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Abstract 

Although m6A modifications are associated with tumor progression, and anti-tumor immune responses, 
the role of m6A regulators in HPV-related carcinogenesis has not been well resolved. To provide 
evidence for the role of m6A regulators in HPV-related carcinogenesis and identify potential therapeutic 
targets for HPV-related cancers, integrative analyses of m6A regulators in 1,485 head and neck squamous 
cell carcinoma (HNSC) patients and 507 cervical squamous cell carcinoma (CESC) patients was 
performed and identified that an m6A regulator, METTL3, was highly expressed in tumors and was 
related to the poor prognosis in HNSC and CESC. In HPV-positive tumors, METTL3 was positively 
associated with tumor HPV status, such as HPV integration status, E6 and unspliced-E6 expression, and 
p16 expression. Further analysis demonstrated that METTL3 high status was negatively correlated with 
tumor immune cell infiltrations and facilitated the expression of immunosuppressive immune checkpoint 
molecules (i.e., PD-L1). Cell-derived xenograft models demonstrated that METTL3 inhibitor combined 
with anti-PD1 therapy promoted immunotherapy of CESC in vivo. Overall, this study identified that 
METTL3 high status, is associated with poor prognosis and HPV status, and serves as a mediator of the 
immunosuppressive tumor microenvironment in HPV-associated cancer, which provides a promising 
therapeutic target for anti-cancer immunotherapy. 
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Introduction 
Human papillomavirus (HPV) was responsible 

for more than 90% of anal and cervical cancers, about 
70% of vaginal and vulvar cancers, 60% of penile 
cancers, and 60% to 70% of cancers of the oropharynx 
[1-3]. High-risk HPV infections last longer than 
low-risk HPV infections, which cause about 5% of all 
cancers worldwide [4, 5]. Persistent high-risk HPV 
infections were thought to lead to genome integration 
and caused genomic instability, genomic alteration 

accumulation, and local immune suppression [6].  
Several mechanisms have been identified to be 

involved in the development and progression of 
HNSC, such as genetic and epigenetic alterations, 
dysregulation of cellular signaling pathways, and 
immune evasion [7]. Although numerous efforts are 
made for cervical cancer and HNSC treatment 
strategies, the prognosis and postoperative survival 
for cervical cancer patients are still dismal, and their 
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pathogenesis molecular mechanisms and new 
therapeutic targets are essential [8, 9].  

Epigenetics has become a hot topic in scientific 
research nowadays [10-12]. N6-methyladenosine 
(m6A), a reversible methylation modification at the 
sixth N atom of adenine, is the most prevalent, 
abundant, and conserved internal posttranscriptional 
modification in eukaryotic RNAs [13]. It regulates 
RNA transcript, splicing, processing, translation, and 
decay, and plays crucial roles in a variety of biological 
processes [14, 15]. m6A modification can be installed 
by m6A methyltransferases, or writers, removed by 
demethylases, or erasers, and recognized by 
m6A-binding proteins, or readers [13]. The m6A 
regulator, which plays a vital regulatory role in 
immune response, stem cell differentiation, 
embryonic development, microRNA editing, tumor 
progression, prognosis, and radiation resistance, 
determines m6A methylation levels [12, 15-18]. 
Although m6A has been the focus of many studies in 
recent years, our understanding of it is far from 
comprehensive, and the potential mechanisms of 
m6A modification in cancer should be further 
investigated [12, 15, 17, 18]. 

In terms of HPV and m6A modification, studies 
have shown that circE7 possesses m6A modifications 
in the cytoplasm, and is translated to produce E7, an 
oncoprotein, yielding novel insights into how HPV 
regulates infection and tumorigenesis [19]. However, 
to date, few studies have described the relationship 
between HPV and m6A methylation [20]. Recent 
studies indicated that m6A modification has a close 
relationship with tumor immune microenvironment 
(TIME) remodeling, which could affect the 
development of tumors [21]. High m6A modification 
linked with a non-inflamed and immune-exclusion 
tumor microenvironment phenotype that lacked 
effective immune infiltration and exhibited a poorer 
survival rate for stroma [21, 22]. The m6A regulators 
such as ALKBH5 and YTHDF1 had a close relation to 
the immune microenvironment remodeling of 
gliomas [23]. Besides, research suggested that the 
deletion of m6A demethylase ALKBH5 could 
sensitize tumors to cancer immunotherapy and adjust 
the composition of tumor-infiltrating Treg cells and 
myeloid-derived suppressor cells [24]  

Breaking immune tolerance may be a powerful 
strategy to overcome immunosuppression and may 
provide durable responses in a certain percentage of 
patients with recurrent disease [25]. In HNSC, which 
is characterized by immunosuppression, immuno-
therapy is a very promising area as it shows more 
specificity and less toxicity than conventional 
therapies [26-28]. In cervical cancer, immunotherapies 
are being incorporated into treatment modalities and 

clinical trials [29]. These therapies have the potential 
to reduce the burden of disease associated with HPV 
infection and improve the quality of life of patients 
[29]. However, the role and mechanism of m6A in the 
tumor immune response in HPV-associated cancers 
are not well defined [26, 30-32]. 

Here, we compared the mutational character-
istics of m6A regulators in CESC and HNSC to 
provide a mutational profile of m6A regulators. 
Subsequently, we investigated m6A regulator 
expression patterns, prognostic relevance, and 
correlation with HPV status and found that METTL3 
was associated with HPV status and poor prognosis 
in HNSC and CESC. In addition, we explored the 
immune relevance of METTL3 through cell line 
experiments, paired specimens from patients, and 
TCGA data. We aim to provide a promising 
therapeutic target for anti-cancer immunotherapy in 
HNSC and CESC.  

Material and Methods 
Cell culture 

SiHa, C33A, U14, TC-1, and Caski purchased 
from ATCC were cultured in high glucose DMEM 
(12430054, Gibco), supplemented by 10 % fetal bovine 
serum (SH30406.05, Hyclone) and penicillin- 
streptomycin (100 U/mL, 15140163, Gibco). Cells 
were incubated at 37 °C with 5% CO2. 

Multispectral fluorescent 
immunohistochemistry and analysis 

Formalin-fixed, paraffin-embedded tissues in 4 
µm thick were processed. In brief, slides were heated 
at 70 °C for 3h; then residual paraffin was removed, 
and tissue was rehydrated. Antigen retrieval was 
performed in Tris-EDTA buffer. Then, slides were 
washed and blocked. Primary antibodies were 
incubated for 1h in a humidified chamber at room 
temperature, followed by detection using Goat 
Anti-Rabbit IgG H&L (HRP). Visualization was 
accomplished using TSA kits, after which the slide 
was placed in Tris-EDTA buffer and heated. Serially, 
the slide was then incubated with the next primary 
antibodies. After the stain of the last target, nuclei 
were subsequently visualized with DAPI (Servicebio, 
G1012-100ML), and the section was coverslipped 
using Anti Fluorescence Quenching Mounting Agent 
(Servicebio, G1401-5ML). Multiplexed and single- 
color control slides were loaded onto the PerkinElmer 
Vectra automated multispectral microscope. And 
tissues and cells were segmented and scored. 

Flow cytometry assays 
In brief, cells were collected, washed, and 

blocked. Then, incubate the cells with antibodies at 4 
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°C for 30 minutes. All antibodies were purchased 
already conjugated with fluorescent dyes except the 
anti-human BTN2A2 antibody. A PercP-conjugated 
goat anti-mouse IgG secondary antibody (Biolegend) 
was used for BTN2A2 detection. Corresponding 
isotype control antibody was used for each antibody 
in all experiments. Data were acquired on a FACS 
Calibur flow cytometer (BD Biosciences) and 
analyzed with Flowjo software. Cells were first gated 
based on forward and side scatters to exclude debris. 
Mean fluorescence was calculated. The experiments 
were repeated three times. 

Immunohistochemistry 
Tissues were formaldehyde-fixed and paraffin- 

embedded (FFPE). The 4 μm FFPE sections were 
deparaffinized and antigen retrieved. Endogenous 
peroxidase was inactivated by 3% H2O2 to prevent 
false-positive staining. The non-specific binding 
proteins were blocked by bovine serum albumin 
(BSA, 5%, Servicebio). Primary antibody against 
METTL3 (abcam, ab195352) and p16 (Genetex, 
GTX03119) was incubated at 4°C overnight, followed 
by an HRP-linked secondary antibody for 30 min. The 
slides were then stained with the DAB kit 
(Servicebio). The score of results was evaluated via 
Image-Pro Plus. 

Hematoxylin-eosin staining 
The formalin-fixed and paraffin-embedded 

specimens were stained with Hematoxylin-eosin as 
previously described [33]. Briefly, the slides were 
de-paraffinized and hydrated. Then, they were 
stained with hematoxylin, differentiated, and blued. 
Counterstaining was performed using 1% eosin Y 
followed by dehydration in increasing concentrations 
of alcohol. The slides were finally cleared in xylene. 

RT-qPCR  
Total RNA was routinely extracted using TRIzol 

reagent (Invitrogen; Thermo Fisher Scientific, Inc.), 
and RNA quality was examined by Nanodrop 
(Thermo, Waltham, MA, USA) analysis and gel 
electrophoresis. The relative quantity of mRNA was 
determined by RT-qPCR using a CFX96 Touch 
Real-Time PCR Detection System (Bio-Rad 
Laboratories, Inc.) with SYBR Green Supermix 
(Bio-Rad Laboratories, Inc.). The expression levels of 
genes were quantified using the comparative CT 
method. The expression level of each mRNA was 
normalized to the level of GAPDH mRNA and 
expressed as the fold difference relative to the control. 
The primer sequences used in RT-qPCR are shown in 
Supplementary Table 1. 

Western blot 
Cells were collected and washed with PBS and 

then lysed with RIPA lysis buffer (Beyotime) 
supplemented with a protease inhibitor cocktail 
(Roche). Total protein amount was measured, and 30 
µg total lysate per sample was subjected to SDS-PAGE 
followed by immunodetection with the following 
primary antibodies: PD-L1 (CST, 13684T), METTL3 
(abcam, ab195352), p16 (Genetex, GTX03119), p21 
(CST, 2947T), HPV16 E6/ HPV18 E6 (Santa Cruz 
Biotechnology, sc-460), and GAPDH (abclonal, 
A19056). The corresponding HRP-linked secondary 
antibody (abcam, ab6721) and enhanced 
chemiluminescence (Pierce) were added.  

Interference of METTL3 expression 
The expression of METTL3 in cell lines interfered 

with siRNA (Ribobio). siRNA was transfected using 
Lipofectamine 3000 (Thermo Fisher Scientific) 
according to the protocols on the user guide. In brief, 
cells were seeded to be 70%-90% confluent at 
transfection. Subsequently, Lipofectamine 3000 was 
diluted in Opti-MEM medium (Gibco). The siRNA 
was mixed with Opti-MEM. Following that, mix the 
siRNA and Lipofectamine 3000 and incubate for 10-15 
minutes at room temperature. Then, discard the 
medium in the plate and add the siRNA-lipid 
complex to cells. After 72 hours of incubation at 37 °C, 
the cells were harvested for the following analysis. 

METTL3 overexpression in cell lines 
The plasmids were transfected using 

X-tremeGENE HP DNA Transfection Reagent. Briefly, 
plasmid DNA was diluted with serum-free medium 
to 0.01 μg/μl. Then, we pipetted the X-tremeGENE 
HP DNA Transfection Reagent into the diluent. The 
mixture was incubated for 15 minutes at room 
temperature. Afterward, the transfection composi-
tions were added to the cells in a dropwise manner. 
Following transfection, incubate cells for 48-72 hours 
before measuring expression. 

Sample data acquisition 
Mutations of 38 m6A regulators were studied in 

1,485 HNSC patients and 507 CESC patients through 
cBioPortal (https://www.cbioportal.org/). Integrated 
expression profile and clinical characteristics 
including HPV status were obtained from TCGA 
dataset. Mutation characteristics of m6A regulators in 
HNSC and CESC were explored with cBioPortal. A 
total of 38 common m6A regulators, including writers, 
readers, and erasers, were included in the analysis. 
COSMIC Cancer Browser was used to analyze the 
mutation features in HNSC (Tissue selection: Upper 
aerodigestive tract (5888/21952)-Sub-tissue selection: 
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Head neck (2166)-Histology selection: Carcinoma 
(2162)-Sub-histology selection: Squamous cell 
carcinoma (2116)) and CESC (Tissue selection: Cervix 
(1076/9899)-Sub-tissue selection: Include all 
(1076)-Histology selection: Carcinoma (1035)-Sub- 
histology selection: Squamous cell carcinoma (647)) 
on July 10th, 2021. 

Immune cell infiltration levels evaluation 
The relationship between immune infiltration 

and gene expression was explored using TCGA data 
with TIMER 2.0. Lollipop plots and scatter plots were 
shown using the GSVA R package and statistical 
significance was calculated using Spearman 
correlation analysis. 

Immune checkpoint correlation analysis 
The association between immune checkpoint 

molecules and gene expression was explored using 
TCGA data with TIMER 2.0. Scatter plots were drawn 
using the ggplot2 R package. Spearman correlation 
analysis was used to calculate statistical differences 
and correlations. 

Survival analysis 
Survival analysis was performed with GEPIA 2. 

Based on the expression status of the m6A regulators, 
the overall survival and disease-free survival were 
analyzed. And the survival map and Kaplan-Meier 
curve were plotted. Samples were clustered into two 
groups using the median of the expression level as the 
cutoff value. The hazards ratio was calculated based 
on Cox PH model. The log-rank test was used to 
assess statistical significance. 

Enrichment analysis 
The samples were divided into two groups, high 

and low expression, according to the expression level 
of METTL3 (METTL3 high, METTL3 low). The DESeq2 
(v1.26.0) R package was used to calculate the 
differentially expressed genes in the two groups. 
Gene ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) analyses of differentially 
expressed genes were performed using GOplot, 
org.Hs.eg.db and clusterProfiler packages and 
visualized using the ggplot2 package. 

Animal experiments 
Female BALB/c nude mice (4 weeks old) and 

female C57BL/6 mice (4 weeks old) were purchased 
from Jiangsu GemPharmatech Co. Ltd (Jiangsu, 
China). The mice were maintained in an accredited 
animal facility at Tongji Hospital. Animal 
experiments were approved by the Animal Ethics 
Committee of Tongji Hospital. Animal experiments 
complied with the ARRIVE guidelines and were 

carried out in accordance with the U.K. Animals 
(Scientific Procedures) Act, 1986 and associated 
guidelines, EU Directive 2010/63/EU for animal 
experiments, or the National Research Council's 
Guide for the Care and Use of Laboratory Animals. 
Manipulators were blinded to the group information. 
For BALB/c nude mice, the subcutaneous tumor 
model of cervical cancer cell lines was established as 
follows. Briefly, mice were randomly assigned to 
groups. 4.0×106 cells in the mixture of serum-free 
medium and Matrigel (354230, BD) within 100μL 
were injected into subcutaneous tissue. The mice were 
killed 7 weeks after inoculation with tumor cells and 
their tumors were excised.  

For C57BL/6 mice, the subcutaneous tumor 
model of U14 was established as above. Seven days 
after injection, mice were randomly assigned to four 
groups to receive either 50 mg/kg STM2457 (once 
daily for 14 days), 250 µg/kg monoclonal PD-1 
antibody (once every two days for seven times), PBS 
(once every two days for seven times) or a 
combination of the first two treatment regimens by 
intraperitoneal injection.  

Mouse plasma biochemical assay  
Blood was collected from the orbits of mice, with 

heparin as an anticoagulant, and the specimens were 
centrifuged at 3000 rpm at 4 °C for 15 min within 30 
min after collection, and the supernatant was taken 
for the next step plasma biochemical assay. Alanine 
transaminase (ALT), aspartate aminotransferase 
(AST), gamma-glutamyl transferase (γ-GT), total 
bilirubin (TBIL), lactate dehydrogenase (LDH), 
UREA, blood urea nitrogen (BUN), and creatinine 
concentration (CREA) was tested with Rayto 
Biochemistry analyzer Chemray 420 and reagents 
(Rayto Life and Analytical Sciences Co., Ltd.). 

Statistical Analysis 
Data were presented as mean ± standard 

deviation. All statistical analyses were performed on 
the statistical package of GraphPad Prism 9. Survival 
analysis was expressed by the Kaplan-Meier curve, 
tested by the Log-Rank test. Spearman correlation 
analysis was used to assess the correlation between 
the two molecules and between immune cell 
infiltration and gene expression. Two experimental 
groups were compared by using Student’s t-test for 
unpaired data. Where more than two groups were 
compared, a one-way ANOVA with Bonferroni’s 
correction was used. P < 0.05 was considered 
significant. Chi-Square test was used when the 
variable in question is categorical. P values are 
indicated as *, P < 0.05; **, P < 0.01; ***, P < 0.001; and 
****, P < 0.0001.  
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Results 
Expression pattern of m6A regulators in 
HNSC and CESC and clinical relevance 

Data were collected from TCGA for 304 CESC 
samples and 3 corresponding normal tissues and 520 
HNSC samples and 44 corresponding normal tissues. 
We explored the expression profile of 38 m6A 
regulators in HNSC and CESC using TCGA data 
(Figure 1A). There were 34 differentially expressed 
genes (DEGs) identified in HNSC and 17 DEGs 
identified in CESC (Figure 1B and 1C). The number of 
overlapping DEGs in HNSC and CESC was 17 (Figure 
S1A). The expression levels of these 17 overlapping 
DEGs were shown in Figure S1B. The expression of 
NUSN3, METTL3, PUS1, PUS7, ALYREF, YTHDF2, 
ADAT3, NSUN4, PUS7L, NSUN5, NSUN2, RPUSD1, 
DKC1, ADAT2, and CTU1 was higher in tumors than 
in normal tissues in both HNSC and CESC. 
Exceptionally, in HNSC, METTL16 and FTO 
expression were lower in tumors than in normal 

tissues and higher in CESC. The DEGs and their 
expression trends in HNSC and CESC on 
chromosomes were shown in Figure S1C and S1D. 
There were more over-expressed genes in HNSC than 
in CESC. For the differentially expressed m6A 
regulators, most of them were over-expressed in 
HNSC and CESC compared to normal control tissues 
(Figure S1C and S1D). 

To investigate the m6A regulators associated 
with HPV, we studied the expression of 38 m6A 
regulators in 148 (143 HPV-positive and 5 
HPV-negative) CESC samples and 490 (72 
HPV-positive and 418 HPV-negative) HNSC samples 
(Figure 1D and Figure S2). There were 28 genes whose 
expressions were related to HPV positive or negative 
in HNSC (Figure S2). Except for PUS7, PUS1, 
METTL1, ALKBH8, PUS3, RPUSD4, METTL5, and 
CTU2, other HPV-associated m6a regulators 
expressed more in HPV-positive HNSC than in 
HPV-negative HNSC. Taking the intersection of DEGs 
in CESC, DEGs in HNSC, and HPV-related m6A 

 

 
Figure 1. Expression and variation pattern of m6A regulators in HNSC and CESC and clinical relevance. (A) Flow chart of the study. Bioinformatics analysis was 
performed using TCGA data from HNSC and CESC to screen for METTL3, classify patients into METTL3 high or METTL3 low status based on their expression, and perform 
enrichment analysis as well as in vitro and in vivo experiments for HPV correlation and immune response. (B)The expression spectrum of m6A regulators in HNSC and normal 
tissue. (C) The expression spectrum of m6A regulators in CESC and normal tissue. (D) The expression spectrum of m6A regulators in HPV positive and negative HNSC. (E) The 
DFS survival map of m6A regulators. (F) The mutation spectrum of m6A regulators. (G) The Venn of DEGs in HNSC and CESC, HPV-related DEGs in HNSC, and DFS related 
genes in HNSC and CESC, and METTL3 was screened out. P values are indicated as *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001.  
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regulators in HNSC, 10 HPV-related m6A regulators 
were identified, namely NUSN3, METTL3, PUS1, 
PUS7, ALYREF, YTHDF2, ADAT3, NSUN4, PUS7L, 
and METTL16 (Figure S3A and S3B).  

The survival contribution of m6A regulator 
genes in multiple cancer types was shown in the 
survival map (Figure 1E and S3C). There were 5 m6A 
regulators that are related to disease-free survival 
(DFS) in HNSC (Figure 1E and S3D). Patients were 
ranked according to the expression of m6A regulators 
with a cut-off value of 50%. High expression of 
RPUSD3, METTL3, ADAT2, and RPUSD4 was 
associated with poor prognosis in HNSC. NSUN7, 
however, had a positive impact on HNSC patient 
survival. More m6A regulator genes played a role in 
the survival of CESC (7 genes, including NSUN7, 
ALKBH8, ZCCHC4, WBSCR22, NSUN4, RPUSD2, 
and METTL3) patients compared to HNSC. All seven 
genes had a detrimental effect on the survival of CESC 
patients (Figure 1E and S3E). 

METTL3 was screened by taking the intersection 
of DFS-related genes in HNSC, DFS-related genes in 
CESC, 17 overlapping DEGs of CESC and HNSC, and 
28 HPV-related DEGs of HNSC (Figure 1G). METTL3 
(Methyltransferase 3, N6-Adenosine-Methyltrans-
ferase Complex Catalytic Subunit) encodes the 70 kDa 
subunit of MT-A which is part of N6-adenosine- 
methyltransferase. This enzyme is involved in the 
post-transcriptional methylation of internal adenosine 
residues in eukaryotic mRNAs, forming m6A [34]. 
Patients were ranked according to METTL3 
expression, and the top 50% of patients were in 
METTL3 high status, otherwise, they were in 
METTL3low status. METTL3 high status in HNSC and 
CESC was related to a poor prognosis. 

In addition, the overall survival (OS) maps of 
m6A regulator genes in multiple cancer types were 
also plotted (Figure S4A). Only METTL5, RPUSD1, 
and DKC1 were identified to be associated with OS in 
HNSC (Figure S4B). METTL5 and DKC1 promoted 
poor prognosis in HNSC patients. In contrast, high 
RPUSD1 expression contributed to a better prognosis 
(Figure S4B). For CESC, three OS-related m6a 
regulator genes were also identified, namely CTU1, 
ALKBH5, and METTL14. CTU1 and METTL14 were 
impairing factors in CESC. In contrast, the high 
expression of ALKBH5 was a protective factor (Figure 
S4A and S4C). 

The landscape of genetic variations of m6A 
regulators in HNSC and CESC 

Although both HNSC and CESC were 
HPV-related squamous cell carcinoma, the mutation 
spectrums were not the same. Initially, we 
summarized the distribution of different types of 

mutations in HNSC and CESC (Figure S5A). Other 
types of mutations (65.88% samples) and missense 
substitution (60.14% samples) were the most common 
mutations in HNSC. Significantly different, missense 
substitution was observed in 92.74% of CESC 
samples, which was the most common type of 
mutation in CESC. The breakdown of the observed 
substitution mutations was also explored in HNSC 
and CESC (Figure S5B). In HNSC and CESC, the 
percentage of each base substitution fluctuated 
smoothly, with the greatest variation in G>A (65.84% 
for HNSC and 80.92% for CESC). The types of 
genomic alterations in HNSC and CESC were 
analyzed with cbioportal (Figure S5C). The most 
common type of genomic alteration in HNSC and 
CESC was amplification. The next in line were 
mutations in HNSC and deep deletions in CESC, 
respectively.  

Mutation characteristics of m6A regulators in 
HNSC and CESC were explored with cbioportal. A 
total of 38 common m6A regulators, including writers, 
readers, and erasers, were included in the analysis 
[13]. There were similar alteration profiles of these 
m6A regulators in HNSC and CESC (Figure 1F). The 
frequency of alterations (altered/profiled) in m6A 
regulators was not high in either cancer. 
Exceptionally, deep deletions of RPUSD4, PUS3, 
ALKBH8, and ADAT3 were more frequent in CESC 
than in HNSC.  

To further explore the characteristics of the 
samples with m6A regulators alteration, the HNSC 
and CESC were then divided into altered and 
unaltered groups based on whether these 38 m6A 
regulators were altered. Genes with the highest 
alteration frequency in the altered or unaltered group 
were listed (Figure S5D). Among the most frequently 
altered genes in HNSC and CESC, there were only 
two overlapping genes, namely PIK3CA and TTN. 
The gap of the alteration event frequency of the listed 
genes between altered and unaltered groups was 
much larger in HNSC than in CESC. In both HNSC 
and CESC, mutation count, fraction genome altered 
and the MSIsensor score were higher in the altered 
group compared to the unaltered group, implying 
higher genomic instability (Figure S5E). 

METTL3 was associated with HPV infection in 
HPV related cancer 

We found a high expression of METTL3 in 
HPV-positive HNSC (Figure 1D). To further illustrate 
the relationship between HPV infection and METTL3 
expression, we used CESC data with detailed HPV 
infection status [35]. In patients with HPV16 positive, 
HPV16 or HPV18 positive, HPV A9 positive, and 
CLIN:e6_cat_k4_C2, METTL3 expression was higher 
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in those with HPV integration compared to those 
without HPV integration (Figure 2A). Patients were 
classified into high and low groups according to 
CLIN: E6_counts_combined or CLIN: E6_unspliced_ 
normalized_counts and METTL3 expression was 
higher in the high group (Figure 2B). The expression 
of METTL3 varies according to CLIN: e6_cat_k4, 
CLIN: e6spl_cat_k4, and CLIN: e6sum_cat_k4 (Figure 
2C). We then used nude mice to construct cell 
line-derived xenograft subcutaneous tumor models 
and found that METTL3 staining was darker in Siha 
(HPV positive cervical cancer cell line)-derived 
tumors than in C33A (HPV negative cervical cancer 
cell line)-derived tumors (Figure 2D). 

CDKN2A (p16) was a reported biomarker of 
HPV [36]. Using TCGA HNSC data, METTL3 
expression was positively correlated with CDKN2A 
expression (Figure 2E). To verify the relevance, we 
used tumor and corresponding normal tissue samples 
from HNSC and CESC patients, followed by 

immunohistochemical staining and mean density 
calculations (Mean density = positive cumulative 
optical density IOD value/positive area). In the 
samples, the mean density of CDKN2A was positively 
correlated with the mean density of METTL3 
(P=0.0205 for HNSC and P=0.1246 for CESC, which 
may be due to the limited sample size of CESC). In 
CESC, the mean density of CDKN2A in tumor 
samples was higher than the corresponding normal 
tissue. Similarly, in CESC and HNSC, the mean 
density of METTL3 was also higher in tumor samples 
than in the corresponding normal tissue samples 
(Figure 2F-I). In addition, the expressions of p21, p16, 
and METTL3 in the HPV-positive cell line Siha were 
higher than those in the HPV-negative cell line C33A 
(Figure 2J). CESC patients were then grouped 
according to METTL3 expression, and their CLIN: 
E6_unspliced_normalized_counts and CLIN: 
E6_counts_combined for HPV18-positive CESC were 
different (Figure 2K). 

 

 
Figure 2. METTL3 was associated with HPV infection in HPV-related cancer. (A-C) METTL3 expression in the corresponding group in CESC. (A) Non-Int: without 
HPV integration, Int: with HPV integration. (B) METTL3 expression in high or low group classified according to CLIN: E6_counts_combined or CLIN: 
E6_unspliced_normalized_counts. (C) METTL3 expression in different categories of CLIN: e6_cat_k4, CLIN: e6spl_cat_k4, and CLIN: e6sum_cat_k4. (D) IHC staining in C33A 
(HPV negative CESC cell line) or Siha (HPV positive CESC cell line) derived xenograft subcutaneous tumor. (E) Correlation of CDKN2A expression and METTL3 expression in 
HNSC. (F-G) Representative images and quantification of IHC staining of CESC samples. (H-I) Representative images and quantification of IHC staining of HNSC samples. (J) 
Western blot of C33A and Siha. (K) Grouping statistics for HPV E6 and METTL3. P values are indicated as *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001.  
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METTL3 was involved in tumor immune 
response in HPV related cancer 

To investigate the role of METTL3 expression 
levels on HPV-associated tumors, patients were 
ranked according to METTL3 expression, and the top 
50% of patients were in the METTL3 high group, 
otherwise, they were in the METTL3 low group, as 
previously described. Then, GO/KEGG enrichment 
analysis was performed on the DEGs between the 
METTL3 high group and METTL3 low group in HNSC 
and CESC. It has been reported that m6A regulators, 
including METTL3, regulate immune responses to 
anti-PD-1 therapy, immune infiltrates, and PD-L1 
expression [26, 37, 38]. Thus, we focused on the 
enrichment of DEGs in immune-related pathways. In 
CESC, enrichment of DEGs can be found in several 
pathways related to immune responses, including cell 
recognition, cytokines, immune cell migration and 
chemotaxis, and humoral immunity (Figure S6A and 
S6B). Following that, GSEA analysis in CESC was 
performed to further understand the enrichment of 
DEGs in immune-related pathways. These DEGs 
could be found to be significantly associated with 
signal transduction by growth factor receptors and 
second messengers, interleukins, IL-10 synthesis, 
cancer, immunoregulatory interactions between 
lymphoid and non-lymphoid cells, cytokine-cytokine 
receptor interaction, and innate immune system 
(Figure S6C and S6D). Meanwhile, the enrichment of 
DEGs in immune-related pathways can be found in 
HNSC, such as receptor-ligand activity and humoral 
immune response (Figure S6E and S6F). Therefore, 
METTL3 was involved in tumor immune response in 
HPV related cancer. 

METTL3 was related to the expression of 
immune checkpoint molecules in HPV related 
cancer 

The above enrichment analysis suggested that 
METTL3 was associated with cell migration, 
chemotaxis, and cytokines, which played a role in the 
immune response. To investigate how METTL3 
affected the immune response, we analyzed the 
relationship between immune checkpoint molecules 
[39] and METTL3 expression. ICOS, KIR2DL4, 
TNFSF9, and CD86 played a role in immune 
activation and negatively correlated with METTL3 
expression in CESC. Conversely, BTN2A2, VTCN1, 
PD-L1, CD47, BTNL9, PVR, and TNFRSF14 were 
immune-activating molecules that showed a positive 
correlation with METTL3 expression levels in HNSC. 
It was worth noting that BTN2A2, VTCN1, and 
BTNL9 had such trends as above in both HNSC and 
CESC (Figure 3A and Figure 4A).  

To verify the above results, we used C33A, an 
HPV-negative cervical cancer cell line, and Siha, an 
HPV-positive cervical cancer cell line. METTL3 
expression in the HPV-positive cell line (Siha) is 
higher than the HPV-negative cell line (C33A). 
Meanwhile, the expression of PD-L1 in Siha was 
higher than that in C33A. Following that, C33A was 
used to overexpress METTL3 with plasmid and Siha 
was used to knock down METTL3 with siRNA. After 
METTL3 overexpression, PD-L1 expression was also 
elevated in C33A. In Siha, down-regulation of 
METTL3 was accompanied by high expression of 
PD-L1 (Figure 3B). We also verified these correlations 
using flow cytometry. METTL3 down-regulation 
promoted TNFSF9 and ICOS expression and inhibited 
BTN2A2 and PVR expression in Siha (Figure 3C). This 
correlation was also verified at the transcriptional 
level. Reduced expression of METTL3 was 
accompanied by upregulation of KIR2DL4 and 
TNFSF9 and downregulation of BTN2A2, CD47, 
PD-L1, VTCN1, and PVR (Figure 3D). Besides, 
overexpression of METTL3 in Siha inhibited CD86 
expression and promoted BTN2A2 expression (Figure 
S7A). 

Using TCGA data, correlation analyses of the 
expression of these immune checkpoint molecules 
and METTL3 in HNSC and CESC were performed 
(Figure 4A-4B, and Figure S7B). Multispectral 
immunohistochemical staining of paired samples of 
patient origin was performed to observe these 
relationships. Patients were ranked according to the 
fluorescence index (FI) of METTL3, and the top 50% of 
patients were METTL3 high status, otherwise, they 
were METTL3 low status. In CESC samples, METTL3 
was overexpressed in cancer compared with the 
normal cervix (Figure 4C and 4E). In HNSC and 
CESC, METTL3 high samples showed lower PVR, 
CD47, B7H4, and PD-L1 FI and higher CD86 FI 
compared with METTL3 low samples (Figure 4C-4F).  

METTL3 impacts on immune cell infiltration in 
HPV related cancer 

Besides immune checkpoint molecules, to 
investigate how METTL3 affected the immune 
response, immune cell infiltration was also analyzed 
in HPV-related cancer. METTL3 was negatively 
related to CD8+ and CD4+ T cells, B cells, monocytes, 
macrophage M1, dendritic cells, natural killer cells, 
and mast cells infiltration. The infiltration of 
macrophage M2, myeloid-derived suppressor cells, 
and regulatory T cells showed a positive correlation 
with METTL3 expression (Figure 5A and Figure S8). 
An alternative algorithm was used to verify the above 
results (Figure 5B and Figure S9). 
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Figure 3. METTL3 was related to the expression of immune checkpoint molecules in HPV-related cancer. (A) Heat map of correlation between the expression 
of immune checkpoint molecules and METTL3 expression in HNSC and CESC was analyzed by TIMER 2.0. (B) Western blot of METTL3 and PD-L1 expression in cell lines. C33A 
was used to overexpress METTL3 with plasmids, while Siha was used to downregulate METTL3 with siRNA. (C) The immune checkpoint molecules of Siha were detected and 
quantified by flow cytometry. (D) Relative mRNA expression levels of immune checkpoint molecules in Siha. P values are indicated as *, P < 0.05; **, P < 0.01; ***, P < 0.001; and 
****, P < 0.0001.  

 
To verify these correlations, we used paired 

samples from HNSC and CESC patients for 
multispectral immunohistochemical staining and 
quantitation. Patients were ranked according to the FI 
of METTL3, and the top 50% of patients were 
METTL3 high status, otherwise, they were METTL3 low 
status, as previously described. In CESC, METTL3 FI 
was higher in tumor tissue than in the normal cervix. 
In HNSC and CESC, METTL3 high status was 
associated with low infiltration of CD8+, CD4+ and 
CD68+ cells (Figure 5C and 5D). 

In addition to CESC and HNSC, we also 
explored the role of METTL3 in oral squamous cell 
carcinoma (OSCC), a tumor in which some patients 
are infected with HPV [40, 41]. The expression of 
METTL3 was not associated with prognosis of OSCC, 
including progression-free survival and overall 
survival (Figure S10A and S10B). But the expression 
of METTL3 showed diagnostic value for OSCC 
(Figure S10C). In the tumor immune microenviron-
ment, METTL3 was negatively correlated with 
immune cells such as NK cells, B cells, T cells, DCs, 
and macrophages. However, it also showed a 
negative correlation between METTL3 and Treg. 
Furthermore, METTL3 was associated with increased 

T helper cell and Tcm infiltration (Figure S10D). 
Therefore, the effect of METTL3 on immune cell 
infiltration in OSCC is inconsistent. The expression of 
METTL3 was positively correlated with the 
expression of immunosuppressive molecules VTCN1, 
BTN2A2, CD47, BTNL9 and PVR (Figure S10E and 
S10F). However, the role of HPV in OSCC and the 
correlation between the two was not clear [40, 41], 
which might be one of the reasons why METTL3 was 
not associated with OSCC prognosis. 

METTL3 inhibitor in combination with 
anti-PD-1 therapy inhibited tumor progression 
in vivo 

STM2457 is a highly potent and selective 
METTL3 inhibitor, which could be a potential thera-
peutic strategy against acute myeloid leukemia [42]. 
To investigate the role of METTL3 inhibitor and 
immune therapy in cancer, U14 was injected 
subcutaneously into C57BL/6 mice. Seven days after 
injection, mice were randomly assigned to four 
groups and given PBS (every two days), STM2457 
(once daily), anti-PD-1 (once daily), and 
STM2457+anti-PD-1 treatments (Figure 6A). After two 
weeks of continuous administration, the mice were 
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killed and their tumors were excised. Tumor volume 
and tumor weight in the STM2457+anti-PD-1 
treatment group were significantly smaller than those 
in the other three groups. There was no significant 
effect of STM2457 treatment alone or anti-PD-1 
treatment alone compared to the PBS group (Figure 
6B and 6C). 

As for the safety of these therapies, there was no 
significant difference in the bodyweight of the mice in 
the remaining three groups compared to the PBS 
group (Figure 6D). Meanwhile, plasma biochemical 
indicators reflecting liver and kidney functions, such 
as ALT, AST, γ-GT, TBIL, LDH, UREA, BUN, and 
CREA, were not significantly elevated compared with 
the PBS group (Figure 6E). Organs such as the heart, 
liver, spleen, lung, kidney, and intestine showed no 
significant histological changes (Figure 6F). 

Discussion 
Current therapeutic approaches of HPV- 

associated cancers urgently require the discovery of 
precise and effective targets underlying HPV-host 
interactions [8, 9, 43]. The key finding of this study 
was that m6A regulator METTL3 was associated with 

tumor HPV status and HPV expression, and METTL3 

high status facilitated the formation of an 
immunosuppressed tumor microenvironment and 
targeting METTL3 promoted immunotherapy in 
HPV-related cervical cancer.  

m6A RNA modifications participate in tumor 
proliferation, differentiation, tumorigenesis, prolifera-
tion, invasion, and metastasis, and function as 
oncogenes or anti-oncogenes in malignant tumors 
[15]. Here, we identified METTL3, an m6A RNA 
methyltransferase, over-expressed in both HNSC and 
CESC, associated with poor prognosis. Zhao et al. 
indicated that m6A regulators including METTL3 
have the role of predicting prognosis in HNSC 
patients [44]. Also, METTL3 was found to be 
consistently upregulated, and high METTL3 
expression was associated with the prognosis of oral 
squamous cell carcinoma patients. It is also reported 
that METTL3 overexpression promotes the prolifera-
tion and migration of hepatocellular carcinoma cells 
[45]. Besides, m6A modification in cancer treatment 
indicates new directions for the treatment of various 
cancers [15]. Pancreatic cancer with downregulated 
METTL3 expression is reported to be sensitive to 

 

 
Figure 4. METTL3 correlated with the expression of immune checkpoint molecules in samples. (A) Correlation of immune checkpoint molecule expression with 
METTL3 expression in CESC. (B) Correlation of immune checkpoint molecule expression with METTL3 expression in HNSC. (C-E) Representative images of multispectral 
fluorescence immunohistochemistry of paired samples and their quantification. P values are indicated as *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001. 



Int. J. Biol. Sci. 2022, Vol. 18 
 

 
https://www.ijbs.com 

3884 

anticancer drugs and radiotherapy [44]. STM2457, a 
highly potent and selective METTL3 inhibitor, was 
reported to be a potential therapeutic strategy against 
acute myeloid leukemia [42]. As for cervical cancer, 
STM2457 in combination with anti-PD-1 therapy 
inhibited tumor progression in vivo. Regulators or 
inhibitors of m6A modifications may provide 
potential therapeutic strategies for cancers [15].  

So far, few studies have described the relation-
ship between HPV and m6A methylation [20]. 
Interestingly, in our research, METTL3 overex-
pression was found to be related to HPV status, 
linking m6A modification and HPV infection. Zhao et. 
al. demonstrated that circE7 possesses m6A 
modifications in the cytoplasm, and is translated to 
produce E7, an oncoprotein, yielding novel insights 
into how HPV regulates infection and tumorigenesis 
[19]. Besides, in terms of HPV-related cancer, four 
regulators (RBM15, METTL3, FTO, and YTHDF2) 
were identified to be aberrantly expressed in CESC 
tissues, and ZC3H13, YTHDC1, and YTHDF1 formed 
a prognostic indicator [46]. Similarly, m6A 
modifications play a role in the progression and 

immune response of HNSC, another HPV-associated 
cancer [26].  

Increasing evidence demonstrated that m6A 
modification took on an indispensable role in 
antitumor immunity through interactions with 
various m6A regulators [21, 47, 48]. m6A modification 
was reported to promote PD-L1 expression in HNSC 
[26]. In our research, overexpression of METTL3 was 
associated with upregulation of immunosuppressive 
immune checkpoint molecules, and downregulation 
of immune activated immune checkpoint molecules. 
A low m6A score was linked to increased neoantigen 
load and enhanced response to anti-PD-1/L1 
immunotherapy in gastric cancer [21]. Consistent with 
this, inhibition of m6A modification enhances the 
response of colorectal cancer and melanoma to 
immunotherapy [37]. Nevertheless, it was reported 
that METTL3-mediated m6A RNA methylation 
promotes the anti-tumor immunity of natural killer 
cells [49]. Besides, the therapeutic efficacy of PD-1 
checkpoint blockade is attenuated in Mettl3-deficient 
mice [48]. Therefore, the role of m6A modifications in 
immunotherapy needs further investigation. 

 

 
Figure 5. METTL3 impacts on immune cell infiltration in HPV-related cancer. (A) Heat map of correlation between the expression of immune cell infiltration levels 
and METTL3 expression in HNSC and CESC was analyzed by TIMER 2.0. (B) Lollipop plot of immune cell infiltration analysis of HNSC and CESC using ssGSEA of GSVA R package 
(version 1.34.0) based on TCGA data. (C-D) Representative images of multispectral fluorescence immunohistochemistry of paired samples and their quantification. P values are 
indicated as *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001. 
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Figure 6. METTL3 inhibitor in combination with anti-PD-1 therapy inhibits tumor progression in vivo. (A) Animal experiment model diagram. Seven days after 
U14 injection, mice were randomly assigned to four groups and given PBS (every two days), STM2457 (once daily), anti-PD-1 (once daily), and STM2457+anti-PD-1 treatments. 
After two weeks of continuous administration, the mice were killed and their tumors were excised. (B) Photo of the excised tumor. (C) Volume and weight of the excised 
tumors. (D) Bodyweight change curve of mice. (E) Levels of liver and kidney function indicators in plasma. (F) HE staining of organs. P values are indicated as *, P < 0.05; **, P < 
0.01; ***, P < 0.001; and ****, P < 0.0001. 

 
We also revealed that METTL3 inhibited the 

infiltration of immune cells, playing an immunomo-
dulatory role in HPV-associated cancers. The m6A 
regulator-based risk signatures and m6A modification 
patterns were identified to be associated with the 
immune cell infiltration levels of patients with HNSC, 
gastric cancer, hepatocarcinoma, and adrenocortical 
carcinoma [21, 26, 50, 51]. Mellt3- deficiency could 
increase cytotoxic tumor‐infiltrating CD8+ T cells and 
elevate secretion of IFNγ, Cxcl9, and Cxcl10 in 
colorectal tumor [52]. In addition, our study found 
that METTL3 was related to HPV infection and the 
expression of immunosuppressive immune check-
point molecules, which provides insights for the 
immunotherapy of HPV-related tumors. Ablation of 
Mettl3 in myeloid cells increases M1/M2-like 
tumor-associated macrophage and regulatory T cell 
infiltration into tumors, promoting tumor growth and 
metastasis in vivo [48]. These researches confirmed the 
immunomodulatory role of METTL3. However, there 

is still some unresolved knowledge regarding the 
relationship between m6A modifications and 
anti-cancer immune responses, and identifying the 
role of distinct m6A modification patterns in the 
tumor microenvironment at a more refined level with 
new techniques will enhance our understanding of 
antitumor immune response, and provide promising 
immunotherapy strategies [21, 26, 48]. Although 
studies found the immunoregulatory role of METTL3 
in tumors, we not only identified a role for METTL3 in 
immunity, but also found a relationship between 
METTL3 and HPV infection or HPV-related tumors. 

Despite the positive aspects, there were some 
limitations in our research. How HPV infection affects 
the expression of METTL3, and the mechanism by 
which METTL3 affects the expression of HPV 
infection-related molecules such as p16 needs to be 
further elucidated. In addition, we have not studied 
the molecular mechanism of METTL3-mediated 
immunosuppression. 
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Conclusions 
In this study, by integrative trans-omic analyses 

of m6A regulators in HNSC and CESC, we identified 
the key m6A regulator METTL3 in tumor HPV status, 
HPV expression, suppressive TIME, and suppressive 
immune checkpoint molecules in HPV-associated 
cancers. Furthermore, METTL3 inhibitor combined 
with anti-PD1 therapy promoted immunotherapy of 
CESC in vivo, which could be a potential therapeutic 
target in anticancer immunotherapy. 

Abbreviations 
HNSC: head and neck squamous cell carcinoma; 

CESC: cervical squamous cell carcinoma; HPV: 
human papillomavirus; m6A: N6-methyladenosine; 
TIME: tumor immune microenvironment; GO: Gene 
ontology; KEGG: Kyoto Encyclopedia of Genes and 
Genomes; ALT: Alanine transaminase; AST: aspartate 
aminotransferase; γ-GT: gamma-glutamyl transferase; 
TBIL: total bilirubin; LDH: lactate dehydrogenase; 
BUN: blood urea nitrogen; CREA: creatinine 
concentration; DFS: disease-free survival; OS: overall 
survival; DEGs: differentially expressed genes; FI: 
fluorescence index. 

Supplementary Material  
Supplementary figures and table.  
https://www.ijbs.com/v18p3874s1.pdf  

Acknowledgments 
This work was funded by National Key R&D 

Program of China (2021YFC2701201), China Postdoc-
toral Science Foundation (2021M702223), Shenzhen 
Science and Technology Innovation Committee 
(JCYJ20210324105808022, RCBS20210706092345027), 
the Natural Science Foundation of China (82072895, 
82141106, and 82072889). Thanks to all the researchers 
who uploaded their research data to the public 
database for their great help in our research. 

Author Contributions 
Qinglei Gao, Peng Wu, and Canhui Cao 

conceived and designed the experiments. Canhui Cao 
and Ruidi Yu wrote the manuscript. Ruidi Yu, Ye Wei, 
and Chao He performed the experiments. Ruidi Yu, 
Ping Zhou, Hong Yang, Rang Liu and Chang Deng 
performed data analysis. Canhui Cao, Qinglei Gao, 
and Peng Wu provided expertise and feedback. All 
authors approved the final submitted version. 

Compliance with Ethics Requirements 
All Institutional and National Guidelines for the 

care and use of animals (fisheries) were followed. 

Highlights 
m6A regulator expression and variation 

spectrum in HPV-related cancers. 
METTL3 was an HPV status-associated m6A 

regulator. 
METTL3 high status was negatively correlated 

with tumor immune cell infiltrations. 
METTL3 high status facilitated immunosup-

pressive immune checkpoint molecules expression. 
STM2457 in combination with anti-PD-1 therapy 

inhibited cervical cancer progression in vivo. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Gillison ML, Chaturvedi AK, Lowy DR. HPV prophylactic vaccines and the 

potential prevention of noncervical cancers in both men and women. Cancer. 
2008; 113: 3036-46. 

2. Chaturvedi AK, Engels EA, Pfeiffer RM, Hernandez BY, Xiao W, Kim E, et al. 
Human papillomavirus and rising oropharyngeal cancer incidence in the 
United States. Journal of clinical oncology : official journal of the American 
Society of Clinical Oncology. 2011; 29: 4294-301. 

3. Ojesina AI, Lichtenstein L, Freeman SS, Pedamallu CS, Imaz-Rosshandler I, 
Pugh TJ, et al. Landscape of genomic alterations in cervical carcinomas. 
Nature. 2014; 506: 371-5. 

4. Rositch AF, Koshiol J, Hudgens MG, Razzaghi H, Backes DM, Pimenta JM, et 
al. Patterns of persistent genital human papillomavirus infection among 
women worldwide: a literature review and meta-analysis. International 
journal of cancer. 2013; 133: 1271-85. 

5. Saraiya M, Unger ER, Thompson TD, Lynch CF, Hernandez BY, Lyu CW, et al. 
US assessment of HPV types in cancers: implications for current and 9-valent 
HPV vaccines. J Natl Cancer Inst. 2015; 107: djv086-djv. 

6. Doorbar J, Quint W, Banks L, Bravo IG, Stoler M, Broker TR, et al. The biology 
and life-cycle of human papillomaviruses. Vaccine. 2012; 30 Suppl 5: F55-70. 

7. Johnson DE, Burtness B, Leemans CR, Lui VWY, Bauman JE, Grandis JR. Head 
and neck squamous cell carcinoma. Nature Reviews Disease Primers. 2020; 6: 
92. 

8. Wang Q, Guo X, Li L, Gao Z, Su X, Ji M, et al. N6-methyladenosine METTL3 
promotes cervical cancer tumorigenesis and Warburg effect through 
YTHDF1/HK2 modification. Cell Death & Disease. 2020; 11: 911. 

9. Li S, Huang X-t, Wang M-y, Chen D-p, Li M-y, Zhu Y-y, et al. FSCN1 Promotes 
Radiation Resistance in Patients With PIK3CA Gene Alteration. 2021; 11. 

10. Roundtree IA, Evans ME, Pan T, He C. Dynamic RNA Modifications in Gene 
Expression Regulation. Cell. 2017; 169: 1187-200. 

11. Frye M, Harada BT, Behm M, He C. RNA modifications modulate gene 
expression during development. Science (New York, NY). 2018; 361: 1346-9. 

12. He L, Li H, Wu A, Peng Y, Shu G, Yin G. Functions of N6-methyladenosine 
and its role in cancer. Molecular cancer. 2019; 18: 176. 

13. Jiang X, Liu B, Nie Z, Duan L, Xiong Q, Jin Z, et al. The role of m6A 
modification in the biological functions and diseases. Signal Transduction and 
Targeted Therapy. 2021; 6: 74. 

14. Zhang Y, Geng X, Li Q, Xu J, Tan Y, Xiao M, et al. m6A modification in RNA: 
biogenesis, functions and roles in gliomas. Journal of Experimental & Clinical 
Cancer Research. 2020; 39: 192. 

15. Chen X-Y, Zhang J, Zhu J-S. The role of m(6)A RNA methylation in human 
cancer. Molecular cancer. 2019; 18: 103-. 

16. Yi L, Wu G, Guo L, Zou X, Huang P. Comprehensive Analysis of the PD-L1 
and Immune Infiltrates of m6A RNA Methylation Regulators in Head and 
Neck Squamous Cell Carcinoma. Mol Ther Nucleic Acids. 2020 Sep 
4;21:299-314. doi: 10.1016/j.omtn.2020.06.001. Epub 2020 Jun 3. PMID: 
32622331; PMCID: PMC7332506. 

17. Shi H, Wei J, He C. Where, When, and How: Context-Dependent Functions of 
RNA Methylation Writers, Readers, and Erasers. Molecular cell. 2019; 74: 
640-50. 

18. Liu J, Harada BT, He C. Regulation of Gene Expression by 
N(6)-methyladenosine in Cancer. Trends Cell Biol. 2019; 29: 487-99. 

19. Zhao J, Lee EE, Kim J, Yang R, Chamseddin B, Ni C, et al. Transforming 
activity of an oncoprotein-encoding circular RNA from human 
papillomavirus. Nature communications. 2019; 10: 2300. 

20. Wu F, Cheng W, Zhao F, Tang M, Diao Y, Xu R. Association of 
N6-methyladenosine with viruses and related diseases. Virology Journal. 
2019; 16: 133. 



Int. J. Biol. Sci. 2022, Vol. 18 
 

 
https://www.ijbs.com 

3887 

21. Zhang B, Wu Q, Li B, Wang D, Wang L, Zhou YL. m(6)A regulator-mediated 
methylation modification patterns and tumor microenvironment infiltration 
characterization in gastric cancer. Molecular cancer. 2020; 19: 53-. 

22. Qin S, Mao Y, Wang H, Duan Y, Zhao L. The interplay between m6A 
modification and non-coding RNA in cancer stemness modulation: 
mechanisms, signaling pathways, and clinical implications. International 
Journal of Biological Sciences. 2021; 17: 2718-36. 

23. Xu S, Tang L, Dai G, Luo C, Liu Z. Expression of m6A Regulators Correlated 
With Immune Microenvironment Predicts Therapeutic Efficacy and Prognosis 
in Gliomas. Frontiers in cell and developmental biology. 2020; 8: 594112. 

24. Li N, Kang Y, Wang L, Huff S, Tang R, Hui H, et al. ALKBH5 regulates 
anti-PD-1 therapy response by modulating lactate and suppressive immune 
cell accumulation in tumor microenvironment. Proc Natl Acad Sci U S A. 2020; 
117: 20159-70. 

25. Liontos M, Kyriazoglou A, Dimitriadis I, Dimopoulos M-A, Bamias A. 
Systemic therapy in cervical cancer: 30 years in review. Critical Reviews in 
Oncology/Hematology. 2019; 137: 9-17. 

26. Yi L, Wu G, Guo L, Zou X, Huang P. Comprehensive Analysis of the PD-L1 
and Immune Infiltrates of m(6)A RNA Methylation Regulators in Head and 
Neck Squamous Cell Carcinoma. Mol Ther Nucleic Acids. 2020; 21: 299-314. 

27. Economopoulou P, Agelaki S, Perisanidis C, Giotakis EI, Psyrri A. The 
promise of immunotherapy in head and neck squamous cell carcinoma. 
Annals of Oncology. 2016; 27: 1675-85. 

28. Ventriglia J, Paciolla I, Pisano C, Cecere SC, Di Napoli M, Tambaro R, et al. 
Immunotherapy in ovarian, endometrial and cervical cancer: State of the art 
and future perspectives. Cancer Treatment Reviews. 2017; 59: 109-16. 

29. Lee SJ, Yang A, Wu TC, Hung CF. Immunotherapy for human 
papillomavirus-associated disease and cervical cancer: review of clinical and 
translational research. J Gynecol Oncol. 2016; 27: e51-e. 

30. Zhang H, Dai Z, Wu W, Wang Z, Zhang N, Zhang L, et al. Regulatory 
mechanisms of immune checkpoints PD-L1 and CTLA-4 in cancer. J Exp Clin 
Cancer Res. 2021; 40: 184-. 

31. Zhang Y, Li L, Ye Z, Zhang L, Yao N, Gai L. Identification of m6A 
methyltransferase-related genes predicts prognosis and immune infiltrates in 
head and neck squamous cell carcinoma. Ann Transl Med. 2021; 9: 1554-. 

32. Zou D, Dong L, Li C, Yin Z, Rao S, Zhou Q. The m(6)A eraser FTO facilitates 
proliferation and migration of human cervical cancer cells. Cancer cell 
international. 2019; 19: 321-. 

33. Cao C, Yu R, Gong W, Liu D, Zhang X, Fang Y, et al. Genomic mutation 
features identify distinct BRCA-associated mutation characteristics in 
endometrioid carcinoma and endometrioid ovarian carcinoma. Aging. 2021; 
13: 24686-709. 

34. Strausberg RL, Feingold EA, Grouse LH, Derge JG, Klausner RD, Collins FS, et 
al. Generation and initial analysis of more than 15,000 full-length human and 
mouse cDNA sequences. Proc Natl Acad Sci U S A. 2002; 99: 16899-903. 

35. Integrated genomic and molecular characterization of cervical cancer. Nature. 
2017; 543: 378-84. 

36. Chernock RD, Wang X, Gao G, Lewis JS, Jr., Zhang Q, Thorstad WL, et al. 
Detection and significance of human papillomavirus, CDKN2A(p16) and 
CDKN1A(p21) expression in squamous cell carcinoma of the larynx. Modern 
pathology : an official journal of the United States and Canadian Academy of 
Pathology, Inc. 2013; 26: 223-31. 

37. Wang L, Hui H, Agrawal K, Kang Y, Li N, Tang R, et al. m(6) A RNA 
methyltransferases METTL3/14 regulate immune responses to anti-PD-1 
therapy. The EMBO journal. 2020; 39: e104514. 

38. Yang S, Wei J, Cui Y-H, Park G, Shah P, Deng Y, et al. m6A mRNA 
demethylase FTO regulates melanoma tumorigenicity and response to 
anti-PD-1 blockade. Nature communications. 2019; 10: 2782. 

39. Hu FF, Liu CJ, Liu LL, Zhang Q, Guo AY. Expression profile of immune 
checkpoint genes and their roles in predicting immunotherapy response. 
Briefings in bioinformatics. 2021; 22. 

40. Hübbers CU, Akgül B. HPV and cancer of the oral cavity. Virulence. 2015; 6: 
244-8. 

41. Melo BAC, Vilar LG, Oliveira NR, Lima PO, Pinheiro MB, Domingueti CP, et 
al. Human papillomavirus infection and oral squamous cell carcinoma - a 
systematic review. Brazilian journal of otorhinolaryngology. 2021; 87: 346-52. 

42. Yankova E, Blackaby W, Albertella M, Rak J, De Braekeleer E, Tsagkogeorga 
G, et al. Small-molecule inhibition of METTL3 as a strategy against myeloid 
leukaemia. Nature. 2021; 593: 597-601. 

43. Kombe Kombe AJ, Li B, Zahid A, Mengist HM, Bounda G-A, Zhou Y, et al. 
Epidemiology and Burden of Human Papillomavirus and Related Diseases, 
Molecular Pathogenesis, and Vaccine Evaluation. 2021; 8. 

44. Taketo K, Konno M, Asai A, Koseki J, Toratani M, Satoh T, et al. The 
epitranscriptome m6A writer METTL3 promotes chemo- and radioresistance 
in pancreatic cancer cells. International journal of oncology. 2018; 52: 621-9. 

45. Pan F, Lin X-R, Hao L-P, Chu X-Y, Wan H-J, Wang R. The Role of RNA 
Methyltransferase METTL3 in Hepatocellular Carcinoma: Results and 
Perspectives. Frontiers in cell and developmental biology. 2021; 9: 674919-. 

46. Pan J, Xu L, Pan H. Development and Validation of an m6A RNA Methylation 
Regulator-Based Signature for Prognostic Prediction in Cervical Squamous 
Cell Carcinoma. 2020; 10. 

47. Tong J, Cao G, Zhang T, Sefik E, Amezcua Vesely MC, Broughton JP, et al. 
m(6)A mRNA methylation sustains Treg suppressive functions. Cell Res. 2018; 
28: 253-6. 

48. Yin H, Zhang X, Yang P, Zhang X, Peng Y, Li D, et al. RNA m6A methylation 
orchestrates cancer growth and metastasis via macrophage reprogramming. 
Nature communications. 2021; 12: 1394. 

49. Song H, Song J, Cheng M, Zheng M, Wang T, Tian S, et al. METTL3-mediated 
m6A RNA methylation promotes the anti-tumour immunity of natural killer 
cells. Nature communications. 2021; 12: 5522. 

50. Li J, Wang W, Zhou Y, Liu L, Zhang G, Guan K, et al. m6A 
Regulator-Associated Modification Patterns and Immune Infiltration of the 
Tumor Microenvironment in Hepatocarcinoma. Frontiers in cell and 
developmental biology. 2021; 9: 687756-. 

51. Jin Y, Wang Z, He D, Zhu Y, Hu X, Gong L, et al. Analysis of m6A-Related 
Signatures in the Tumor Immune Microenvironment and Identification of 
Clinical Prognostic Regulators in Adrenocortical Carcinoma. Frontiers in 
immunology. 2021; 12: 637933-. 

52. Wang L, Hui H, Agrawal K, Kang Y, Li N, Tang R, et al. m(6) A RNA 
methyltransferases METTL3/14 regulate immune responses to anti-PD-1 
therapy. The EMBO journal. 2020; 39: e104514-e. 

 


