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In light of the development of RAS inhibitors, a reliable assessment of the prevalence of
RAS mutations and their correlation with the clinical features of patients with HNC is
crucially needed. This meta-analysis compiles the findings of 149 studies with over 8500
HNC patients and assesses the global prevalence of mutations in the HRAS, KRAS and
NRAS genes. The available data were stratified according to geographical region, clinical
features, and tumor characteristics, including human papillomavirus (HPV) infection status
and tumor stage. In addition, the distribution of codon substitutions in each RAS gene was
assessed. The estimated mutation rate is highest for HRAS (7%), followed by KRAS
(2.89%) and NRAS (2.20%). HRAS prevalence in South Asia (15.28%) is twice as high as
the global estimate. HRAS mutations are more prevalent in oral cavity and salivary gland
tumors. In contrast, KRAS mutations are found more frequently in sinonasal tumors, and
NRAS mutations are found chiefly in tumors of the nasopharynx. OR analyses show a
significant association between HRAS mutations and a high tumor stage (OR=3.63). In
addition, there is a significant association between HPV-positive status and KRAS
mutations (OR=2.09). This study highlights RAS as a potential therapeutic target in
certain subsets of HNC patients.

Keywords: HRAS, KRAS, NRAS, head and neck cancer, meta-analysis, clinical characteristics
1 INTRODUCTION

Head and neck cancer (HNC) includes neoplasms that arise in the oral cavity, pharynx, larynx, sinuses,
nasal cavity, and salivary glands (1). The main risk factors associated with HNC include tobacco
smoking, alcohol abuse, and human papillomavirus (HPV) infection. Other risk factors include exposure
to wood and leather dust, Epstein Barr Virus (EBV) infection, and betel nut chewing (2). In recent
decades intensive research has confirmed that HNC is exceptionally heterogeneous at the molecular
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level, and there is no single genetic alteration or a unique
dysregulated molecular pathway responsible for its development
and progression (3–5). This heterogeneity may explain the limited
efficiency of current systemic therapies for HNC, which emphasizes
the need to study specific and less common genetic alterations that
may affect disease characteristics and clinical outcomes in
HNC patients.

RAS GTPase family proteins are crucial players in many
signaling networks, controlling cell proliferation, differentiation,
and survival (6). The RAS family members, HRAS, KRAS, and
NRAS, share significant sequence homology and largely
overlapping functions (7). Mutations in RAS family members
are well-established drivers of cancer. Gain-of-function
mutations in RAS genes are found in ∼19% of human cancers,
most clustering in three hotspots at codons 12, 13, and 61 (8).
The immense effort invested in the development of RAS
inhibitors has led to several breakthroughs in recent years,
allowing for the targeted treatment of patients with alterations
in these RAS genes (9, 10), including HNC patients (11–13).

Many studies reported on the frequency of HRAS, KRAS, and
NRAS mutational status in HPV-positive and HPV-negative
HNC patients. Even though mutations in the members of the
RAS gene family are seemingly rare in the general HNC patient
population, these studies vary in their assessments on the
prevalence of mutations in RAS genes. Therefore, the purpose
of the current study was to conduct the first systematic review
and meta-analysis evaluating the prevalence of mutations in RAS
genes in HNC. By collecting data on over 8500 patients from 149
studies, we were able to reveal differences in the prevalence of
RAS mutations between geographical regions, anatomical sites,
stage of disease, and HPV status. Moreover, in light of the clinical
development of codon-specific RAS inhibitors (namely, G12C
and G12D), we have included a comprehensive analysis of codon
substitution in RAS mutations.
2 METHODS

This systematic review adhered to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
Checklist (14).

2.1 Study Design
We evaluated the prevalence of mutations in HRAS, KRAS, and
NRAS genes in HNC patients.

2.2 Search Strategy
A systematic review of the literature was conducted by searching
the PubMed, Embase, Web of Science, and Cochrane Central
Register of Controlled Trials databases in June 2021 for studies
published since 1 January 2000. The strings used in the systemic
search of databases are detailed in the Supplementary Methods
section. The bibliographies of retrieved studies and systematic
reviews identified in the search were screened for relevant
references. Publicly available databases were screened for
unpublished data.
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2.3 Selection Criteria
The inclusion criteria for the meta-analysis were that the study
had to include a mutational analysis of at least one of the target
genes (HRAS, KRAS, or NRAS) and a report the prevalence and
frequency of mutations as an outcome measure. Exclusion
criteria were defined as: 1) Studies displaying results from
patients with tumors other than HNCs or mutations other
than those in the target genes; 2) studies that did not report
data related to the prevalence or frequency of mutations in the
target genes; 3) studies that did not evaluate target genes for
somatic mutations; 4) studies published before 1 January 2000; 5)
studies that were conducted using cell lines or animal models; 6)
studies of pediatric populations; 7) review articles, letters,
personal opinions, book chapters, or conference abstracts; 8)
studies containing data included in other studies or studies in
which it was not possible to determine whether duplicate data
were included; and 9) studies enrolling fewer than ten patients.

2.4 Data Extraction
Two researchers (SJ, ON) screened the studies at the title and
abstract level, followed by a full-text review. Disagreements over
inclusion were resolved by consensus adjudication, and studies
were extracted into a standardized extraction database. Extracted
variables included study cohort size, number of mutated cases for
each RAS family gene, primary tumor location, tumor grade or
stage, geographical origin of studied patients, mutation
assessment method, mutated codon, HPV status, and biopsy
type, if reported.

2.5 Evaluation of Quality and Risk of Bias
Our study selection process excluded individual case reports and
cohorts of less than ten patients due to the risk of bias. All papers
considered after initial screening were reviewed and scored for risk
of bias according to the Joanna Briggs Institute Critical Appraisal
Checklist for Studies Reporting Prevalence Data (15). Studies that
did not evaluate all three RAS family members were considered
more prone to risk of bias and were not included in the general
prevalence analysis. In addition, publication bias and heterogeneity
were assessed by visual inspection of funnel plots and via Egger’s
regression test (16) (Figure S1 in the Supplementary Material).

2.6 Statistical Analysis
Pooled prevalence rates, pooled odds ratios (ORs), and forest
plots were generated using the R Meta and MetaFor Packages
(17, 18). The Cochrane Q chi-squared test and the inconsistency
index statistic (I2) were used to examine the heterogeneity across
studies. Fixed-effects models were used to assess the pooled
prevalence of genes for results with low heterogeneity (I2 ≤
50%). Otherwise, random-effects models were used for the
analyses. A sensitivity analysis using a “leave-one-out”
paradigm from the built-in function in MetaFor, as proposed
by Wang et al. (19), was used to assess each study’s effect on the
overall pooled prevalence and detected outliers (19). First, the
pooled overall prevalence of mutations in the three different
target genes (KRAS, HRAS, NRAS) was calculated with a
corresponding 95% confidence interval (95% CI). Next,
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subgroup analyses were performed according to geographical
region, mutated codon position and anatomical site. Finally, we
assessed the association between the RAS gene mutational status
and HPV status or tumor grade using the R MetaBin function.
3 RESULTS

3.1 Study Selection
The flow diagram shown in Figure 1 depicts the search strategy
and study selection process. A total of 867 studies were retrieved
from four electronic databases and a bibliography screen. After
the removal of duplicates, 375 studies were considered
potentially eligible for evaluation, but 217 did not meet all the
inclusion criteria, leaving a final sample of 158 studies. Nine
additional studies were excluded due to the high risk of bias. To
reduce the risk of bias, only papers with the highest grade (n =
85) were included for pooled analyses of the overall mutation
prevalence. The literature references for the studies included
Frontiers in Oncology | www.frontiersin.org 3
in the meta-analysis are listed in Table S1 in the
Supplementary Material.

3.2 Study Characteristics
Detailed characteristics of the studies are provided in Table S2 in
the Supplementary Material. Of the 149 studies included in the
analysis, 112, 130, and 93 contained data pertaining to gene
alterations in HRAS, KRAS, and NRAS, respectively, and 85
presented analyses of all three RAS family genes. In total, 148 of
the included studies were cohort studies, while one was a phase 1
clinical trial. Forty-seven studies used targeted next-generation
sequencing, 46 utilized Sanger sequencing, 23 employed whole-
exome sequencing, 9 conducted Mass Array analysis, 4 used
whole-genome analyses, and 20 employed other or mixed
analysis methods. The anatomical location of the tumors in the
included study cohorts are detailed in Table S3 in the
Supplementary Material. The studies were conducted in 29
different countries. Four studies included mixed populations
from various geographical regions.
FIGURE 1 | Flow diagram of the literature search process and selection criteria.
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3.3 Risk of Bias Within Studies
Nine studies were classified as having a high risk of bias and were
therefore excluded from this meta-analysis. Eleven studies were
classified as having a moderate risk of bias due to a small cohort
size, while 57 studies were classified as having a moderate risk of
bias, since they analyzed only one of the three RAS family target
genes. The remaining 85 studies were classified as having a low
risk of bias and were used in the general prevalence analysis. All
low and moderate risk studies were used in prevalence analyses
pertaining to tumor anatomical sites, mutated codons, and the
association between RAS mutations and patient clinical features.

3.4 Prevalence of RAS Mutations
3.4.1 HRAS Mutations
Mutations in HRAS were identified in 564 tumors from 8501
patients. The mean prevalence of HRAS mutations was 7% (95%
CI, 5.38-9.06, p <0.01, I2 = 87%) (Figure 2A). Geographical
region-specific analyses revealed significant differences in these
rates in different regions of the world (Q = 22.51, Pv <0.0001).
The mean frequency of HRAS mutations in South Asia was
15.28%, with this rate being higher than the rates in other
geographical regions, including East Asia (5.07%), Europe
(4.65%), and North America (6.87) (Figure 3A, Figure S2 in
the Supplementary Material).

3.4.2 KRAS mutations
Mutations in KRAS were identified in 188 tumors from 8631
patients. The mean prevalence of KRAS mutations was 2.89%
(95% CI, 2.19-3.80, p <0.0.1, I2 = 67%) (Figure 2B), with no
significant differences in prevalence between analyzed
geographical regions (Q = 1.41, Pv = 0.7) (Figure 3B, Figure
S2 in the Supplementary Material).

3.4.3 NRAS Mutations
Mutations in NRAS were identified in 113 tumors from 8512
patients. The mean prevalence of NRAS mutations was 2.20%
(95% CI, 1.86-2.59, p <0.01, I2 = 29%) (Figure 2C). No
significant differences in these rates were observed between the
different parts of the world (Q = 3.32, Pv = 0.34) (Figure S2 in
the Supplementary Material).

3.5 Hot Spot Mutations and Amino
Acid Substitutions
3.5.1 HRAS Mutations
In an analysis of all cases with HRAS mutations, 27%, 18%, and
36% were situated in codons 12, 13, and 61, respectively
(Figure 4A). Mutations in codon 12 were mostly G12S point
mutations (56.3%), while those in codon 13 were primarily G13R
point mutations (46.8%). Lastly, mutations found in Q61 were
primarily Q61R (49.2%), Q61K (26.4%), and Q61L (22.2%) point
mutations (Figure 4B).

3.5.2 KRAS Mutations
In an analysis of all cases with KRAS mutations, 56%, 19%, and
0.8% were situated in codons 12, 13, and 61, respectively
(Figure 4A). Among the codon 12 mutations, the most
Frontiers in Oncology | www.frontiersin.org 4
common amino acid substitution was G12D (51%), followed
by G12V (16.3%) and G12C (12.9%) (Figure 4C).

3.5.3 NRAS Mutations
NRAS mutations were more evenly distributed among the
different codons, with 29%, 13%, and 23% being situated in
codons 12, 13, and 61, respectively. (Figure 4A). Analysis of
amino acid substitutions was not feasible for NRAS mutations
due to the low number of cases.

3.6 Difference in Prevalence of RAS
Mutations Between Anatomical Sites
As HNC includes tumors that arise from a wide range of
anatomical sites and sub-sites, an analysis of the frequency of
mutations in the three RAS genes was performed for seven major
anatomical areas. A summary of these analyses is presented in
Figure 5A and Figure S3 in the Supplementary Material.

3.6.1 HRAS mutations
A significant difference in the prevalence of HRASmutations was
detected between anatomical sites (Q = 67.96, Pv <0.0001):
HRAS mutations were found more frequently in tumors of the
salivary glands (10.37%; 95% CI, 7.18-14.06) and oral cavity
(7.36%; 95% CI, 5.39-9.76) than in tumors of the sinonasal cavity
(1.2%; 95% CI, 0.2-3), oropharynx (2.6%; 95% CI, 1.12-4.56),
nasopharynx (0.68%; 95% CI, 0-4.06), larynx (2.76%; 95% CI,
0.99-5.38), or hypopharynx (0.12%; 95% CI, 0-0.04). Salivary
gland tumors exhibited a higher frequency of mutations in codon
61 (67%), while in tumors of the oral cavity, mutations in codon
12 were the most frequent (50%) (Figure 5B, left side).

3.6.2 KRAS mutations
A trend towards more frequent KRAS mutations was observed
for tumors of the sinonasal cavity (5.67%; 95% CI, 1.33-12.74) as
compared to tumors of the salivary glands (0.98%; 95% CI, 0.33-
1.96), oral cavity (0.7%; 95% CI, 0.17-1.59), oropharynx (1.49%;
95% CI, 0.6-2.77), nasopharynx (0.83%; 95% CI, 0.29-1.63),
larynx (1.43%; 95% CI, 0.34-3.25), or hypopharynx (0.84%;
95% CI, 0-3.18). However, these differences were not robust
(Q = 8.5, Pv = 0.29). Mutations in codon 12 were the most
frequent across all anatomic sites, followed by those in codon 13.
Mutations in codon 61 were primarily detected in tumors of the
oropharynx (17%) (Figure 5B, middle).

3.6.3 NRAS mutations
A significant difference between anatomical sites was also seen
for NRAS mutations (Q = 18.37, Pv = 0.01), with a rate of 1.85%
(95% CI, 0.92-3.1) in the nasopharynx compared to lower rates
in tumors of the salivary glands (0.51%; 95% CI, 0.11-1.22), oral
cavity (0.3%; 95% CI, 0.11-0.58), sinonasal cavity (0.28%; 95%
CI, 0-1.65), oropharynx (0.65%; 95% CI, 0.28-1.16), larynx
(0.16%; 95% CI, 0-0.68), or hypopharynx (0%; 95% CI, 0-0.85).

We note that the analyses of the mutated position in specific
anatomical sites, and of the specific amino acid substitution,
should be interpreted with caution owing to the limited number
of mutated cases.
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Novoplansky et al. RAS Mutations in Head and Neck Cancer
3.7 Association Between RAS Mutations
and Disease Stage/Grade
Tumor grade and stage are well-studied prognostic factors for
HNC (20). In total, 44 studies reported details of the tumor stage
or grade of patients along with the mutation status. Tumors with
a stage or grade of 1 and 2 were defined as low-grade tumors,
while those with a stage or grade of 3 and 4 were categorized as
high-grade tumors. An OR analysis revealed a significant
association between HRAS mutation and advanced stage
(OR = 3.63; 95% CI, 1.53-8.64) (Figure 6A). KRAS (OR =
2.41; 95% CI, 0.85-6.86) and NRAS (OR = 1.52; 95% CI,
0.68-3.41) mutations were both associated with an OR>1, but
the association did not reach statistical significance (Figure S4 in
the Supplementary Material).

3.8 Association Between RAS Mutations
and HPV Status
Of the 38 cohort studies that reported the HPV status of HNC
patients, only 25 provided specific patient data, and of these, 17
included both HPV-negative and HPV-positive patients, thus
allowing an OR analysis. This analysis revealed a significant
association between HPV-positive status and KRAS mutations,
with an OR of 2.09 (95% CI, 1.01-4.31) (Figure 6B), but no
Frontiers in Oncology | www.frontiersin.org 5
significant correlation between HPV-positive status and HRAS
or NRAS mutations (Figure S5 in the Supplementary Material).
4 DISCUSSION

After years of extensive research, new strategies that target the RAS-
MAPK pathway are now opening new therapeutic options for
affected patients (9). The meta-analysis presented here compiles
findings from the past two decades and provides updated insight
into the global prevalence of mutations in RAS family genes,
underscoring their potential as therapeutic targets in HNC patients.

The prevalence of mutations was highest for the HRAS gene,
followed by KRAS and NRAS. This finding aligns with previous
reports of the higher frequency of HRAS mutations in HNC as
compared to its frequency in other cancer types in which KRAS
mutations are most prevalent, followed by NRAS mutations (8). The
results of our prevalence analysis diverge slightly from the results of
The Cancer Genome Atlas project (21, 22), which has carried out one
of the most significant studies on an HNC patient population. These
slight differences may be due to the more heterogeneous population
of patients from diverse geographical regions, disease stages, and
detection methods included in our analysis.
A B C

FIGURE 2 | Prevalence of RAS mutations in head and neck cancer. (A) The prevalence of HRAS mutations is 7% (95% CI, 5.38-9.06, p <0.01, I2 = 87%). (B) The
prevalence of KRAS mutations is 2.89% (95% CI, 2.19-3.80, p <0.0.1, I2 = 67%). (C) The prevalence of NRAS mutations is 2.20% (95% CI, 1.86-2.59, p <0.01, I2 =
29%). CI: Confidence interval. I2: Inconsistency index.
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A

B

C

FIGURE 3 | Global prevalence of RAS mutations in head and neck cancer. Cohort studies were grouped according to the geographical origins of the patients. On
the map of the world are shown the frequencies [%] of (A) HRAS, (B) KRAS, and (C) NRAS mutations in East Asia, South Asia, Europe, and North America. Dotted
lines and gray shading correspond to the overall prevalence and the 95% CI. CI, Confidence interval; I2, Inconsistency index.
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A

B

C

FIGURE 4 | Hot spot mutations and amino acid substitutions. (A) Mutated codons [%] in cases with HRAS, KRAS, and NRAS mutations and 95% CI. (B) Amino
acid substitutions [%] in cases with KRAS G12 and G13 mutations. (C) Amino acid substitutions [%] in cases with HRAS G12, G13, and Q61 mutations. D - aspartic
acid, C, cysteine; V, valine; S, serine; R, arginine; A, alanine; K, lysine; L, leucine; CI, Confidence interval.
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Our analyses revealed differences in the prevalences of RAS
mutations according to the anatomical site, which may account
for some of the heterogeneity between cohorts in the overall
prevalence analysis. HRAS mutations were more prevalent in
oral cavity and salivary gland tumors. In contrast, KRAS
mutations were more frequent in sinonasal tumors, and
NRAS mutations were found chiefly in tumors of the
nasopharynx. These findings emphasize the importance of
taking the anatomical site of the tumor into consideration so
as to achieve a more accurate assessment of RAS mutation
frequencies. The variation in frequencies between tissue types
may be due to differences in baseline expression and activity of
Frontiers in Oncology | www.frontiersin.org 8
RAS in different anatomical sites, which may, in turn, affect
cellular reprogramming and tumor formation (8). Another
explanation might be differences in the quality and quantity
of exposure to risk factors (23).

Our data reveal a significantly higher prevalence of HRAS
mutations in South Asia, corroborating previous studies on oral
cancer in India (24–27). Those studies identified region-specific
risk factors, such as smoking bidis (cigarettes wrapped in a tendu
or temburni leaf) (28, 29), chewing betel nuts (30), and oral
hygiene (31), that contribute, separately or synergistically, to
the development of tumors, specifically within the oral cavity
(32–35). Indeed, in our database, 86% of the patients from
A

B

FIGURE 5 | Prevalence of RAS mutations and locations of mutated codons according to tumor anatomical site. (A) Prevalence of RAS mutations according to
tumor anatomical site. Dotted lines and gray shading correspond to the overall prevalence and the 95% CI. (B) Mutated codon locations [%] according to tumor
anatomical site. CI, Confidence interval; I2, Inconsistency index.
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South Asia suffered from oral cancer, as opposed to primary
tumors in other sites. As noted above, the HRAS mutation
frequency is higher in oral cancer worldwide. Thus, further
studies are needed to determine whether exposure to such risk
factors directly causes mutations in HRAS or whether these
factors increase the odds of tumors developing in the oral cavity,
in which the prevalence of HRAS mutations is high.

We found that the most frequent amino acid substitution in
codon 12 of KRAS was G12D (51%), followed by G12V (16.3%)
and G12C (12.9%). This finding provides an indication of the
size of the population that could benefit from treatment with
mutant-specific inhibitors, i.e., G12C and G12D KRAS
inhibitors, that are in various stages of development.
Frontiers in Oncology | www.frontiersin.org 9
A considerable percentage of HRAS mutations were present in
codon 61, particularly in salivary gland tumors. To date, only
limited studies have been performed to elucidate the etiology of
these specific alterations, but recent analyses of patients with salivary
gland cancer have indicated the diagnostic significance of these
mutations (36). These findings may help evaluate the size of the
subpopulations that could benefit from a particular treatment.

Data regarding the association between RAS gene mutations and
prognosis in HNC are contradictory. Some studies link RAS
mutations with stage and disease recurrence (37–40), while others
predict better prognosis and overall survival (41–43). Our meta-
analysis found that mutations in HRAS are significantly associated
with high stage/grade scores, emphasizing the importance of
A

B

FIGURE 6 | Association between RAS mutations and patients’ clinical features. (A) Association between HRAS mutations and tumor grade. In total, 44 studies
reported details regarding tumor stage or grade and mutation status. Stage/grade 1 and 2 tumors were categorized as low-grade, while stage/grade 3 and 4 tumors
were categorized as high-grade. An OR analysis exhibited a significant association between HRAS mutation status and advanced stage (OR = 3.63; 95% CI, 1.53-
8.64). (B) Association between KRAS mutations and human papillomavirus (HPV) infection status. In total, 17 studies reported the detection of RAS mutations in
both HPV-positive and HPV-negative patients. An OR analysis revealed a significant association between KRAS mutation status and HPV infection (OR = 2.09; 95%
CI, 1.01-4.31). CI, Confidence interval; I2, Inconsistency index; OR, Odds ratio.
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considering RAS mutational status when assessing patient
prognosis. KRAS and NRAS mutations also exhibited a trend
towards being associated with high stage/grade scores. The lower
number of cases with KRAS or particularly of NRAS mutations that
were available for OR analysis may account for the observed lack of
statistical significance.

An association between RAS mutations and HPV status in
HNC has been suggested (38, 44). In keeping with these studies,
our data reveal a significant association between HPV-positive
status and KRAS mutations. Studies on HPV-related cancers,
mainly cervical cancer, demonstrate a similar association (45–47).
Notably, KRAS mutations, HRAS mutations, and HPV infection
were mutually exclusive in benign neoplasms of the head and
neck (48). These findings suggest that RAS mutations in the
context of HPV infection contribute to carcinogenesis.

Several inhibitors of the RAS-MAPK pathway are currently
under evaluation as therapeutics for various cancers [(reviewed
in (9)]. Therefore, knowledge regarding the prevalence of RAS
family mutations and associated characteristics in HNC may
enable researchers to better assess the need for and the potential
of trials with molecularly relevant targeted therapeutics.

4.1 Limitations
Certain methodological limitations of this review should be
considered. First, even after selecting only those studies with a
low ‘risk of bias score,’ the heterogeneity between studies remained
high. We believe that this is due to the heterogeneous nature of
HNC, which includes a wide range of anatomical sites and
etiologies. We attempted to address this issue by conducting
additional sub-group analyses, which consistently revealed
significant differences between groups. Due to differences in the
categorization of sub-anatomic sites between reports and the lack of
a minimal number of cases needed for sufficient statistical power, we
could not perform analysis on sub-anatomical sites within the seven
major anatomical sites. A second limitation of this analysis derives
from the differences in the sequencing methods used in the various
studies, which may have influenced overall pooled results by
interfering with the accuracy and precision of pooled estimates.
Third, we could not provide an analysis on RAS mutations
association with exposure to risk factors due to insufficient
patient-specific data and a lack of standardized categories of risk
factors. Such data could potentially have strengthened the observed
associations in this study and provided additional insights.
5 CONCLUSIONS

This study highlights RAS as a potential therapeutic target in
certain subsets of HNC patients. The findings underscore the
Frontiers in Oncology | www.frontiersin.org 10
differences in the prevalence rates of HRAS, KRAS, and NRAS
according to tumor anatomical site and geographical region. The
analysis also demonstrates that RAS mutations are associated
with tumor stage and HPV status.
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