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Simple Summary

We tested molecular markers to improve early diagnosis and risk assessment of patients
diagnosed with oral cancer. Using routine biopsy tissue, the application of FISH technique
for EGFR amplification and CDKN2A deletion distinguished oral squamous cell carcinoma
from non-cancerous dysplasia with high specificity, improved diagnostic performance,
and identified patients with poorer survival. In cancers without EGFR amplification, high
HRAS expression indicated aggressive disease and unfavorable prognosis. This two-step
biomarker panel (EGFR/CDKN2A by FISH, then HRAS IHC if EGFR-negative) may help
clinicians decide which oral lesions require aggressive treatment and closer follow-up.

Abstract

Background/Objectives: Oral squamous cell carcinoma (OSCC) often presents at an ad-
vanced stage; therefore, the early detection of precursor lesions is crucial. However, the risk
assessment of precursor lesions such as oral epithelial dysplasia (OED) remains challenging
because of the subjectivity of histopathological grading. We aimed to identify molecu-
lar markers that enhance the diagnostic accuracy and prognostic stratification of OSCC
and explore the differences in the molecular characterization of OED and OSCC using a
few selected markers. Methods: A two-step diagnostic workflow was applied: (1) FISH
evaluation of EGFR amplification and CDKN2A deletion to distinguish OED from OSCC
and identify EGFR-dependent tumors, and (2) HRAS immunohistochemistry performed
exclusively in EGFR-negative OSCCs to stratify EGFR-independent cases. Fluorescence in
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situ hybridization (FISH) was used to assess seven EGFR/cell cycle-related genes (CCND1,
CDKN2A, EGFR, PIK3CA, PTEN, TP53, and 1p36 locus) in 117 formalin-fixed paraffin-
embedded samples (66 OED and 51 OSCC) and 10 normal mucosa samples. HRAS expres-
sion was evaluated using immunohistochemistry (IHC) in 36 EGFR amplification-negative
OSCCs samples. Results: EGFR amplification was frequent in OSCC, whereas CDKN2A
deletion was common in OED. The EGFR-amplified/ CDKN2A-intact profile showed high
specificity for OSCC and improved diagnostic performance (area under the curve = 0.77)
when combined with the Ki-67 labeling index. It also predicted poor disease-free survival
(hazard ratio [HR] = 5.08, p = 0.016) and overall survival (HR = 6.10, p = 0.047). Among
EGFR-negative OSCCs, HRAS overexpression was associated with advanced-stage disease
and a poor prognosis (HR = 6.15, p = 0.043). Conclusions: EGFR amplification was frequent
in OSCC, and CDKN2A deletion was prevalent in OED, supporting their use as molecular
markers for differential diagnoses. FISH for EGFR/CDKN2A and HRAS IHC can stratify
OSCC by diagnosis and prognosis, enabling practical molecular subclassification, including
EGFR-negative cases.

Keywords: CDKN2A; EGFR; gene mutation; head and neck neoplasms; HRAS; oral
epithelial dysplasia; oral squamous cell carcinoma; prognosis

1. Introduction
Oral squamous cell carcinoma (OSCC) is the most common subtype of head and

neck squamous cell carcinoma (HNSCC) and is among the 16 most prevalent cancers
worldwide [1,2]. In 2022, an estimated 380,000 new cases of OSCC and approximately
180,000 OSCC-related deaths were reported globally [3]. Despite advances in surgical and
systemic therapies, the prognosis of patients with advanced-stage OSCC remains poor,
with a 5-year survival rate of approximately 50% [4,5]. This is largely attributed to the
delayed diagnosis and high locoregional recurrence rates. Therefore, early detection of
malignant transformation of oral potentially malignant disorders, such as leukoplakia and
erythroplakia, is crucial for improving survival outcomes [6,7].

Oral leukoplakia and erythroplakia, with or without oral epithelial dysplasia (OED),
are premalignant lesions that can progress to OSCC. However, accurate diagnosis at an
early malignant stage is particularly challenging and currently relies on the subjective
histopathological assessment of biopsy samples using hematoxylin–eosin (HE)-stained
sections. Owing to interobserver variability and biological heterogeneity of lesions, the
predictive accuracy of such assessments is limited. Consequently, the reported malignant
transformation rate of OED ranges from 4% to 30% [8,9]. Currently, there are few reliable
molecular markers tested for use that can be detected using immunohistochemistry (IHC)
for risk prediction; however, they lack good sensitivity [10]. This gap highlights the urgent
need for reliable molecular biomarkers to support early and precise diagnosis [11].

Advances in molecular oncology have revealed key genetic alterations in OSCC, in-
cluding mutations in the tumor protein p53 (TP53), phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit alpha (PIK3CA), cyclin dependent kinase inhibitor 2A (CDKN2A),
and epidermal growth factor receptor (EGFR) [12]. EGFR regulates cell proliferation, sur-
vival, and motility via the RAS/MAPK and PI3K/AKT pathways [13]. Its overexpression
and amplification are linked to tumor progression, and anti-EGFR therapies such as ce-
tuximab are being tested for advanced HNSCC. However, their efficacy in OSCC remains
variable [3,14]. Other alterations, including CDKN2A deletion and Cyclin D1 (CCND1)
amplification, also have therapeutic relevance to the CDK4/6 inhibitors under investiga-



Cancers 2025, 17, 3949 3 of 17

tion [15]. Although EGFR-targeted therapy is an important component of OSCC treatment
in many regions [16], EGFR acts as a driver in only 20–40% of cases [3,13]. Alternative
oncogenic drivers in EGFR-negative tumors remain unclear, highlighting the need for
comprehensive molecular profiling and identification of new therapeutic targets.

Genes related to EGFR and cell cycle, such as CDKN2A and TP53, have shown promise
for diagnostic and prognostic stratification [2,17]. Additionally, deletion of the 1p36 chro-
mosomal locus, which harbors multiple tumor suppressor genes such as TP73, has been
associated with early genomic instability and may aid in OSCC detection [18]. Therefore,
1p36 deletion was included in this study to assess its role in molecular stratification.

Recent evidence regarding non-small cell lung cancer suggests that co-alterations in
EGFR and CDKN2A may enhance oncogenicity and reshape the immune microenvironment.
This combination promotes PD-L2 expression and immune evasion and sensitizes tumors
to EGFR-tyrosine kinase inhibitors and immune checkpoint blockade [19]. Based on lung
cancer data, we hypothesized that this molecular profile is relevant in OSCC.

Harvey Rat Sarcoma Viral Oncogene Homolog (HRAS), a key MAPK pathway activa-
tor, is mutated in 1.2–18% of OSCCs depending on population and method [20,21] and may
contribute to EGFR-independent progression. However, the clinical significance of HRAS
expression, particularly in EGFR-negative OSCC, remains unclear and warrants further
study [22].

To explore the differences in molecular alterations between premalignant and malig-
nant lesions, we first performed comprehensive fluorescence in situ hybridization (FISH)
analysis of seven EGFR pathway-related driver genes (CCND1, CDKN2A, EGFR, PIK3CA,
PTEN, TP53, and 1p36 locus) in both the OED and OSCC cohorts. Among these, EGFR am-
plification and CDKN2A deletion emerged as key alterations that significantly distinguished
OSCC from OED. Based on this finding, we focused on EGFR amplification-negative OSCCs,
which lack established molecular classification frameworks and have limited treatment
options. To explore alternative oncogenic pathways and potential prognostic markers
in this subgroup, we assessed HRAS expression using IHC, based on its role in MAPK
signaling and its therapeutic relevance.

Therefore, we used a two-tiered strategy: (1) FISH-based profiling to distinguish
OED from OSCC and (2) IHC-based stratification of EGFR-negative OSCCs using HRAS.
Using this approach, we aimed to enhance the diagnostic precision, establish a practical
framework for the molecular subclassification of OED and OSCC, and provide treatment
guidance for OSCC.

2. Materials and Methods
2.1. Patient Samples and Ethical Approval

This retrospective study was approved by the Ethics Committee of the Aichi Gakuin
University (approval no. 98). Formalin-fixed paraffin-embedded (FFPE) tissue speci-
mens were obtained from 66 patients with oral leukoplakia with epithelial dysplasia and
51 patients with OSCC treated at the Aichi Gakuin University. Diagnoses were confirmed
by three board-certified oral pathologists, according to the 5th edition of the World Health
Organization classification (2022) [23]. Eligible patients included those with histopatho-
logical diagnoses of OED or OSCC and available clinical data (sex, age, and lesion site).
The exclusion criteria were insufficient tissue for histology or FISH, prior radiotherapy or
chemotherapy, distant metastasis, or incomplete TNM staging. This study was conducted
at the Aichi Gakuin University Dental Hospital between October 2003 and December 2022.
Of 123 initially identified FFPE samples, six were excluded: three owing to inadequate
tissue, two owing to prior treatment, and one owing to missing clinical data. A total of
117 patients (66 with OED and 51 with OSCC) were included in the final analysis. Addi-
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tionally, 10 normal mucosal samples were collected from areas adjacent to the tumor to
avoid direct tumor contact and minimize contamination. Normality was confirmed using
HE staining, and the samples were analyzed using the same FISH protocol as that used for
the tumor specimens.

2.2. Fluorescence In Situ Hybridization

FISH was performed on 4 µm-thick FFPE tissue sections using commercially avail-
able dual-color probes (ZytoVision, Bremerhaven, Germany) targeting CCND1/CEP11,
CDKN2A/CEP9, EGFR/CEP7, PIK3CA/CEP3, PTEN/CEP10, TP53/CEP17, and 1p36/1q25.
The 1p36 probes included TP73 and EGFL3, and the 1q25 controls included ABL2 and
ANGPTL1. We followed standardized protocols [24]. Briefly, slides were deparaffinized,
rehydrated, and enzymatically digested with 4% pepsin at 37 ◦C for 15 min. After denatura-
tion at 70 ◦C for 2 min in 70% formamide/2 × SSC, hybridization was performed overnight
at 37 ◦C in a humidified chamber. Following stringent post-hybridization washes, the
nuclei were counterstained with 4′,6-diamidino-2-phenylindole and mounted with antifade
medium. Fluorescence signals were evaluated using an Olympus BX51 fluorescence mi-
croscope and analyzed using the Applied Spectral Imaging software (cellSens® V1.11). To
minimize bias and improve reproducibility, two observers (S.M. and S.Y.), blinded to the
clinical and histological data, independently interpreted the signals. At least 200 interphase
nuclei were assessed per case, and discrepancies were resolved by consensus. Copy num-
ber alterations were defined as follows: amplification, a gene/centromere ratio ≥ 2.0 or
>10 signals per nucleus in ≥20% of tumor cells; deletion, loss of one or both gene signals in
≥30% of tumor cells [24]. Due to nuclear truncation and signal overlap inherent to FFPE
tissue sections, the FISH assay used in this study primarily detects hemizygous loss. Distin-
guishing hemizygous from biallelic deletion was not technically feasible; therefore, deletion
was defined as the loss of one or both gene signals, consistent with standard FISH criteria.
Lymphocytes served as internal diploid controls. In addition to gene-level assessments,
cases with combined EGFR amplification and CDKN2A deletion (EGFR amp/CDKN2A intact)
were identified and further analyzed for prognostic relevance.

2.3. HRAS IHC in EGFR-Negative OSCC

Following the initial FISH-based profiling of 117 cases, all OSCC specimens were sub-
jected to Ki-67 IHC (MIB-1, 1:100, Dako, Copenhagen, Denmark) to assess the proliferative
activity and assist in histological grading. Among the 51 patients with OSCC, 36 lacked
EGFR amplification. Notably, all EGFR-negative tumors lacked CDKN2A deletions, sug-
gesting a molecularly distinct subgroup that is not covered by the current classifications or
EGFR-targeted therapies. To explore alternative oncogenic drivers and prognostic markers
in this group, HRAS IHC was performed using a polyclonal antibody (1:200; Proteintech,
Rosemont, IL, USA; #18295-1-AP). Staining was performed on the Bond-Max automated
system (Leica Microsystems, Wetzlar, Germany) using the Bond Polymer Refine Detec-
tion Kit. HRAS immunoreactivity was semiquantitatively scored using a modified Allred
system, with reference to the HE-stained slides. Scores combined the staining intensity
(0–3) and positive cell proportion (0–5), yielding a total score of 0–8 [22]. Expression levels
were classified as 0 (negative), 2–3 (weak), 4–6 (moderate), and 7–8 (strong). For statistical
analysis, scores of 0–3 and 4–8 were defined as low and high, respectively [22]. All IHC
slides were independently reviewed by two board-certified pathologists (S.M. and Y.S.),
and discrepancies were resolved by consensus.

2.4. Statistical Analysis

The clinical and pathological data were summarized descriptively. Associations
between genetic alterations and clinicopathological factors were evaluated using the chi-
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square or Fisher’s exact tests. Continuous variables were compared using the Mann–
Whitney U or Kruskal–Wallis tests. Diagnostic performance was assessed using the receiver
operating characteristic (ROC) curve analysis (sensitivity, specificity, and area under the
curve [AUC]). Overall survival (OS) and disease-free survival (DFS) were estimated using
the Kaplan–Meier method, and differences between groups were compared using log-rank
tests. Multivariate survival analysis was performed using the Cox proportional hazards
model. Two-sided p-values < 0.05 were considered significant. All analyses were performed
using the JMP software (v14.2, SAS Institute, Cary, NC, USA).

3. Results
We assessed the clinicopathological profiles and genetic alterations in 127 samples:

10 normal oral mucosa, 66 OED, and 51 OSCC (Table 1). The overall study design and
analytical workflow are shown in Figure 1.

Figure 1. Flowchart of the study design and molecular classification of OSCC. This flowchart outlines
the study process using 117 FFPE samples (66 OED, 51 OSCC, and 10 normal mucosa samples).
FISH analysis targeting seven genes revealed that EGFR amplification was more frequent in OSCC
than in OED, whereas CDKN2A deletion was more frequent in OED than in OSCC. The EGFR amp
/CDKN2A intact profile was associated with significantly poor DFS and OS and was identified as
an independent prognostic factor using the Cox proportional hazards model. Based on FISH and
IHC findings, OSCC was subclassified into EGFR-dependent and EGFR-independent groups, with
an HRAS IHC-positive subgroup showing a poor prognosis among EGFR-independent OSCCs.
Abbreviations: amp+, amplification-positive; del−, deletion-negative; LI, labeling index; OSCC, oral
squamous cell carcinoma; OED, oral epithelial dysplasia; ROC, receiver operating characteristic; AUC,
area under the ROC curve; HR, hazard ratio; CI, confidence interval; IHC, immunohistochemistry;
FISH, fluorescence in situ hybridization; FFPE, formalin-fixed paraffin-embedded.
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Table 1. Clinicopathological characteristics of normal oral mucosa, OED, and OSCC.

Parameters Normal Mucosa (n = 10)
(%) OED (n = 66) (%) OSCC (n = 51)

(%)

Sex Male 5 (50.0) 21 (31.8) 29 (56.9)
Female 5 (50.0) 45 (68.2) 22 (43.1)

Age (y) Average (range) 57.0 (36–87) 69.9 (25–97) 58.9 (26–88)
Anatomical site Tongue 2 (20.0) 22 (33.3) 30 (58.8)

Gingiva 3 (30.0) 23 (34.8) 12 (23.5)
Buccal mucosa 2 (20.0) 11 (16.7) 4 (7.9)

Mouth floor 0 1 (1.5) 5 (9.8)
Palate 3 (30.0) 5 (7.6) 0 (0)

Lip 0 1 (1.5) 0 (0)
Others 0 3 (4.6) 0 (0)

Epithelial dysplasia Mild - 21 (31.8) -
Moderate - 14 (21.2) -

Severe/CIS - 31 (47.0) -
Histopathological grade Well differentiated - - 42 (82.3)

Moderately
differentiated - - 8 (15.7)

Poorly differentiated - - 1 (1.9)
Pathological tumor stage T1 - - 20 (39.2)

T2 - - 23 (45.1)
T3 - - 3 (5.9)

T4a - - 5 (9.8)
T4b - - 0 (0)

Pathological nodal stage N0 - - 33 (64.7)
N1 - - 9 (17.6)

N2a - - 0 (0)
N2b - - 8 (15.7)
N2c - - 1 (2.0)
N3 - - 0 (0)

Neck dissection Not performed - - 29 (56.9)
performed - - 22 (43.1)

Clinical TNM stage I - - 17 (33.3)
II - - 12 (23.5)
III - - 9 (17.7)
IV - - 13 (25.5)

Ki-67 index Average - 12.48 (1–37.8) 18.23 (5.2–38.7)
CCND1 amplification Negative 10 (100.0) 53 (80.3) 38 (74.5)

Positive 0 (0) 13 (19.7) 13 (25.5)
CDKN2A deletion Negative 8 (80.0) 42 (63.6) 44(86.3)

Positive 2 (20.0) 24 (36.4) 7(13.7)
EGFR amplification Negative 10 (100.0) 60 (91.0) 36 (70.6)

Positive 0 (0) 6 (9.0) 15 (29.4)
PIK3CA amplification Negative 9 (90.0) 52 (78.8) 38 (74.5)

Positive 1 (10.0) 14 (21.2) 13 (25.5)
PTEN deletion Negative 10 (100.0) 54 (81.8) 42 (82.4)

Positive 0 (0) 12 (18.2) 9 (17.6)
TP53 deletion Negative 10 (100.0) 39 (59.1) 37 (72.5)

Positive 0 (0) 27 (40.9) 14 (27.5)
1p36 deletion Negative 8(80.0) 37 (56.1) 40 (78.4)

Positive 2 (20.0) 29 (43.9) 11 (21.6)
Note: - indicates “Not applicable.” OED, oral epithelial dysplasia; OSCC, oral squamous cell carcinoma;
CIS, carcinoma in situ.

FISH analysis targeted seven genes related to EGFR signaling and cell cycle regulation:
CCND1, CDKN2A, EGFR, PIK3CA, PTEN, TP53, and 1p36 locus. The results are summa-
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rized in Supplementary Table S1 and shown in Figure 2. EGFR amplification was more
frequent in OSCC than in OED (29.4% vs. 9.1%; p = 0.007), whereas CDKN2A deletion was
more frequent in OED than in OSCC (36.4% vs. 13.7%; p = 0.006) (Table 2). No significant
group differences were found in CCND1 amplification (25.5% vs. 19.7%; p = 0.51), TP53
deletion (27.5% vs. 40.9%; p = 0.17), PTEN deletion, or PIK3CA amplification. In con-
trast, 1p36 deletion was significantly more common in OED (43.9%) than in OSCC (21.6%;
p = 0.018), suggesting its role in dysplasia. None of the seven alterations showed a signif-
icant prognostic association with OSCC. We also examined whether CDKN2A deletion
status or the presence of 1p36 deletion was associated with the clinicopathologic variables
in Table 1. In both OED and OSCC, neither alteration showed significant correlations with
age, sex, anatomical or tumor site, dysplasia or histological grade, or clinical stage (all
p > 0.05).

Figure 2. Integrated clinicopathological and molecular profiles across normal mucosa, OED, and
OSCC. Heatmap summarizing the clinical (age, sex, and location), histological, and molecular features
of 117 formalin-fixed paraffin-embedded samples (10 normal mucosa, 66 OED, 51 OSCC). Genetic
alterations were assessed using FISH targeting EGFR, CDKN2A, 1p36 locus, TP53, PIK3CA, CCND1,
and PTEN, listed from top to bottom in descending order of frequency. A combined profile of EGFR
amplification and CDKN2A deletion negativity (EGFR amp/CDKN2A intact), specific to OSCC, is
separately indicated. The Ki-67 LI is shown for all cases. HRAS IHC scores (range: 0–8) were
evaluated in 36 OSCC cases lacking EGFR amplification. Each column represents a single case.
Abbreviations: OSCC, oral squamous cell carcinoma; OED, oral epithelial dysplasia; CIS, carcinoma
in situ; LI, labeling index; IHC, immunohistochemistry.

Table 2. Univariate and multivariate logistic regression analysis of diagnostic markers distinguishing
OED from OSCC in 117 cases.

Parameters OED (n = 66)
(%)

OSCC (n = 51)
(%)

Univariate OR
(95% CI) Univariate p Multivariate

OR (95% CI) Multivariate p

CDKN2A gene
deletion 24 (36.4) 7 (13.7) 0.28 (0.11–0.71) 0.006 - -

EGFR gene
amplification 6 (9.0) 15 (29.4) 4.17

(1.48–11.71) 0.007 - -

EGFR
amplification-

positive/CDKN2A
deletion-negative

2 (3.0) 15 (29.4) 13.33
(2.88–61.63) <0.0001 10.9

(2.73–74.21) 0.0003

1p36 deletion 29 (43.9) 11 (21.6) 0.35 (0.15–0.80) 0.018 2.24 (0.90–5.86) 0.081
Ki-67 labeling

index (%, mean) 12.48 18.23 1.10 (1.04–1.16) 0.001 1.08 (1.02–1.15) 0.004

Multivariate logistic regression was conducted including EGFR amplification-positive/CDKN2A deletion-
negative, Ki-67 labeling index, and 1p36 locus deletion as covariates. -, Not included in the multivariate model.
CI, confidence interval; OR, odds ratio; OED, oral epithelial dysplasia; OSCC, oral squamous cell carcinoma.
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3.1. FISH Analysis of EGFR amp/CDKN2A Intact Profile for Diagnosis and Prognosis of Patients
with OSCC

The EGFR amplification-positive and CDKN2A deletion-negative (EGFR amp/CDKN2A
intact) profile was evaluated as a diagnostic marker to distinguish OSCC from OED. This
profile was found in 15 OSCC cases (29.4%) but only in 2 OED cases (3.0%) (p < 0.0001)
(Figure 3). EGFR amplification was observed in 6 of 66 OED cases (9.1%), including 2 pa-
tients with mild dysplasia and 3 patients with moderate dysplasia; the remaining patient
later developed metachronous squamous cell carcinoma and died of tumor progression.
Logistic regression analysis confirmed that it was an independent predictor of OSCC
(p = 0.0003; Table 2). ROC analysis yielded an AUC of 0.63 (sensitivity, 29.4%; specificity,
97.0%; and accuracy, 67.5%). When combined with the Ki-67 labeling index, the AUC
improved to 0.77 (sensitivity, 54.9%; specificity, 90.9%; and accuracy, 75.2%) (Figure 4).
Adding the 1p36 deletion further increased the AUC to 0.80 and sensitivity to 76.5%, al-
though specificity declined to 75.8%, and overall accuracy improved only slightly to 76.1%.
The Kaplan–Meier analysis showed significantly poor DFS (p = 0.008) and OS (p = 0.024)
in EGFR amp/CDKN2A intact OSCCs (Figure 5A,B). The multivariate Cox analysis con-
firmed its prognostic significance (DFS: hazard ratio [HR] = 5.08, p = 0.016; OS: HR = 6.10,
p = 0.047; Table 3). No EGFR amp/CDKN2A intact cases were observed in the 10 normal
mucosa samples, although low-frequency alterations in PIK3CA (10%), CDKN2A (20%),
and 1p36 (20%) were detected (Table 1 and Figures 2 and 3C).

Figure 3. Representative histopathological and molecular findings of OSCC and normal mucosa.
(A) FISH image showing EGFR gene amplification in OSCC, characterized by increased green EGFR
locus signals relative to red CEP7 centromeric signals (×600 magnification). (B) Representative
example of CDKN2A deletion in OSCC by FISH, demonstrating loss of one green CDKN2A locus
signal with preservation of the red CEP9 centromeric signals (×600 magnification). Note that
CDKN2A deletion is overall more frequent in OED than in OSCC. (C) FISH image of normal tongue
mucosa showing no EGFR amplification, with green EGFR and red CEP7 signals present in normal
copy numbers (×600 magnification). (D) Hematoxylin and eosin staining of well-differentiated OSCC
(×200 magnification). (E) HRAS protein overexpression detected by immunohistochemistry (IHC) in
the same OSCC case shown in (D) (×200 magnification). (F) Low HRAS expression detected by IHC in
OSCC (×200 magnification). Probe colors: EGFR = green; CDKN2A = green; CEP7 = red; CEP9 = red.
Scale bars are indicated in each panel. Abbreviations: OSCC, oral squamous cell carcinoma; OED,
oral epithelial dysplasia; IHC, immunohistochemistry; FISH, fluorescence in situ hybridization.
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Figure 4. ROC curves for differentiating OSCC from OED. ROC curves demonstrate the diagnostic
performance of the EGFR amp/CDKN2A intact profile alone (blue, AUC = 0.63), Ki-67 labeling index
alone (green, AUC = 0.71), and their combination (red, AUC = 0.77). The combination shows the
highest diagnostic accuracy for distinguishing OSCC from OED; AUC, area under the ROC curve.

Figure 5. Kaplan–Meier survival curves for patients with OSCC stratified by molecular profiles.
(A,B) Disease-free survival (DFS) and overall survival (OS) of 51 OSCC cases according to the EGFR
amplification-positive/CDKN2A deletion-negative (EGFR amp/CDKN2A intact) profile. Patients with
this profile show significantly worse DFS (p = 0.008) and OS (p = 0.024) than those without. (C,D) DFS
and OS of 36 EGFR-negative OSCC cases stratified by HRAS IHC status. High HRAS expression
is significantly associated with poor DFS (p = 0.012) and OS (p = 0.039) compared with low HRAS
expression. Number at risk is indicated below each graph. Abbreviations: DFS, disease-free survival;
OS, overall survival; IHC, immunohistochemistry.
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Table 3. Cox proportional hazards analyses for DFS and OS in 51 patients with OSCC.

DFS OS

Univariate Multivariate Univariate Multivariate

HR (95% CI) p HR (95% CI) p HR (95% CI) p HR (95% CI) p

Age (y)

>60 2.13
(0.77–5.89) 0.170 0.99

(0.28–3.64) 0.980

≤60
Sex

Male 0.72
(0.29–1.78) 0.480 1.13

(0.39–3.30) 0.820

Female
Tumor site

Tongue 1.20
(0.47–3.06) 0.700 0.53

(0.11–2.64) 0.440

Others
Tumor size (cm)

T1–T2 1.61
(1.38–17.51) 0.041 0.45

(0.12–1.67) 0.23 2.23
(1.81–6.74) 0.017 0.49

(0.07–3.24) 0.190

T3–T4
Nodal status

Positive 4.10
(1.37–12.27) 0.026 3.96

(1.05–15.02) 0.004 3.81
(1.14–12.82) 0.083

Negative

Histologic grade 1.69
(0.39–7.37) 0.320

Well diff. 12.81
(1.07–15.38) 0.049 1.16

(0.27–4.94) 0.280

Moderate +
poorly diff.
EGFR amplification-positive/CDKN2A

deletion-negative

Positive 3.16
(1.28–7.83) 0.014 5.08

(1.36–18.96) 0.016 * 3.20
(1.10–9.33) 0.033 6.10

(1.36–10.69) 0.047 †

Negative
Clinical stage

I, II 4.11
(1.47–11.48) 0.007 9.37

(2.11–41.66) 0.006 * 3.45
(1.94–12.71) 0.043 2.93

(0.78–11.04) 0.11 †

III, IV

* Both variables were retained as independent factors (p = 0.006 and 0.010, respectively). † Neither was retained
(p = 0.11 and 0.069, respectively). DFS, disease-free survival; OS, overall survival; HR, hazard ratio; CI, confidence
interval; diff., differentiated.

3.2. Prognostic Impact of HRAS Expression in EGFR-Negative OSCC

After confirming the diagnostic relevance of the EGFR amp/CDKN2A intact profile,
OSCC cases were stratified by EGFR amplification status. All EGFR-amplified cases lacked
the CDKN2A deletion, supporting the exclusivity of this molecular pattern (Figure 2).
To further classify EGFR-negative OSCCs, HRAS expression was analyzed owing to its
downstream role in EGFR signaling. HRAS immunoreactivity was semiquantitatively
scored using the modified Allred system. Of the 51 OSCCs, 36 (70.6%) were found to
be EGFR-negative. Among them, HRAS expression was high in 23 cases and low in 13
(Figure 3D–F). High HRAS expression (scores 4–8) was correlated with advanced tumor
features, including large pathological size (p = 0.01), high TNM stage (p = 0.004), and the
need for neck dissection (p = 0.030) (Supplementary Table S2). The Kaplan–Meier analysis
showed significantly shorter DFS (p = 0.012) and OS (p = 0.039) in high-HRAS cases than in
low-HRAS cases (Figure 5C,D). Similarly, clinical stages III–IV were associated with poor
survival (DFS: p = 0.002; OS: p = 0.038; Table 4). The multivariate Cox analysis confirmed
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that high HRAS expression was an independent predictor of poor prognosis for both DFS
(HR = 5.91, p = 0.022) and OS (HR = 6.15, p = 0.043).

Table 4. Cox proportional hazards analyses for DFS and OS in 36 patients with EGFR amplification-
negative OSCC.

DFS OS

Univari ate Multivariate Univariate Multivariate

HR (95% CI) p HR (95% CI) p HR (95% CI) p HR (95% CI) p

Age (y)

>60 2.22
(0.59–8.29) 0.230 1.21

(0.30–7.4) 0.620

≤60
Sex

Male 0.22
(0.01–0.89) 0.036 0.41

(0.08–2.02) 0.066 0.40
(0.073–2.22) 0.280

Female
Tumor site

Tongue 2.18
(0.59–8.14) 0.250 0.53

(0.11–2.64) 0.440

Others
Tumor size (cm)

T1–T2 0.34
(0.072–1.67) 0.150 5.83

(1.06–32.0) 0.035 3.12
(0.53–18.28) 0.190

T3–T4
Nodal status

Positive 17.4
(2.16–23.9) <0.001 9.86

(1.22–79.60) 0.006 8.64
(1.01–74.07) 0.019 3.45

(0.38–31.35) 0.220

Negative

Histologic grade 0.40
(0.097–1.57) 0.210 0.52

(0.095–2.85) 0.470

Well diff.
Moderate + poorly

diff.
HRAS IHC

High 3.22
(1.85–8.91) 0.001 5.91

(1.09–19.63) 0.022 * 10.18
(1.78–12.91) 0.017 6.15

(1.36–10.69) 0.043 †

Low
Clinical stage

I, II 3.05
(1.63–88.69) 0.002 6.11

(1.66–49.15) 0.035 * 6.83
(2.79–58.53) 0.038 3.18

(0.37–27.37) 0.29 †

III, IV

* Both clinical stage and HRAS IHC were retained as independent factors in the multivariate analysis (p = 0.035
and 0.028, respectively). † Neither clinical stage nor HRAS IHC was retained as an independent factor in the
multivariate analysis (p = 0.29 and 0.06, respectively). DFS, disease-free survival; OS, overall survival; HR, hazard
ratio; CI, confidence interval; IHC, immunohistochemistry; diff., differentiated.

4. Discussion
Histopathologically, distinguishing severe oral epithelial dysplasia (OED) from superfi-

cially invasive or microinvasive oral squamous cell carcinoma (OSCC) remains challenging
because minimal stromal invasion can be difficult to identify [25]. This diagnostic overlap
contributes to interobserver variability and highlights the need for objective molecular
markers to support more reliable differentiation. Although several biomarkers, such as
Ki-67, p53, SOX2, podoplanin, and DNA aneuploidy, have been proposed, only Ki-67 and
p53 are routinely used and have limited diagnostic reliability [26].

In this study, EGFR amplification was frequent in OSCC, whereas CDKN2A deletion
was common in OED, supporting their roles as molecular markers for differential diag-
noses. None of the OSCC cases showed co-occurrence, whereas some OED cases exhibited
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co-occurrence, suggesting distinct oncogenic pathways (Figure 2). The EGFR amp/CDKN2A
intact profile was specific to OSCC and showed high diagnostic accuracy in ROC analysis.
The diagnostic performance was further improved when combined with the Ki-67 labeling
index, highlighting the complementary utility of FISH and IHC [27]. Although Ki-67 alone
demonstrated higher diagnostic sensitivity than the EGFR amp/CDKN2A intact profile,
the two markers capture biologically distinct aspects of lesion behavior. Ki-67 reflects
proliferative activity, which may increase in reactive atypia or inflamed lesions, whereas
EGFR amplification and CDKN2A deletion represent early molecular driver events specific
to OSCC development. Therefore, their combination provided higher diagnostic specificity
and improved overall diagnostic performance. The limited number of EGFR amp/CDKN2A
intact OED cases (n = 2) restricts the statistical power of subgroup analyses, and this limita-
tion has been acknowledged. Adding the 1p36 deletion increased the AUC and sensitivity
but reduced the specificity, reflecting a trade-off between early instability detection and
diagnostic precision. FISH for EGFR and CDKN2A was applicable to the FFPE samples and
provided reproducible results, particularly for EGFR [28]. CDKN2A deletion may also help
screen for high-risk OED and improve the diagnostic accuracy [29]. EGFR amplification was
also observed in six OED cases (two mild, three moderate, and one severe). Among these
cases, one patient with severe OED showing EGFR amplification later developed OSCC
at both the original dysplastic site and another distinct oral site. While only the former
represents true malignant transformation, the latter metachronous tumor likely reflects
field cancerization or a high-risk mucosal field. This case highlights that EGFR-amplified
severe OED warrants careful long-term surveillance. In our cohort, EGFR amplification and
CDKN2A deletion were mutually exclusive in OSCC, which limits the ability to evaluate
the independent prognostic contribution of CDKN2A loss within EGFR-amplified tumors.
Consequently, the prognostic effect observed for the EGFR-amplified/CDKN2A-intact profile
largely reflects the impact of EGFR amplification alone. This mutual exclusivity pattern
may be unique to our patient population, and the prognostic utility of this combined profile
requires validation in larger external cohorts, including public datasets that contain tumors
with coexisting EGFR amplification and CDKN2A deletion.

FISH analysis of 10 normal mucosal samples revealed no alterations in EGFR,
TP53, CCND1, or PTEN, whereas sporadic aberrations were observed in PIK3CA (10%),
CDKN2A (20%), and 1p36 (20%), consistent with previously reported age-related genomic
changes [30,31]. Importantly, the EGFR amp/CDKN2A intact profile was absent in all the
normal samples, reinforcing its specificity for OSCC. These findings underscore the diag-
nostic value of assessing combined molecular alterations rather than individual markers, as
proposed in a previous study by Monteiro et al. [32]. Notably, the 1p36 deletion was more
frequent in OED than in OSCC, supporting its potential as an early marker of genomic
instability [18]. Building on the diagnostic stratification achieved using EGFR and CDKN2A
FISH, we focused on EGFR-negative OSCCs, which lack the known molecular drivers. To
explore the potential prognostic indicators and therapeutic targets in this subgroup, we
examined HRAS expression using IHC.

CDKN2A deletion was more prevalent in OED than in OSCC (36.4% vs. 13.7%), con-
trary to previous reports [29]. Given the role of CDKN2A in early cell cycle regulation and
frequent alterations in head and neck cancers [33], its presence in OED is biologically plau-
sible. Shahnavaz et al. reported homozygous deletions in 12% of OED and 78% of OSCC
cases using laser microdissection, suggesting stepwise progression [29]. Similarly, Kojima
et al. identified CDKN2A mutations in premalignant lesions [34]. These findings support
the clonal evolution model observed in head and neck cancers [35] and other precancerous
conditions, such as colorectal adenomas and cervical intraepithelial neoplasia [36]. Al-
though deletion of CDKN2A and 1p36 was significantly more frequent in OED, our FISH



Cancers 2025, 17, 3949 13 of 17

assay primarily detects hemizygous loss rather than true biallelic deletion. Therefore, the
biological implications of single-copy versus two-copy loss could not be evaluated in this
study. In our cohort, the high prevalence of CDKN2A deletions in OED may reflect early
hemizygous loss, which is preferentially detected using FISH. In contrast, homozygous
deletions, which are indicative of irreversible clonal dominance, may be underdetected
and require complementary methods for confirmation [30,31]. This observation supports
a nonlinear evolutionary model in which some CDKN2A-deleted clones may undergo
clonal extinction [37]. Given the molecular heterogeneity of OED, CDKN2A deletion may
indicate a high-risk but transient intermediate state [38]. In OSCC, CDKN2A deletion
was found in 7 of 36 EGFR-negative cases, most of which were well-differentiated (5/7)
and early stage (4/7) and had a 5-year survival rate of 71.4%, comparable to CDKN2A-
intact cases (n = 29). This suggests a limited prognostic value in this context, possibly
because of the predominance of low-grade tumors. Overall, these findings highlight the
complexity of CDKN2A in oral carcinogenesis and underscore the need for an integrated
evaluation using both deletion-sensitive and functionally informative approaches. In ad-
dition, CDKN2A and 1p36 deletions showed no association with any clinicopathologic
variables in either OED or OSCC, suggesting that these alterations may arise independently
of conventional phenotypic features. This supports the view that such deletions represent
early or parallel molecular events rather than progression markers linked to clinical stage
or tumor differentiation.

Cetuximab, an anti-EGFR monoclonal antibody, is approved for advanced OSCC and
HNSCC and offers a therapeutic option for EGFR-positive tumors, although its response
rate remains limited to 10–20% [39]. Tumors with EGFR amplification respond favorably,
and FISH-confirmed amplification can serve as a predictive marker. Nevertheless, EGFR
amplification does not always correlate with protein overexpression, as detected using
IHC, which complicates treatment decisions. Beyond its diagnostic relevance, the EGFR
amp/CDKN2A intact profile was also associated with a poor prognosis. It independently
predicted short-term DFS and OS in the multivariate analysis, underscoring its dual utility
in diagnosis and risk stratification. A comparable molecular profile in non-small cell lung
cancer has been linked to PD-L2-mediated immune evasion and an enhanced response
to EGFR-tyrosine kinase inhibitor therapy combined with immune checkpoint inhibitors,
suggesting that EGFR/CDKN2A co-alterations in OSCC may similarly modulate tumor
immunogenicity and warrant further investigation [19].

In contrast, EGFR-negative OSCCs, which lack amplification and thus fall outside
this subclassification, have no established molecular drivers or targeted therapies [40,41].
In our cohort, HRAS overexpression was observed in 60.6% of the EGFR-negative OSCC
cases and was associated with reduced survival (Table 4). H-ras mutations have also been
reported in oral carcinomas in other populations [42]. Despite the inconsistencies in prior
studies, our findings support the role of HRAS in subclassifying this molecularly undefined
subgroup [43]. HRAS likely functions as a key oncogenic driver in EGFR-negative OSCC
and shapes distinct molecular and clinical phenotypes. As IHC cannot detect activating
mutations, molecular sequencing is required to characterize HRAS-driven tumors. HRAS-
positive OSCCs may represent an aggressive, EGFR-independent subtype amenable to
targeted therapies, such as tipifarnib. HRAS activates the MAPK/ERK pathway and
promotes invasion, proliferation, and resistance to apoptosis. Its activation may result
from point mutations, overexpression, or posttranslational changes. Mutations such as
Gly12Ala or Gly12Val stabilize the protein and are linked to strong IHC signals [22]. Several
HRAS inhibitors are under development and may benefit patients with HRAS-positive and
EGFR-negative OSCCs.
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Our FISH analysis revealed additional alterations in EGFR and CDKN2A expression
levels. OSCCs frequently showed PIK3CA amplification (29.4%) and deletions in CCND1,
TP53, PTEN, and 1p36 locus (Figure 2), reflecting genomic instability. These co-alterations
suggest that multiple driver events promote OSCC progression [44]. EGFR−/HRAS−

OSCCs may constitute a distinct molecular subset. Multi-omics approaches, including
epigenomic and transcriptomic profiling, are required to identify alternative drivers and re-
fine the classification [45]. Notably, 10 OSCCs lacked alterations in the seven FISH-targeted
genes, implicating other factors, such as HRAS, NOTCH1, or epigenetic mechanisms. The
Cancer Genome Atlas and other studies have identified HRAS, CASP8, and NOTCH1
mutations in human papillomavirus-negative, EGFR-negative HNSCC [46]. Combining
FISH with sequencing, copy number, and methylation analyses may improve OSCC sub-
classification and inform therapeutic strategies [47].

This study supports the feasibility of combining FISH and IHC for molecular strat-
ification of OSCC. EGFR and CDKN2A FISH provides diagnostic and prognostic value,
particularly the EGFR amp/CDKN2A intact profile, as a dual-purpose marker. HRAS IHC
offers additional prognostic insights into EGFR-negative tumors. Both methods are applica-
ble to FFPE tissues and are practical for routine pathology, including mid-sized labs [48,49].
Compared with next-generation sequencing, FISH is highly cost-effective for detecting
gene copy alterations [50], whereas IHC reflects protein function and supports personalized
care [51]. Similar to HER2 or ALK/ROS1 testing in other cancers, this approach holds clini-
cal promise for OSCC [49,52]. The integration of these markers into diagnostic workflows
may improve the molecular classification and risk assessment.

This study has some limitations. The single-institution nature of this study may
have introduced a selection bias, particularly for a high proportion of patients with well-
differentiated OSCC. The FISH method in FFPE tissue cannot reliably distinguish hem-
izygous from biallelic deletion because of nuclear truncation and probe resolution. Thus,
our deletion definition may underestimate the complexity of allelic loss. Because EGFR
amplification and CDKN2A deletion were mutually exclusive in our OSCC cohort, the
independent effect of CDKN2A loss could not be assessed. Thus, the prognostic value of
the EGFR amp/CDKN2A intact profile likely reflects EGFR amplification alone. Validation in
larger cohorts, including tumors with both alterations, is needed to confirm this finding.
HRAS IHC was limited to EGFR-negative cases to assess alternative pathways, which
may have excluded overlapping alterations. HRAS IHC positivity does not necessarily
indicate activating mutations. Future studies should include HRAS sequencing to validate
IHC-based classifications and clarify mutation-specific significance. Alternative markers
are needed to assess EGFR/HRAS double-negative OSCC. Prospective multicenter cohort
and functional studies are warranted to confirm and extend these findings.

5. Conclusions
EGFR amplification was frequent in OSCC, and CDKN2A deletion was prevalent

in OED, supporting their use as molecular markers for differential diagnoses. FISH for
EGFR/CDKN2A and HRAS IHC can be used to stratify OSCC by diagnosis and prognosis,
enabling practical molecular subclassification.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers17243949/s1, Table S1: Correlation between genetic alter-
ations and clinicopathological parameters in OED and OSCC; Table S2: Clinicopathological features
stratified by HRAS expression in 36 EGFR-negative OSCC cases.
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