Am J Transl Res 2020;12(10):6841-6852
www.ajtr.org /ISSN:1943-8141/AJTR0116260

Original Article

Gene signatures of m5C regulators

may predict prognoses of patients with
head and neck squamous cell carcinoma

Miaomiao Xuel*, Qingmiao Shi?*, Lian Zheng®*, Qingbin Li3, Liya Yang?, Yuanyuan Zhang?

1Department of General Dentistry, 2Gene Hospital of Henan Province, Precision Medicine Center, 3Department of
Oral and Maxillofacial Surgery, The First Affiliated Hospital of Zhengzhou University, Zhengzhou 450052, Henan,
P. R. China. "Equal contributors.

Received June 14, 2020; Accepted October 1, 2020; Epub October 15, 2020; Published October 30, 2020

Abstract: Background: Head and neck squamous cell carcinoma (HNSCC) is the fifth most common malignancy in
the world. The 5-methylcytosine (m5C) plays vital roles in pathological conditions, such as cancer. Methods: This
study investigated The Cancer Genome Atlas (TCGA) database for patients with HNSCC. We characterized the muta-
tions and copy number variations (CNVs) in m5C-regulatory genes, in addition to analyzing their mRNA expressions.
Gene set enrichment analysis (GSEA) and protein-protein interaction (PPl) analyses were used to explore relevant
functional annotations of m5C-regulatory genes. Results: Alterations in m5C-regulatory genes were closely associ-
ated with patient clinicopathological characteristics. The expression of ten m5C-regulatory genes was significantly
correlated with CNV patterns, indicating that m5C-regulatory genes have important regulatory effects. There was
increased expression of m5C-regulatory genes, particularly ALYREF and NSUND, during the tumor, node, and me-
tastasis stages. Cox regression analysis revealed that the expression of DNMT1, TET2, and NSUNG correlated with
HNSCC prognoses. Furthermore, the expression of DNMT1 and ALYREF could effectively predict HNSCC risk in
patients. In addition, the high expression levels of ALYREF correlated with mitochondrial function, and the elevated
DNMT1 expression was associated with peptide cross-linking and humoral immunity. These results provide promis-
ing insight into the roles of m5C genes in tumor energy-metabolism and protein synthesis. Conclusions: Collectively,
the results indicate that m5C plays critical roles in HNSCC progression, and is also a potential HNSCC prognostic
marker.
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Introduction curative therapy, which results in high morbidity

and dismal survival rates [5]. Novel prognostic

Head and neck squamous cell carcinoma
(HNSCC) is a major contributor to the global
cancer burden [1]. Tobacco consumption and
alcohol abuse contribute to approximately 75%
of all HNSCC risk factors, with both of these
factors exerting synergistic effects [2]. Surgery
and radiotherapy remain the two primary
modalities for HNSCC management, for both
early and advanced cases [3]. Notably, the
majority of patients with HNSCC present with
an advanced stage of disease [4]. Despite
aggressive, site-specific, multimodal therapies,
a significant proportion of patients have recur-
ring tumors and/or metastases. This often
plays a role in reducing a patient’s belief in

clinical factors and biomarkers are needed to
improve the prognosis of HNSCC.

RNA from all living organisms can be post-
transcriptionally modified in more than 100 dis-
tinct ways [6, 7]. Among these modifications,
5-methylcytosine (m5C), which was discovered
in 1925, is a widespread mRNA modification
[8], and localizes to the untranslated regions
(UTRs) of mRNA transcripts [9]. At the post-
transcriptional level, m5C RNA modifications
can be dynamically regulated by a series of sig-
nificant mediator proteins known as “writers,
erasers, and readers” [10]. The “writers” are
the RNA-methylases NSUN1-7, DNMT41, DNMT2,
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DNMT3A, and DNMT3B [11]. The main “eraser”
is TET2, which acts as a demethylase [12], and
ALYREF is an important “reader” protein, which
recognizes and binds to m5C sites on mRNA
[13].

Previous reports suggest that mb5C is an
important regulator of many aspects of gene
expression, including RNA export, ribosome
assembly, translation, and RNA stability [10,
14, 15], and recent discoveries have indicated
that m5C also plays vital roles in pathological
conditions, such as cancers [16]. One recent
study indicated that m5C promotes the patho-
genesis of human bladder urothelial carcinoma
by stabilizing oncogene-mRNAs through m5C-
modified sites in their 3' UTRs [17]. However,
our current knowledge of how m5C levels are
controlled, and how m5C gene levels are regu-
lated in HNSCC, remains unclear.

The Cancer Genome Atlas (TCGA) dataset con-
tains the largest number of publicly-available
HNSCC samples, and serves as a cornerstone
for future research [18, 19]. In this study, we
first selected m5C-regulated genes from the
TCGA database related to HNSCC, and per-
formed in-depth sequence analyses. We then
further analyzed the relationships between
mb5C-regulated gene alterations, and HNSCC
clinicopathological features to determine the
impact of genetic changes on survival. We
found that the mRNA expressions of mb5C-
regulatory genes correlated with copy number
variation (CNV) patterns. These results then
prompted a gene set enrichment analysis
(GSEA) to analyze the biological functions of
DNMT1 and ALYREF. We determined that
DNMT1 and ALYREF expression levels effec-
tively predicted risk factors (morbidity and
mortality) for patients with HNSCC. These
results also led to our study of m5C modifica-
tions during HNSCC progression. Overall, the
results indicate that m5C is crucial for regulat-
ing the progression of HNSCC.

Materials and methods
Datasets and samples

The data relevant to patients with HNSCC were
collected using the TCGA-Assembler from the
atlas website (https://gdc.cancer.gov), includ-
ing clinical data, CNVs, mutations, and mRNA
expression levels, as described previously [20].
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To further validate the results, The Cancer
Genome Atlas Cervical Squamous Cell Carcino-
ma and Endocervical Adenocarcinoma (TCGA-
CESC) database was also searched and the
results were downloaded from the website in
the same manner.

For the HNSCC clinical data, we collected 527
samples. The inclusion criteria were as follows:
HNSCC samples with complete CNV data, sin-
gle nucleotide variation (SNV) data, transcrip-
tome data, and clinical information. A total of
490 samples were used for the survival analy-
sis. The total number of samples was deter-
mined after integrating the data and excluding
samples with incomplete clinical information
and those with survival times of less than 30
days. A total of 521 HNSCC samples with CNV
data were retrieved and 508 HNSCC samples
with SNV data were used for analyses. For our
mRNA-expression dataset, we obtained 500
HNSCC samples.

Gene set enrichment analysis and gene set
variation analysis (GSVA)

GSEA was performed with the GSEA v2.0.13
tool (http://www.broad.mit.edu/gsea/), as de-
scribed previously [21]. The mRNA expression
profiles of ALYREF and DNMT1 were extracted
from the TCGA database to explore their poten-
tial biological functions. We used GSEA to
identify the potential influences of different
expression levels of ALYREF and DNMT1 on
HNSCC pathogenesis. Additionally, we used
GSVA, an unsupervised method without para-
metric values, to estimate variations in enrich-
ment throughout the gene expression data set.

Protein-protein interaction (PPl) analysis

PPl information was extracted from the STRING
database (https://string-db.org/), as described
previously [22]. We performed PPI analysis on
11 m5C regulators to detect potentially related
proteins and interactions between them.

Statistical analysis

Statistical analyses were performed using
SPSS 21.0 (IBM, Chicago, IL, USA) and Graph-
Pad Prism 8.0 (GraphPad Software, La Jolla,
CA, USA). Survival analyses were performed
using the Kaplan-Meier method. Associations
between clinical characteristics and alterations
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Figure 1. Mutations and CNVs in m5C-regulatory genes in patients with HNSCC. (A) The mutation frequencies of dif-
ferent m5C-regulatory genes. (B) The frequency of CNVs in m5C-regulatory genes. (C) The mutation sites in DNMT3A
and TET2. (D, E) Kaplan-Meier analysis displays of significant associations between the mutations in (D) NSUN4
and (E) HNSCC, and survival probability (P < 0.001). (F) HNSCC driver-gene predictions by the oncodrive function

of maftools.

in mb5C regulatory gene were evaluated us-
ing univariate Cox regression analyses. Multi-
variate Cox regression analysis was used to
investigate the effects of m5C regulatory genes
on patient prognosis. The chi-square test was
used to analyze any correlations between alter-
ations in m5C-regulatory genes and driver-gene
variations. A least absolute shrinkage and
selection operator (LASSO) regression analysis
was also used to identify potential HNSCC
prognostic markers, as described previously
[23]. A P < 0.05 was considered statistically
significant.

Results

Mutations and CNVs in m5C-regulatory genes
in patients with HNSCC

To obtain an overall understanding of the
alterations in m5C-regulatory genes related to
HNSCC, SNV data from 508 HNSCC samples
and CNV data from 521 HNSCC samples
were downloaded from the online atlas data-
base. We identified mutations in m5C-regulato-
ry genes in 82 independent samples. Among
them, an m5C “writer” gene, DNMT3A, had the
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highest frequency of mutations (19.51%,
16/82) when compared to the “eraser” TET2
gene (13.41%, 11/82) (Figure 1A). At the same
time, the “writer” genes NSUN2, DNMT1, and
DNMT3A each had equal mutation frequenci-
es (11.90%, 10/84). From the perspective of
SNVs, single nucleotide alterations in the
known functional regions of annotated m5C-
regulatory genes occurred in 43 samples.
Among the 13 m5C-regulatory genes, 11 genes
were annotated with functional changes,
and all of these had missense mutations
(Supplementary Table 1). In addition to SNVs,
we detected a high frequency of CNVs in m5C-
regulatory genes (Figure 1B). The highest fre-
quency of CNVs (61.65%) occurred in the “writ-
er” gene NSUN2, followed by the “writer” gene
NSUN3 (61.09%). The “writer” gene DNMT3A
had the lowest CNV frequency (11.09%)

(Supplementary Table 2).

Next, we explored the mutation sites for
DNMT3A and TET2, which had the highest
mutation frequencies (Figure 1C). The somatic
mutation rates for DNMT3A and TET2 were
1.57% and 1.38%, respectively. Considering
that mutations in m5C genes could alter HNSCC
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Table 1. Univariate Cox analysis of clinical features and
HNSCC patient survival

Genes beta HR (95% Cl for HR) wald.test p-value
age 0.022 1(1-1) 12 0.00054
TNM stage  0.55 1.7 (1.2-2.5) 8.5 0.0036
gender -0.27 0.76 (0.57-1) 3.3 0.069
N stage 0.27 1.3 (0.98-1.7) 3.3 0.07
T stage 0.21 1.2 (0.92-1.7) 2 0.16
SNV 0.2 1.2 (0.76-2) 0.68 0.41
grade -0.1 0.9 (0.67-1.2) 0.46 0.5
M stage -0.17 0.84 (0.35-2) 0.15 0.7
CNVor SNV -0.056 0.95(0.66-1.3) 0.1 0.76
CNV -0.042 0.96 (0.68-1.4) 0.05 0.82

particular, alterations in m5C-regulato-
ry genes were seen in 14 of the 27
patients with HRAS variations.

MRNA expressions of m5C-regulatory
genes

We then evaluated the effects of m5C-
regulatory gene alterations on their
mMRNA expressions. For the 500 HNSCC
samples tested, 2 of the 13 identified
mb5C-regulatory genes were not detect-
ed (NSUN1 and DNMT2). After exclud-
ing these two genes, the mMRNA ex-

Abbreviations: HR = hazard ratio; Cl = confidence interval; CNV = copy

number variant; SNV = single nucleotide variation.

phenotypes, we performed patient-survival an-
alyses for the 11 genes with functional chang-
es to explore their relationships to HNSCC
patient prognosis. We found a significant asso-
ciation between NSUN4 and NSUN7 mutations
and prognosis; patients with these mutations
had worse prognoses (Figure 1D, 1E). Thus,
mutations and CNVs were common in these
m5C-regulatory genes in patients with HNSCC,
and may serve important markers for patient
prognosis.

Alterations in m5C-regulatory genes and clini-
copathological and molecular characteristics

We assessed relationships between alterations
(CNVs and/or mutations) in m5C-regulatory
genes and HSNCC patients’ clinicopathological
characteristics. Univariate Cox regression anal-
yses demonstrated that the survival of pati-
ents with HNSCC was significantly associated
with age and cancer stage, but not with the
presence of SNVs or CNVs (Table 1). To explore
the correlations between changes in m5C-
regulatory genes and pathogenic molecules
in HNSCC, we first conducted driver-gene
predictions using the oncodrive function of
maftools. MAPK1, HRAS, RAC1, HIST1H4K,
and HIST1H3C were identified as potential
driver genes in HNSCC (Figure 1F). We further
evaluated whether mutations in m5C-regulato-
ry genes were associated with changes in
these five driver genes. Alterations in m5C-
regulatory genes were not significantly corre-
lated with variations in MAPK1, HIST1H4K, or
HIST1H3C, but were significantly associated
with variations in HRAS and RAC1 (Table 2). In
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pression profiles for 10 of the 11 m5C-
regulatory genes were found to be sig-
nificantly correlated with different CNV
patterns (Figure 2A-J). For these 10
regulatory genes, increases in gene copy
number were associated with higher mRNA
expression levels, whereas gene-copy dele-
tions were associated with decreased levels of
mRNA expression. These 10 genes were dis-
tributed throughout the m5C-regulation pro-
cess. NSUN7 was the only regulator gene
whose expression level did not correlate with
CNVs (Figure 2K), suggesting that CNVs may
have a central role in controlling the expression
of m5C regulators.

Associations between m5C-regulatory gene
expression and tumor, node, and metastasis
(TNM) staging in HNSCC

Our analyses showed a significant association
between TNM staging and the prognoses of
patients with HNSCC. We defined TNM stages
I/l as low and stages llI/IV as high. Patients
with low TNM stages demonstrated better sur-
vival rates (Figure 3A). Thus, we used cluster
analysis to examine the expression of m5C-reg-
ulatory genes according to TNM staging; m5C-
regulatory genes tended to be highly expressed
in high-stage TNM samples (Figure 3B). Next,
we analyzed the expression of m5C-regulatory
genes in patients according to TNM staging.
The results indicated that the expression of
ALYREF and NSUN5 positively correlated with
specific TNM stages (Figure 4A, 4B), while no
significant association between TNM stage and
any other m5C-regulator gene was observed
(Figure 4C-K). In combination with the afore-
mentioned analyses, there was a significant
association between TNM staging and pati-
ent prognoses, suggesting that m5C-regulatory
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Table 2. The relationship between alterations in m5C-regulatory genes and HNSCC-related driver
genes

without SNV and CNV  with SNV or CNV X? P

HRAS n =490 Wild type 66 397 19.2381575 1.1538E-05
alternation 13 14

MAPK1 n =490 Wild type 77 406 0.14785117 0.70059737
alternation 2 5

RAC1 n =490 Wild type 71 408 22.5514412 2.0459E-06
alternation 8 3

HIST1H4K n =490 Wild type 79 405 0.27252197 0.60164501
alternation 0 6

HIST1H3C n =490 Wild type 78 406 0.27252197 0.60164501
alternation 1 5

Abbreviations: CNV = copy number variant; SNV = single nucleotide variation.
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Figure 2. The effect of m5C-regulatory gene alterations on mRNA expression. A-J. The mRNA expressions of 10
mbC-regulatory genes were significantly correlated with different CNV patterns. K. No significant correlation existed
between CNVs and the mRNA expression level of NSUN7. P < 0.05, ""P < 0.01.

gene expression was related to the prognoses onstrated that the expression levels of DNMT1,
of patients with HNSCC. TET2, and NSUNG significantly correlated with

patient prognoses (Supplementary Table 3).
Associations between m5C-regulatory gene The expression of these three genes also sig-
expression levels and the survival of patients nificantly correlated with CNV patterns. When
with HNSCC we explored the influence of 11 m5C-regulatory

genes on patient prognoses by multivariate Cox
To further explore the relationship between dif- regression analysis, we observed that their
ferent levels of m5C-regulatory gene expres- expression significantly predicted patient risk
sion and patient prognoses, we used a univari- factors (Figure 5A). For these results, the area
ate Cox regression analysis. The results dem- under the receiver operating characteristic
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Figure 4. Differences in m5C-regulatory gene expression in patients at different TNM stages. (A, B) The expressions
of (A) ALYREF and (B) NSUN5 were positively correlated with TNM staging. (C-K) No significant associations were
observed between nine m5C-regulator genes and TNM staging.

(ROC) curve for 1- and 3-years post HNSCC was
> 0.55, this indicated that m5C-regulatory gene
expression may be used as a potential prog-
nostic marker for HNSCC (Figure 5B).

Expressions of DNMT1 and ALYREF in patients
with HNSCC

To obtain accurate and reliable prognostic
markers for HNSCC, we performed a LASSO
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analysis on the 11 identified m5C-regulatory
genes. Two genes, DNMT1 and ALYREF, were
selected by combining the results of 1000
LASSO regressions. DNMT1, as a “writer” gene
for m5C, and ALYREF, as a “reader” gene for
m5C, are both important for m5C regulation.
First, we analyzed the relationships between
DNMT1 expression and ALYREF expression
with the prognoses of patients with HNSCC.
The results indicated that high ALYREF expres-
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Figure 5. The relationships between m5C-regulatory gene expression and patient prognoses. A. The expression of m5C-regulatory genes significantly predicted pa-
tient mortality risks (P = 0.048). B. The area under the curve (AUC) values at 1- and 3-years were greater than 0.55, indicating a strong predictive value. C. Kaplan-
Meier analysis indicated that elevated ALYREF expression was associated with poor survival probability (P < 0.001). D. Kaplan-Meier analysis demonstrated that
low DNMT1 expression predicted poor survival probability (P = 0.032). E. A Cox regression analysis indicated that the expressions of DNMT1 and ALYREF effectively
predicted the risk of HNSCC patient mortality (P = 0.034). F. The 1- and 3-year AUCs for the DNMT1 and ALYREF m5C-regulatory genes were 0.57. G and H. Gene
set enrichment analysis of DNMT1 expression levels. | and J. Gene set enrichment analysis of ALYREF expression levels.
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Figure 6. Validation of DNMT1 and ALYREF as important target molecules for HNSCC using a validation dataset (TC-
GA-CESC). A. Both DNMT1 and ALYREF were able to predict risks in the validation dataset. B. The AUC values were
near 0.7. C. In the validation dataset, a lower DNMT1 expression was associated with poorer prognoses (P = 0.039).

sion was associated with poor survival rates
(Figure 5C), whereas the same outcome was
associated with low DNMT1 expression (Figure
5D). Next, we performed Cox regression analy-
ses for both DNMT1 and ALYREF to calculate
the associated risks of patient death. We
observed that DNMT1 and ALYREF both effec-
tively predicted the death risk in patients with
HNSCC (P = 0.034) (Figure 5E). With respect to
these two m5C-regulatory genes, the 1- and
3-year areas under the ROC curves were
calculated as 0.57, indicating the predictive
strength of these two genes (Figure 5F). Thus,
DNMT1 and ALYREF expression levels can
effectively predict the risk of mortality in
patients with HNSCC.

Functional enrichment analyses of DNMT1
and ALYREF gene-expression levels

Because DNMT1 and ALYREF are important
genes in the m5C-methylation process, we next
assessed their possible roles in the pathogen-
esis of HNSCC by examining enriched-gene
sets from samples with different DNMT1 and
ALYREF mRNA expression levels. GSEA indicat-
ed that high expression levels of ALYREF were
related to a variety of mitochondrial functions
(Figure 5G, 5H), whereas high DNMT1 expres-
sion levels were associated with peptide cross-
linking and humoral immunity (Figure 51, 5J).
Elevated ALYREF expression was associated
with increased mitochondrial activity, suggest-
ing that ALYREF promotes intracellular energy
metabolism to maintain continuous energy
supplies, which is of great significance for
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tumor-cell growth. The relationship between
DNMT1 expression and immunity requires fur-
ther exploration due to the possibility that
DNMT1 could be a target for immunotherapy
against HNSCC.

Patient survival and validations of DNMT1 and
ALYREF

To verify the relationships between the expres-
sions of DNMT1 and ALYREF and the survival
rates of patients with HNSCC, we conducted
further analyses using a validation dataset.
Because of few specific HNSCC studies, we
used a validation dataset containing other
homologous cancers to squamous cell carci-
noma. Among the squamous cell carcinomas
represented in TCGA, we chose cervical squa-
mous cell carcinoma (CESC) as the validation
dataset because CESC is similar to HNSCC in
cell origin and tumor tissue-structure. Using
Cox regression analyses, DNMT1 and ALYREF
gene expressions and risk values were used to
calculate the risk values of the samples. We
found that these two genes had the ability
to predict risk in the validation dataset (Figure
6A) and that the areas under the ROC curves
were nearly 0.7 (Figure 6B). As before, low
DNMT1 expression levels were also associated
with poor prognoses (Figure 6C).

Potential pathways for 5-methylcytosine regu-
lators

To detect potential pathways for m5C regula-
tors, we also performed a gene set variation
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Figure 7. Functional analyses demonstrating that m5C regulators were closely related to cell-cycle pathways. A.
GSVA analysis of m5C regulators. DNMT1 was positively correlated with mismatch-repair pathways and with cell-
cycle pathways. The red color represents positive correlations, and *** denotes P < 0.001. B. Correlations between
m5C regulators and cancer-pathway candidate genes demonstrated by a PPl network analysis; DNMT1 frequently

interacted with candidate genes.

analysis (GSVA). We assessed the correlation
coefficients for m5C regulators and pathways
and set a threshold of + 0.5 for significantly
related pathways. DNMT1 was found to be posi-
tively related to both mismatch repair and to
the cell cycle (Figure 7A). In addition, we used
m5C regulators and cancer pathways to
perform a protein-protein interaction (PPI) net-
work analysis. The m5C regulators, especially
DNMT1, frequently interacted with each other
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(Figure 7B). These findings strongly suggest
that DNMT1 is associated with cell-cycle path-
ways and regulates the function of m5C meth-
ylation during HNSCC.

Discussion
The m5C is the most common methylation

modification in eukaryotic mRNAs and plays
essential roles in a variety of cellular, biological,
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and pathological processes. The “writers”,
“erasers”, and “readers” are genes that regu-
late the methylation of cytosine. Levels of
m5C methylation can be upregulated by the
actions of “writers”, and reversed by “erasers”.
“Readers” are effectors that bind to an m5C-
site and modulate differential biological sig-
nals. Groundbreaking research has provided
insights into the complex mechanisms of the
reversible modifications regulated by the m5C-
regulatory genes for multiple cancers [24]. Even
so, the biological functions of these m5C-relat-
ed genes, and how they regulate HNSCC dis-
ease development and progression, have not
yet been determined.

Our TCGA dataset analyses suggest that m5C
has many important regulatory effects, and
that m5C levels are significantly associated
with the expression levels of intracellular “writ-
er” and “eraser” genes. The “readers” are also
capable of regulating biological functions by
binding to the methylation sites of m5C genes.
The roles of m5C RNA methyltransferases in
disease pathogenesis have also been widely
studied. Mutations in the genes that encode
m5C methyltransferases are linked to a variety
of human diseases, and changes in m5C meth-
yltransferase expression levels have also been
observed in multiple cancers. Previous rese-
arch has also indicated that functional muta-
tions in NSUN2 are the basis for several neuro-
developmental disorders [25]. For example, Ma
et al. [26] found that the NSUN2 mutation can
cause the substitution of glycine 679 to argi-
nine (p.Gly679Arg) in individuals with autoso-
mal-recessive intellectual disabilities. In our
research, mutations and CNVs in m5C-regula-
tory genes were observed in patients with
HNSCC, and especially in the m5C “reader”
gene DNMT3A, which had the highest frequen-
cy of mutations in our study. However, the
molecular mechanisms linking HNSCC progres-
sion with regulatory-gene mutations require
further exploration.

Alterations in m5C-regulatory genes may also
be related to variations in HNSCC pathogenic
molecules. Given that the control mechanisms
for HNSCC pathogenesis are not clear, we
employed the oncodrive function of maftools to
predict driver genes. In doing so, we identified
MAPK, HRAS, RAC1, HIST1H4K, and HIST1H3C.
Moreover, variations in HRAS and RAC1 were
significantly correlated with alterations in m5C
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regulatory genes. As an oncogene, HRAS muta-
tions frequently occur in a variety of tumors,
including pancreatic cancer [27], thyroid can-
cer [28], and bladder cancer [29]. A recent
study identified associations between HRAS
mutations and elevated antitumor immune sig-
natures in HNSCC, demonstrating that HRAS
may have a critical role in the immunoregula-
tion of HNSCC [30]. RAC1, a member of the
Rho family of ATP-dependent helicases, is also
known to regulate the cell cycle, adhesion,
motility, and epithelial-mesenchymal transi-
tions [31]. In addition, RAC1 has many impor-
tant functions in cancer, and may be a thera-
peutic target for many of them [32, 33]. In par-
ticular, it has been shown to be a potential
therapeutic target for HNSCC that is insensitive
to chemoradiotherapy [34]. Thus, HRAS and
RAC1 are both promising research targets to
help expand our current understanding of
HNSCC.

Our study concentrated on the gene signatures
and prognostic values of m5C regulators in
relation to HNSCC. Recently, Chen et al. [17]
reported that the high co-expression of NUS-
N2, heparin binding growth factor (HBGF), and
Y-box binding protein 1 (YBX1) could predict
poor overall survival in patients with urothelial
carcinoma of the bladder (UCB). In their study,
NSUN2 (an m5C “writer”) and YBX1 (@ m5C
“reader”), drove tumor progression via an
mRNA 3’-UTR m5C-methylation site in HBGF,
this promoted m5C-regulated oncogene activa-
tion in UCB. With respect to HNSCC, the appli-
cation of prognostic biomarkers is limited, and
more predictive biomarkers are needed. Based
on our research, the expressions of ALYREF
and NSUN5 were positively correlated with
patient clinical staging, indicating that the ex-
pression of m5C-regulatory genes may be used
as prognostic markers for HNSCC. Moreover, a
more comprehensive understanding of the
biological, genetic, and epigenetic changes in
HNSCC will contribute to the establishment of
new prognostic biomarkers.

Importantly, two additional m5C-regulatory
genes, DNMT1 and ALYREF, were identified by
the LASSO regression analysis as strong pre-
dictors for HNSCC prognoses. These results
demonstrated that high ALYREF expression and
low DNMT1 expression were both associated
with poor HNSCC prognosis. We found that the
expression of these two genes effectively pre-
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dicted the risk of mortality in HNSCC patients.
Because the cell-origins and tumor tissue-
structure in CESC are quite similar to that of
HNSCC, data from TCGA-CESC was selected for
validation of the relationship between patient
survival and the expressions of DNMT1 and
ALYREF. The Cox regression analysis indicated
that DNMT1 and ALYREF also had strong pre-
dictive abilities using this validation dataset,
and confirmed that m5C-regulatory genes are
vitally important in HNSCC. Moreover, GSEA
demonstrated that high ALYREF expression lev-
els were associated with mitochondrial func-
tions in HNSCC, and high DNMT1 levels were
likely to be connected to peptide cross-linking
and humoral immunity. Previous studies have
reported that mitochondrial dysfunction pro-
motes malignant tumor processes, and that
the development of cancers depends on the
precise regulation of mitochondrial function.
Therefore, a meaningful and in-depth explora-
tion of whether ALYREF influences energy
metabolism during HNSCC is also warranted.
Immunotherapies have made significant prog-
ress toward improving survival in patients with
recurring or metastatic HNSCC [35]. Given that
DNMT1 is related to humoral immunity, the
potential value of DNMT1 use in immunothera-
py also deserves further exploration.

Conclusions

The present findings have systematically
demonstrated that gene alterations, expres-
sion levels, prognostic value, and other func-
tional roles for m5C RNA methylation may exist
in HNSCC patients. We identified, for the first
time, genetic alterations in m5C-regulatory
genes for HNSCC. We also found significant
relationships between alterations in DNMT1
and ALYREF with increased mortality rates.
Moreover, it is plausible that DNMT1 and
ALYREF play essential biological roles during
the malignant processes of HNSCC. Future cel-
lular and molecular studies are required to fur-
ther validate our findings and to better under-
stand the genes targeted for m5C modifica-
tions during HNSCC initiation and progression.
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Supplementary Table 1. Functional-annotation statistics for m5C-regulating genes in HNSCC samples

Hugo Symbol Fr.ame Fr.ame In Frame Misserjse Nonsepse Sp!ice Total Mutated  Altered
Shift Del  Shift Ins Del Mutation Mutation Site Samples Samples
DNMT3B 0 0 0 8 1 0 9 9 9
DNMT3A 0 0 0 9 0 0 9 8 8
TET2 0 0 1 2 4 0 7 7 7
DNMT1 0 0 0 6 0 0 6 6 6
NSUN2 0 0 0 6 0 0 6 6 6
NSUN6 0 0] 0 3 1 0 4 4 4
NSUN7 0 1 0 3 0 0 4 3 3
NSUN5 0 0 0 3 0 0 3 3 3
NSUN3 0 0 0 3 0 0 3 2 2
ALYREF 0 0 0 1 0 1 9 5 5
NSUN4 1 0 0 1 0 0 2 2 5

Supplementary Table 2. Copy-number variation statistics for m5C-regulating genes in HNSCC
samples

Function  Genes Diploid Deletion Amplification CNVsum Amplification % Deletion % Percentage

writer NSUN1 - - - - - - ;

NSUN2 326 12 186 524 35.50% 2.29% 61.65%
NSUN3 335 23 168 526 31.94% 4.37% 61.09%
NSUN4 456 33 34 523 6.50% 6.31% 53.42%
NSUN5 424 28 66 518 12.74% 5.41% 54.99%
NSUNG 383 110 33 526 6.27% 20.91% 57.87%
NSUN7 363 136 27 526 5.13% 25.86% 59.17%
DNMT1 434 59 32 91 35.16% 64.84% 17.33%
DNMT2 - - - - - -
DNMT3A 465 14 44 58 75.86% 24.14% 11.09%
DNMT3B 369 9 154 163 94.48% 5.52% 30.64%
eraser TET2 418 94 14 108 12.96% 87.04% 20.53%
reader ALYREF 423 41 58 99 58.59% 41.41% 18.97%

Supplementary Table 3. The relationship between dif-
ferent expression levels in m5C-regulatory genes and
patient prognoses

Genes beta  HR (95% Cl for HR) wald.test p.value
DNMT1 -0.031  0.97 (0.95-0.99) 7.9 0.005
TET2 -0.13 0.87 (0.77-0.99) 4.3 0.038
NSUN6 -0.15 0.86 (0.75-0.99) 4.2 0.04
DNMT3A -0.081 0.92 (0.85-1) 33 0.071
NSUN7 -0.21 0.81(0.62-1) 2.6 0.11
NSUN5 0.014 1(0.99-1) 0.93 0.34
NSUN2 0.0075 1(0.99-1) 0.85 0.36
DNMT3B  -0.02 0.98 (0.92-1) 0.32 0.57
ALYREF  -0.0016 1(0.99-1) 0.28 0.6




