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Background: Oral squamous cell carcinoma (OSCC) is a common malignant
tumor of the oral cavity that signi cantly impacts patients’ quality of life and
presents substantial economic challenges due to its high incidence and mortality.
Methods: Weighted gene co-expression network analysis and differential
expression gene screening were applied to identify key genes involved in OSCC
progression. The expression of NTMT1 in OSCC was examined using The Cancer
Genome Atlas database and the Human Protein Atlas database. One-way analysis
of variance was used to compare NTMT1 expression among patients with different
pathological statuses. Kaplan-Meier survival analysis and Cox regression analysis
were performed to investigate the relationship between NTMT1 and prognosis.
Gene Ontology analysis and gene set enrichment analysis (GSEA) were conducted
to explore the functions and pathways of NTMTL1. The correlations between
NTMT1 expression and m6A-related genes as well as immune cells were analyzed
using R software. Additionally, in vitro experiments were carried out to verify the
effect of NTMT1 overexpression on the proliferation, migration, and invasion of
OSCC cells.

Results: NTMT1 was found to be upregulated in OSCC tissues, with higher
expression correlating with poorer survival outcomes. Statistical analyses
demonstrated signi cant associations between NTMT1 expression and various
clinicopathological characteristics, including pathologic stage and
lymphovascular invasion. Univariate Cox regression analysis indicated NTMT1 as
asigni cantrisk factor for OSCC, although multivariate analysis did not con rmits
independent prognostic value. Functional analysis revealed NTMT1-associated
genes involved in lipid transport, cell adhesion, and DNA repair. GSEA highlighted
pathways such as cell cycle checkpoints and Notch signaling. Additionally, NTMT1
expression was positively correlated with m6A methylation-related genes and
speci ¢ immune cell in Itrations. NTMT1 overexpression promoted the
proliferation, migration and invasion of OSCC cells.

Conclusion: NTMT1 might play a crucial role in OSCC progression and have the
potential to serve as a biomarker for prognosis and therapeutic targeting.
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1 Introduction

Oral squamous cell carcinoma (OSCC) represents the most
prevalent form of malignancy within the oral cavity, accounting for
over 90% of oral cancers and contributing substantially to global
morbidity and mortality (1, 2). This neoplasm typically arises from
the mucosal linings of the oral cavity, including the tongue, oor of
mouth, buccal mucosa, and oropharyngeal regions (3). Despite
advances in public health awareness and early detection strategies,
the ve-year survival rate for OSCC remains dismally low,
especially in advanced stages, where it can decline to
approximately 50% (1). Early-stage lesions are often
asymptomatic or non-speci c, resulting in delayed diagnosis and
suboptimal outcomes (4). Existing biomarkers and imaging
techniques have not achieved suf cient sensitivity and speci city
for early detection or accurate prognostication (5). Therefore, there
is a compelling need to characterize additional molecules with
robust prognostic value and mechanistic relevance to
tumor biology.

NTMT1 (N-terminal methyltransferase 1) is an enzyme that
catalyzes the N-terminal a-methylation (Na-methylation). It
recognizes the speci ¢ X-P-K/R motif and transfers a methyl
group from S-adenosylmethionine to the N-terminus of substrate
proteins (6). This modi cation affects protein stability, protein-
protein interactions, and protein-DNA interactions, thereby
regulating processes such as cell proliferation, immune
response, and DNA damage repair. Meng et al. (7) veri ed the
Na-methylation effect of NTMT1 on protein arginine deiminase
1 (PAD1), and found that this modi cation signi cantly
prolonged the half-life of PAD1 and regulated its protein
interactions, but had no signi cant impact on its enzymatic
activity or cellular localization. In addition, NTMT1-mediated
Na-methylation affects the functions of chromosome
condensation regulators and the oncoprotein SET, suggesting
its potential regulatory role in the cell cycle and tumorigenesis
(8). In colorectal cancer, the cell-free DNA in plasma test
(MethyDT) based on the methylation of NTMT1 and
MAP3K14-AS1 shows high sensitivity and speci city, and can
be used for non-invasive diagnosis (9). NTMT1 was con rmed to
be positively correlated with the progression of cervical cancer
and could signi cantly promote proliferation and migration of
tumor cells (10). However, there is little known about the role of
NTMT1 in OSCC progression.

This research aims to clarify the clinical relevance and
underlying biological functions of NTMT1 in OSCC, thereby
advancing our understanding of its potential as a prognostic
biomarker and informing new avenues for targeted therapy. The
integration of bioinformatics methodologies and cell experiments
not only enhances the robustness of the ndings but also lays the
groundwork for future translational studies about NTMTL1.
Through this systematic analysis, the study aspires to contribute
meaningfully to the ongoing efforts to improve prognostic
evaluation and therapeutic interventions for OSCC.
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2 Materials and methods
2.1 Data acquisition

The GSE37991 dataset was downloaded from the GEO database
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi), which includes
40 OSCC tissue samples and 40 adjacent non-tumor tissue
samples. RNA-seq data processed by the STAR pipeline, along
with corresponding clinical data, were downloaded and organized
from the TCGA-HNSC project in the TCGA database (https://
portal.gdc.cancer.gov). TPM-formatted expression data were
extracted from the RNA-seq dataset. Samples without matching
clinical information were excluded. From the remaining samples,
those derived from oral cancer sites (alveolar ridge, base of tongue,
buccal mucosa, oor of mouth, hard Palate, oral cavity, oral tongue)
were retained, while samples from non-oral cancer sites
(hypopharynx, larynx, lip, oropharynx, tonsil) were removed. The
resulting cohort was de ned as the TCGA-OSCC cohort.

2.2 Weighted gene co-expression network
analysis

Based on the GES37991 gene expression matrix, genes with low
expression (e.g.,, FPKM < 1 in 80% of samples) and low variation
(CV < 0.15) were rst Itered out. After normalization, the
remaining genes were used for subsequent analysis. Using the R
“WGCNA” package, the optimal soft-thresholding power b was
selected to satisfy the scale-free network property, and a weighted
adjacency matrix was constructed. Gene modules were obtained via
hierarchical clustering based on TOM dissimilarity followed by
dynamic tree cutting, with modules showing ME correlation
coef cient > 0.75 merged. The correlation between module
eigengenes (ME) and phenotypes was calculated to screen
signi cantly associated modules. Core genes were selected based
on the criteria of MM > 0.8 and GS > 0.2.

2.3 Differentially expressed genes between
NTMT1 high-expression and low-
expression groups

Expression data of NTMT1 were extracted from the GSE37991/
TCGA-OSCC and strati ed into high- and low-expression groups
based on the median expression value of NTMT1. Differential
expression analysis was performed on the raw counts matrix
using the DESeq2 package following standard protocols.
Additionally, the raw counts matrix was normalized using the
Variance Stabilizing Transformation (VST) method provided by
the DESeqg2 package.

2.4 NTMT1 expression in pan-cancer and
OsccC

RNA-seq data processed by the STAR pipeline for 33 tumor
projects were downloaded from the TCGA database, and TPM-
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formatted data were extracted. Based on the characteristics of the
data format, appropriate statistical methods (Wilcoxon rank sum
test, unpaired t-test, paired t-test) from the stats and car packages
were selected to analyze the expression of NTMT1 mRNA in pan-
cancer and OSCC. The Human Protein Atlas (HPA) database
provides immunohistochemical results showing the expression of
NTMT1 protein in OSCC and normal oral tissues.

2.5 Study on the correlation between
NTMT1 and clinical characteristics

In this study, statistical calculations were conducted with the
“stats” package, hypothesis testing was performed via the “car”
package, and data visualization was implemented using the
“ggplot2” package. The signi cance of all statistical results was
determined through one-way ANOVA.

2.6 Survival analysis of NTMT1

In the TCGA-OSCC cohort, patients were divided into high-
expression and low-expression groups using the median expression
level of NTMT1 as the threshold. The R “survival” package was
employed to perform the proportional hazards assumption test and

t the survival regression model. Finally, the “survminer” package
combined with the “ggplot2” package was used to visualize the
results of the survival analysis.

2.7 Cox regression analysis

The survival package was used to perform proportional hazards
assumption tests and Cox regression analyses on the pathological
features of data from the TCGA-OSCC cohort. In the univariate
Cox regression analysis, samples meeting the prede ned threshold
of P < 0.05were included in the multivariate Cox regression analysis
for model construction.

2.8 Gene ontology analysis

Genes related to NTMT1 were subjected to ID conversion using
the “org.Hs.eg.db” package, followed by enrichment analysis with
the “clusterPro ler” package. The results of the enrichment analysis
were visualized using the ggplot2 package.

2.9 Gene set enrichment analysis

DEGs between the NTMT1 high-expression and low-
expression groups from TCGA-OSCC cohort were used as the
analysis objects. Reference gene sets, including Hallmark, KEGG,
and GO-BP gene sets from the MsigDB database, were selected for
the analysis. The core parameters were set as follows: 1000
permutations were performed to reduce false positives; the gene
set size threshold was set to 15-500 (to exclude excessively small or
large gene sets and ensure the reliability of enrichment results); and
the signi cance level was de ned as adjusted P-value < 0.05. During
the analysis, the enrichment score (ES) was calculated to quantify
the enrichment degree of target gene sets in the ranked list of DEGs,
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and permutation tests were used to determine the statistical
signi cance of the enrichment results.

2.10 Association between NTMT1
expression and m6A methylation in OSCC

Tissue samples in TCGA-OSCC cohort were divided into
NTMTL1 high-expression and low-expression groups. The
expressions of m6A related genes in each group were compared
through T test. The correlations between NTMT1 and m6A related
genes were analyzed by Spearman method.

2.11 Connection of NTMT1 expression to
in Itrating immune cells in OSCC

Based on the ssGSEA algorithm implemented in the R package
“GSVA”, we calculated the correlation between NTMT1 and immune
in ltration in TCGA-OSCC using markers for 24 immune cell types
derived from a study published in Immunity (11). Samples were
strati ed by NTMT1 expression levels, and the enrichment scores of
each immune cell type were compared between the two groups.
Furthermore, immune in Itration pro les in TCGA-OSCC were
evaluated using the core CIBERSORT algorithm with markers for
22 immune cell types obtained from the CIBERSORTX website
(https://cibersortx.stanford.edu/).

2.12 Experimental methods

These methods are detailed in the Supplementary
Methods section.

3 Results

3.1 Screening of key genes in the progress
of OSCC

We constructed a WGCNA using the “WGCNA” package in R
software to perform sample clustering for GSE37991. A soft-
thresholding power of b=18 was selected to ensure the scale-free
topology of the network (Figure 1A). A total of 8, 074 genes were
ultimately divided into 22 modules (Figure 1B). Notably, the Red
module exhibited the most signi cant module signi cance (cor =
-0.92, P < 0.001, Figure 1C). Subsequently, we identi ed
differentially expressed genes (DEGs) between normal oral tissues
and OSCC tissues in the GSE37991 dataset, resulting in 892 DEGs
(Figure 1D). We then screened for prognosis-related genes in the
TCGA-OSCC cohort, yielding 2, 954 prognosis-associated genes
(Supplementary Table 1). Finally, a Venn diagram was used to
identify the overlapping genes among the Red module genes from
WGCNA, the identi ed DEGs, and the prognosis-related genes,
leading to the discovery of 28 common genes, namely PLAU, NEK®,
TRIML2, ARHGEF39, MED15, GPM6B, HOXA1, RCE1, CELSR3,
STC2, PDIAS5, ZIC2, HOXB7, DSG2, CA9, CCL11, RAGI, BIK,
ZIC5, ITGAS, TK1, TINAGL1, Cllorf87, SCG5, RTP3, CCNAL,
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NTMT1, GDF15 (Figure 1E). Through a comprehensive literature
review, we identi ed NTMT1 as the target for further investigation.

3.2 Upregulated NTMT1 in OSCC tissues
and its prognostic value

Data from The Cancer Genome Atlas (TCGA) database
revealed that NTMT1 is highly expressed in 15 types of tumors,
with reduced expression observed only in kidney renal clear cell
carcinoma and pheochromocytoma and paraganglioma
(Figure 2A). In OSCC, both unpaired and paired t-tests
con rmed that NTMTL1 expression is signi cantly higher in
tumor tissues compared to normal oral tissues (Figures 2B, C).
Immunohistochemical results from the HPA database
demonstrated that NTMT1 protein is localized in the cytoplasm,
with higher expression levels in OSCC tissues than in normal oral
tissues (Figure 2D). Kaplan-Meier survival analysis indicated that
patients with high NTMT1 expression had shorter survival times
than those with low NTMT1 expression, as evidenced by overall
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survival, progression-free survival, and disease-speci ¢ survival
analyses (Figures 2E-G).

3.3 Associations between NTMT1
expression and clinicopathological
characteristics in OSCC patients

NTMT1 expressions among patients with different pathological
statuses were compared in the TCGA-OSCC cohort and found that
NTMTL1 expression was associated with pathologic T stage,
pathologic N stage, pathologic stage, clinical N stage, clinical
stage, histologic grade, lymphovascular invasion, lymph node
neck dissection, alcohol history, primary therapy outcome,
smoking status, OS event, PFI event, and DSS event (Figures 3A—
N). Subsequently, we performed prognostic subgroup analyses for
OSCC patients with different clinicopathological characteristics.
The results revealed that in OSCC patients with pathologic N1
stage, pathologic stage 1V, clinical NO stage, or clinical stage 1V,
those with high NTMT1 expression had shorter OS than those with
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FIGURE 2

Expression of NTMT1 in OSCC. (A) The NTMT1 expression in pan-cancer based on TCGA database. (B, C) The comparison of NTMT1 levels in normal
tissues and OSCC tissues using t test (B) and paired t test (C). (D) The protein expression of NTMT1 in normal oral tissues and OSCC tissues from the HPA
database. (E—G) The overall survival (E), progression-free survival (F), and disease-speci c survival (G) of OSCC patients with different NTMT1 expressions.

*P<0.05, **P<0.01, ***P<0.001.

low NTMT1 expression (Figures 4A-D). In addition, high NTMT1
expression was also indicative of shorter survival in patients
aged >60 years, female patients, smokers, alcohol drinkers, those
with histologic medium grade (G2), those who received or did not
receive radiation therapy, those with tumors located in the oral
tongue, those without lymphovascular invasion, those who
underwent lymph node neck dissection, and those who achieved
a complete response (CR) to primary therapy (Figures 4E-O).

3.4 Role of NTMT1 in OSCC risk prediction

Univariate Cox regression analysis demonstrated that NTMT1
expression (HR = 1.833, 95% ClI: 1.321-2.542, P< 0.001), primary
therapy outcome (HR = 0.157, 95% CI: 0.100-0.246, P< 0.001),
lymphovascular invasion (HR = 1.711, 95% CI: 1.149-2.548, P =
0.008), radiation therapy (HR = 0.601, 95% CI: 0.421-0.869,
P = 0.005), pathologic T3 stage (HR = 3.980, 95% CI: 1.677—
9.447, P =0.002), pathologic T4 stage (HR = 3.717, 95% CI: 1.592—
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8.676, P = 0.002), pathologic N2/N3 stage (HR = 2.253, 95% CI:
1.523-3.331, P< 0.001), and pathologic stage 1V (HR = 2.445, 95%
Cl: 1.534-3.929, P< 0.001) were signi cantly associated with the
OS of patients with OSCC (Table 1). In contrast, multivariate Cox
regression analysis con rmed that primary therapy outcome (HR
= 0.370, 95% CI: 0.190-0.720, P = 0.003), lymph node neck
dissection (HR = 0.138, 95% CI: 0.034-0.554, P = 0.005), and
radiation therapy (HR = 0.427, 95% CI. 0.235-0.774, P = 0.005)
were independent prognostic factors for OSCC patients. Notably,
NTMT1 expression (HR = 1.410, 95% CI: 0.811-2.449, P = 0.223)
did not exhibit a signi cant association with OS in the
multivariate model (Table 1).

3.5 Function analysis of MTMT1 in OSCC
Using the Limma package, we divided the samples in the

TCGA-OSCC cohort into high NTMT1 expression group and low
NTMT1 expression group based on the median NTMT1 expression
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