows enhanced
efficacy when combined with chemoradiotherapy [71]. TKIs such as gefitinib, erlotinib, and afatinib inhibit the
intracellular EGFR kinase domain. Gefitinib and erlotinib show modest activity alone but improved outcomes
in combination with chemotherapy or chemoradiotherapy [71]. Afatinib, an irreversible EGFR/HER2 inhibitor,
has demonstrated efficacy comparable to cetuximab, including against EGFRVIII variants [71]. Despite these
advances, cetuximab remains the only FDA-approved EGFR-targeted therapy for OSCC, highlighting the
need for novel agents and combination strategies [3,71].

8.3 Targeting the MAPK Pathway

MEK inhibitors, such as trametinib, have been investigated in OSCC and other HNSCC studies, showing
antitumor activity in preclinical and early clinical models [3]. While monotherapy with MAPK inhibitors
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may face adaptive resistance, combining MAPK targeting with other strategies represents a promising
direction for future research in OSCC.

8.4 PI3BK/AKT/mTOR Pathway Inhibition

Buparlisib (BKM120), a pan-PI3K inhibitor, has shown preclinical efficacy in OSCC models and is being
tested in combination with paclitaxel in the BURAN phase III trial [72]. mTOR inhibitors such as everolimus
and temsirolimus show modest effects in early-phase combination trials, while monotherapy often leads to
adaptive resistance [73]. KRAS may contribute to resistance against PI3K/AKT/mTOR inhibitors via MAPK
crosstalk, supporting combination approaches [74].

Overall, KRAS-targeted therapies face challenges, including resistance mechanisms, highlighting the
need for combination strategies and further research to optimise treatment for OSCC. KRAS mutations,
despite their rarity, have also been implicated in cetuximab resistance in OSCC cell populations [75].

9 Conclusions

KRAS plays a central role in OSCC by regulating the interplay between autophagy and apoptosis.
Through activation of the RAF/MEK/ERK and PI3K/AKT/mTOR pathways, KRAS promotes cell proliferation,
survival, and resistance to apoptosis, contributing to tumor progression and aggressiveness. Elevated levels
of ROS influence both autophagy and apoptosis; autophagy can act as a protective mechanism against
oxidative stress, but excessive activation may trigger cell death, reflecting the context-dependent role of
KRAS in maintaining cellular homeostasis.

Although KRAS mutations are rare in OSCC, KRAS expression and mutation-independent functional
activation are associated with advanced tumor stage, invasion, metastasis, and upregulation of anti-apoptotic
proteins, suggesting its potential as a prognostic marker. Overall, KRAS involvement in OSCC appears to be
driven not only by rare activating mutations but also by signaling activity independent of genetic alterations,
including its role as a downstream mediator of other oncogenic pathways. From a therapeutic perspective,
KRAS remains a promising target, and indirect therapies targeting EGFR, MAPK, PI3K/AKT/mTOR, or
combinations of inhibitors may be effective, especially in resistant or recurrent cases. Understanding the
contextual mechanisms by which KRAS modulates apoptosis, autophagy, and oxidative stress responses
may guide the development of personalized therapies and provide new insights for the biological and
prognostic evaluation of OSCC patients.
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Abbreviations

The following abbreviations are used in this manuscript:

AKT Protein kinase B

BAX Bcl-2-associated X protein

Bcl-2 B-cell lymphoma 2

BNIP3 BCL2 Interacting Protein 3

ddPCR Droplet digital polymerase chain reaction

EGFR Epidermal growth factor receptor

EGFRvIII Epidermal growth factor receptor variant III
EMT Epithelial-mesenchymal transition

EVs Extracellular vesicles

Fox Forkhead box transcription factors

GAPs GTPase-activating proteins

GF12 Gingival fibroblasts 12 (cell line)

HIF-1cc Hypoxia-inducible factor 1-alpha

HPV Human papillomavirus

ICMT Isoprenylcysteine carboxyl methyltransferase
IAPs Inhibitors of apoptotic proteins

JNK c-Jun N-terminal kinase

KRAS Kirsten rat sarcoma viral oncogene homolog
LC3B Microtubule-associated protein 1 light chain 3 beta
LC3B-II Microtubule-associated protein 1 light chain 3 beta-lipidated form
MAPK Mitogen-activated protein kinase

MEK MAPK/ERK kinase

mAbs Monoclonal antibodies

mTOR Mechanistic target of rapamycin

NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
NSCLC Non-small cell lung cancer

OEPL Oral epithelial precursor lesions

0osccC Oral squamous cell carcinoma

PAR-4 Prostate apoptosis response-4

PI3K Phosphoinositide 3-kinase

PIK3CB Phosphoinositide-3-kinase catalytic subunit beta
PCR Polymerase chain reaction

QF-PCR Quantitative fluorescent polymerase chain reaction
RFLP Restriction fragment length polymorphism

ROS Reactive oxygen species

RTK Receptor tyrosine kinase

SFB Semilicoisoflavone B

SSCP Single-strand conformation polymorphism

SNP Single nucleotide polymorphism

TNM Tumor, Node, Metastasis staging

TKI Tyrosine kinase inhibitor

TSCC Tongue squamous cell carcinoma

HNSCC Head and Neck Squamous Cell Carcinoma

G12C KRAS Glycine 12 to Cysteine mutation

G12D KRAS Glycine 12 to Aspartic acid mutation
G12v KRAS Glycine 12 to Valine mutation

GI12A KRAS Glycine 12 to Alanine mutation

G13D KRAS Glycine 13 to Aspartic acid mutation
Q61R KRAS Glutamine 61 to Arginine mutation

Q61H KRAS Glutamine 61 to Histidine mutation
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