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Becausemost studies have focused on the intrinsic carcinogenic
pathways of tumors, the underlying role of N6-methyladeno-
sine (m6A) methylation in tumor immune microenvironment
(TIME) remains elusive. Herein, we systematically explored
the correlations of prominent m6A regulators with PD-L1
and immune infiltrates in 769 head and neck squamous cell car-
cinomas (HNSCCs; The Cancer Genome Atlas [TCGA] cohort,
n = 499; GSE65858 cohort, n = 270). The PD-L1 expression
evidently associated with m6A regulators. Two molecular sub-
types (cluster1/2) were identified by consensus clustering for 15
m6A regulators. The cluster2 preferentially associated with
favorable prognosis, upregulated PD-L1 expression, higher im-
munoscore, and distinct immune cell infiltration. The hall-
marks of G2M checkpoint, mTORC1 signaling, and PI3K/
AKT/mTOR signaling were remarkably enriched in the clus-
ter1. A prognostic risk score was constructed using seven
m6A regulator-associated signatures that represented an inde-
pendent prognosis factor for HNSCC. Patients with low-risk
score exhibited higher immunoscore and upregulated PD-L1
expression than patients with high-risk score. Consistently,
m6A regulators showed the same influence on immune modu-
lation and survival in external GSE65858 cohort. Further
analysis revealed that m6A regulator-based signatures were
implicated in TIME and their copy-number alterations dynam-
ically affected the abundance of tumor-infiltrating immune
cells. Collectively, our study elucidated the important role of
m6Amethylation in TIME ofHNSCC. The proposedm6A regu-
lator-based signatures might serve as crucial mediators of
TIME in HNSCC, representing promising therapeutic targets
in improving immunotherapeutic efficacy.

INTRODUCTION
Head and neck squamous cell carcinoma (HNSCC) is the sixth most
commonmalignant tumor in humans worldwide, with approximately
600,000 newly diagnosed cases annually.1,2 More than 50% of diag-
nosed HNSCC patients present at an advanced stage. The overall
5-year survival rate of HNSCC is ~50%.3 Primary treatments include
surgery, radiotherapy, and chemotherapy based on the location and
clinical stage of HNSCC, but advanced HNSCC exhibits weak prog-
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nosis and limited treatment method. Immunotherapy likely yields
preferable therapeutic effects on patients with advanced HNSCC
because of its safety and less adverse events. This treatment contrib-
utes new insights into clinical treatment management. Since few pa-
tients could benefit from immunotherapy, the overall disease control
rate and treatment strategies still need to be improved. The imbalance
of the immune system has a vital role in the development of HNSCC
characterized by an immunosuppressive disease. Patients of HNSCC
frequently present low absolute lymphocyte counts, spontaneous
apoptosis of cytotoxic T lymphocytes, defects in natural killer (NK)
cell activity, and barriers to antigen presentation.4 Numerous cyto-
kines and immunosuppressive cells related to tumor immune escape
in the HNSCC microenvironment are also present. Thus, the regula-
tory mechanism of tumor immune microenvironment (TIME)
should be further explored to determine effective biomarkers that
precisely predict prognosis and considerably optimize personalized
immunotherapy management.

N6-methyladenosine (m6A), the methylation modification at the
sixth N atom of adenine, is the most common post-transcriptional
modification on mRNA, mediating >60% RNA methylation.5,6

Abnormal m6A methylation levels are closely related to stem cell
differentiation, immune response, embryonic development, and
microRNA (miRNA) editing; they also play an essential role in the
progression of various cancers.7–12 The epigenetic modification of
m6A methylation affects tumor development by modulating the
mRNA expression levels of related oncogenes or suppressor genes.
The m6A methylation levels in tumors mainly depend on the expres-
sion of m6A methylation regulators. The m6A methylation is highly
correlated with the expression of intracellular methyltransferases
(“writers”) and demethylases (“erasers”), whereas binding proteins
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(“readers”) bind to m6A methylation sites in performing a series of
biological functions.13 The “Writers,” which include methyltransfer-
ase like 3 (METTL3), METTL14, WT1-associated protein (WTAP),
METTL16, KIAA1429, and RNA-binding motif protein 15
(RBM15), promote m6A RNA methylation.14–19 The “Erasers,”
comprising fat mass- and obesity-associated protein (FTO) and a-ke-
toglutarate-dependent dioxygenase alkB homolog 5 (ALKBH5), re-
move m6A methylation groups from RNA.20 The “Readers,” which
include YTH domain-containing 1 (YTHDC1), YTHDC2, YTH N6-
methyl-adenosine RNA-binding protein 1 (YTHDF1), YTHDF2,
YTHDF3, and heterogeneous nuclear ribonucleoprotein C
(HNRNPC), play a specific role by binding to the m6A methylation
site.21–23 The aberrant expression of m6A regulators plays a vital reg-
ulatory role in tumor progression, prognosis, and radio-resistance.
Chen et al.12 showed thatMETTL3 upregulates the m6A methylation
level of the suppressor gene SOCS2 by regulating the m6A-YTHDF2
pathway to accelerate SOCS2 mRNA degradation. METTL3 overex-
pression also promotes the proliferation and migration of hepatocel-
lular carcinoma cells, whereas deregulated METTL3 inhibits its
growth and metastasis. Nishizawa et al.24 revealed that YTHDF1
expression is dramatically upregulated in patients with colorectal can-
cer and involved in tumor diameter (p = 0.009), lymph node metas-
tasis (p = 0.044), distant metastasis (p = 0.036), and clinical stage (p =
0.0226). Taketo et al.25 reported that pancreatic cancer cells with
downregulated METTL3 expression are sensitive to anticancer drugs
and radiotherapy. The study of Zhao et al.26 including thirteen m6A
methylation regulators indicated that m6A regulators have the role
for predicting prognosis in HNSCC patients. However, the prognosis
role of other m6A methylation regulators such as METTL16 and
YTHDF3 was not analyzed in HNSCC. In addition, whether m6A
methylation regulators have the interface of therapeutic effects or
the correlation of PD-L1 has yet to be fully explored.

Most studies have focused on the intrinsic carcinogenic pathways of
tumors, but the potential role of m6A methylation in TIME remains
unclear. Han et al.27 demonstrated that m6A methylation could pro-
long new antigen-specific immunity through YTHDF1. The higher
levels of CD8+ T and NK cells are evident in YTHDF1-deficient
mice than those in wild-type ones, inducing an enhanced antitumor
response. This result indicated that YTHDF1 is a vital mediator of tu-
mor immune evasion, emphasizing a potential therapeutic target in
improving clinical response to immunotherapy. Consequently, m6A
regulators implicated in tumor immunoreactivity pathways may be
identified as promising targets in enhancing clinical responses to im-
munotherapies. Zhao et al.26 showed the interface between m6A reg-
ulators and HNSCC prognosis. However, an integrated understand-
ing of m6A RNA methylation in HNSCC, including the interactions
between the m6A methylation regulators and TIME, is lacking.

This study aimed to systematically assess the correlations of m6A
RNA methylation regulators with prognosis, programmed death
ligand 1 (PD-L1), and TIME in HNSCC. Clustering subtypes and
risk models for m6A RNA methylation regulators were established
to improve prognostic risk stratification and facilitate treatment deci-
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sion-making for patients with HNSCC. Subsequently, the relation-
ships between clustering subgroups, risk models, PD-L1, immuno-
scores, and immune cell infiltration were thoroughly analyzed
based on the m6A regulator-related signatures to further explore
the effect of m6A regulators on TIME. This study also sought to pro-
vide insights into the regulatory mechanisms associated with TIME
and the strategies for HNSCC immunotherapy.

RESULTS
Expression of m6A RNA Methylation Regulators Was

Upregulated in HNSCC

To assess the biological function of m6A regulators in the initiation and
development of HNSCC, we systematically investigated the expression
patterns of 15 m6A regulatory genes between HNSCC and adjacent
normal pairs based on the available The Cancer Genome Atlas
(TCGA) dataset. We downloaded the expression profiling datasets for
43 tumor-adjacent normal pairs and analyzed the distinct expression
of the selectedm6A regulators. The expression levels of m6A regulatory
genes in HNSCC and normal tissues were evident (Figures 1A and 1B).
The expression levels of “writers” (i.e., KIAA1429, METTL3, RBM15,
WTAP, ZC3H13, andMETTL16), “readers” (i.e., HNRNPC, YTHDC1,
YTHDF1, YTHDF2, and YTHDF3), and “erasers” (ALKBH5 and FTO)
were dramatically higher inHNSCC tissues than in normal adjacent tis-
sues (p < 0.01). The expression level of the “reader”YTHDC2wasmark-
edly lower in HNSCC tissues than in normal tissues (p < 0.05). Addi-
tionally, no statistically significant difference was evident between the
normal and HNSCC tissues regarding the expression level of the
“writer” METTL14 (p > 0.05). These results indicated that m6A RNA
methylation regulators possessed essential biological roles in HNSCC
development.

Significant Correlation of Consensus Clustering for m6A RNA

Methylation Regulators with the Characteristics and Survival of

Patients with HNSCC

The k = 2 was identified with optimal clustering stability from k = 2 to
9 based on the similarity displayed by the expression levels of m6A
regulators and the proportion of ambiguous clustering measure (Fig-
ures S1A–S1C). A total of 499 patients with HNSCC were clustered
into two subtypes, namely, cluster1 (n = 203) and cluster2 (n =
296), based on the expression levels of them6A regulators (Figure 2A).
The expression of individual m6A methylation regulators was lower
in the cluster2 than in the cluster1, especially the expression levels
of METTL3 and HNRNPC (Figure 2B). The clinicopathological fea-
tures between the two subtypes were then compared (Figure 2B).
The cluster2 mainly contained female HNSCC. The cluster2 was pref-
erentially associated with a low WHO grade (p < 0.01). The higher
immunoscore of the cluster2 was evident than that of the cluster1
(p < 0.05). The overall survival (OS, p < 0.0001) and disease-free sur-
vival (DFS, p = 0.009) of the cluster2 were longer than those of the
cluster1 (Figures 2C and 2D).

Our findings suggested that the clustering subtypes defined by m6A
regulator expression were closely related to the heterogeneity of pa-
tients with HNSCC. To further explore the interaction among m6A



Figure 1. Upregulation of m6A RNA Methylation

Regulators in HNSCC in TCGA Cohort

(A and B) Heatmap (A) and expression levels (B) of 15 m6A

RNA regulators in 43 tumor and adjacent normal pairs. *p <

0.05, **p < 0.01, and ***p < 0.001.
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regulators, we analyzed the correlations between 15 m6A RNA
methylation regulators (Figure S1D). The result showed that the
expression levels of YTHDC2, YTHDC1, YTHDF2, METTL14, and
RBM15 were positively correlated with one another. The expression
levels of KIAA1429, ZC3H13, YTHDF3, and FTO were also positively
correlated. The expression level ofHNRNPCwas positively correlated
with the expression levels of METTL3 and WTAP. We further
analyzed the gene-expression pattern between the two subtypes by us-
ing the principal-component analysis (PCA) method (Figure S1E)
and found that the gene-expression profiles between the two subtypes
were differentiated well.

Association of PD-L1 with m6A RNA Methylation

To explore the involvement of PD-L1 withm6A RNAmethylation, we
assessed differential expression in two subtypes and the correlation of
PD-L1 with m6A regulators. The expression level of PD-L1 was upre-
gulated in HNSCC tissues compared with normal adjacent tissues
(p < 0.05; Figure 3A). The expression level of PD-L1 in the cluster2
was distinctly higher than that in the cluster1 (p < 0.01; Figure 3B).
In the TCGA cohort, the expression of PD-L1 had a significantly pos-
itive association withMETTL3, RBM15,WTAP,HNRNPC, YTHDC2,
and YTHDF3 expression levels, whereas a significantly negative cor-
relation was noted with KIAA1429, YTHDF1, and FTO expression
levels (Figure 3C). Furthermore, consistent results were obtained in
the GSE65858 cohort (Figure 3C).
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Consensus Clustering for m6A RNA

Methylation Regulators Associated with

Distinct Immune Cell Infiltration

To investigate the effect of m6A regulators on the
TIME ofHNSCC, we evaluated the immunoscore
and immune infiltrate level between the cluster1
with the upregulated m6A regulator expression
and cluster2 with the downregulated m6A regu-
lator expression (Figures 3D and 4). The two clus-
ters revealed a significant difference in immuno-
score (Figure 4A). The prognosis of the cluster2
with a higher immunoscore was greater than
that of the cluster1 (p < 0.05). Subsequently, the
fraction of 22 immune cell types between the
two subgroups was analyzed. Cluster1 showed
higher infiltration levels of CD4 naive T cell,
CD4 memory-activated T cell, and eosinophils
(Figures 3D and 4B–4D), whereas cluster2 was
more correlated with B memory cells, regulatory
T cells (Tregs), NK cells activated, monocytes,
macrophages M2, dendritic cells activated, neu-
trophils, and mast cells infiltration (Figures 3D and 4E and 4F). To
elucidate the potential regulatory mechanisms resulting in differences
in the TIME between the two subgroups, we performed gene set
enrichment analysis (GSEA). The results showed that the malignant
hallmarks of tumors, including G2M checkpoint (normalized enrich-
ment score [NES] = 2.511, normalized p < 0.001), mTORC1 signaling
(NES = 2.456, normalized p < 0.001), and PI3K/AKT/mTOR signaling
(NES= 1.807, normalized p=0.003), were dynamically correlatedwith
the cluster1 (Figure 4G). Hence, the PI3K/AKT/mTOR signaling
pathway might be implicated in the distinct TIME of cluster1/2.

To further verify our hypothesis, we conducted consensus clustering
for “erasers” FTO and ALKBH5. The longer OS in the cluster1 was
evident than that in the cluster2 (p = 0.0012; Figure 5A). However,
cluster1 had lower immunoscore and PD-L1 expression level than
cluster2 (Figures 5B and 5C). Moreover, no significant difference of
the composition of 22 immune cell types was observed between the
two clusters (Figure 5D). Therefore, there was a reverse effect
observed with clustering for demethylases on survival and immune
infiltration, which further confirmed our hypothesis.

Construction and Validation of Prognostic Signatures for m6A

RNA Methylation Regulators

Then, we explored the prognostic role of m6A regulators in patients
with HNSCC. The 499 patients were randomly divided into the
py: Nucleic Acids Vol. 21 September 2020 301
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Figure 2. Differential Clinicopathological Features and Survival of HNSCC in Cluster1/2 Subtypes in TCGA Cohort

(A) Consensus clustering matrix for k = 2. (B) Heatmap and clinicopathologic features of the two clusters (cluster1/2). (C and D) Kaplan-Meier curves of overall survival (OS, C)

and disease-free survival (DFS, D) for patients with HNSCC in two clusters (cluster1/2). *p < 0.05 and **p < 0.01.
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TCGA training cohort (351 patients) and validation cohort (148 pa-
tients) at a 7:3 ratio. The baseline characteristics among the TCGA
training and validation cohorts, including age, gender, T stage, N
stage, M stage, grade, and TNM stage, were not statistically different
(all p > 0.05; Table S1).

To predict the clinical outcome of m6A regulators in HNSCC patients
precisely, we performed the least absolute shrinkage and selection
operator (LASSO) regression analysis based on the expression values
of 15 m6A regulators in the TCGA training cohort. Seven m6A regu-
lators, namely METTL3, YTHDC2, METTL14, RBM15, YTHDC1,
ZC3H13, and HNRNPC, were identified (Figures S2A and S2B).
The risk scores of the TCGA training and validation cohorts were
calculated using the coefficients obtained by the LASSO algorithm,
and the equation is as follows: (risk score = 0.1172 � METTL14
expression level)�(0.0628 � METTL3 expression level) �
(0.1163� YTHDC2 expression level) + (0.0245� ZC3H13 expression
level) � (0.0453 � RBM15 expression level) � (0.0223 � YTHDC1
expression level) + (0.0174 � HNRNPC expression level). Afterward,
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patients were divided into high- and low-risk groups based on theme-
dian risk score. The distribution of the risk scores, OS, OS status, and
expression profiles of the seven m6A-regulator-based signatures in
TCGA training and validation cohorts is displayed in Figures 6A
and 6B. The heatmap results indicated that risky m6A regulators,
includingMETTL3, YTHDC2, RBM15, and YTHDC1, were highly ex-
pressed in the high-risk group, whereas the expression levels of pro-
tective m6A regulators, includingMETTL14, ZC3H13, andHNRNPC,
were upregulated in the low-risk group. The OS of the low-risk group
was longer than that of the high-risk group in the TCGA training and
validation cohorts (p < 0.0001, Figures 6C and 6D). To assess the
prognostic accuracy of the seven identified risk signatures, we con-
ducted 3- and 5-year receiver operating characteristic (ROC) curve
analyses by comparing the respective AUC values. In the TCGA
training cohort, the 3- and 5-year AUC values for the seven risk sig-
natures were 0.798 (95% CI: 0.712 to 0.824) and 0.825 (95% CI: 0.768
to 0.873), respectively (Figures S2C and S2D). In the TCGA validation
cohort, the 3- and 5-year AUC values for the seven risk signatures
were 0.775 (95% CI: 0.709 to 0.816) and 0.814 (95% CI: 0.758 to



Figure 3. Association of PD-L1 with m6A RNA Methylation and the Landscape of Immune Cell Infiltration in HNSCC

(A) PD-L1 upregulation in HNSCC in TCGA cohort. (B) The expression level of PD-L1 in cluster1/2 subtypes in TCGA cohort. (C) The correlation of PD-L1 with m6A

methylation regulators in both TCGA and GEO: GSE65858 cohorts. (D) The infiltrating levels of 22 immune cell types in cluster1/2 subtypes in the TCGA cohort. *p < 0.05 and

**p < 0.01.
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0.864), respectively (Figures S2E and S2F). The AUC values showed
that the signatures of seven m6A regulators had a favorable discrim-
ination performance for the prognosis of patients with HNSCC.
These results suggested that the risk score that were calculated based
on the seven risk signatures could accurately predict the prognosis of
HNSCC patients.

Prognostic Risk Scores Correlated with Grade, Immunoscore,

and Radiotherapy in HNSCC

The relationship between risk scores and clinical features was further
evaluated. The heatmap demonstrated the expression levels of seven
m6A regulators in the high- and low-risk groups in the TCGA training
cohort (Figure 7A). The expression levels ofMETTL3 and YTHDC2 in
the high-risk group were typically lower than those of the low-risk
group. The expression levels of HNRNPC and ZC3H13 were low in
the low-risk group. The difference in terms of clustering subtypes
(p < 0.001), grade (p < 0.05), and immunoscore (p < 0.001) between
the high- and low-risk groups was significant. We also further exam-
ined the relationship between risk score, and subtype, classification,
and immunoscore. The risk score of the cluster1 was distinctly higher
than that of the cluster2 (p < 0.001, Figure 7B). The risk score increased
along with the histological grade increased (p < 0.05, Figure 7C).
Compared to the low immunoscore group, the high immunoscore
group had lower risk score (p < 0.001, Figure 7D). These findings re-
vealed that the risk score was significantly associated with subtype,
grade, and immunoscore in HNSCC patients.
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 303
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Figure 4. Distant Immune Cell Infiltration in Two Clusters in TCGA Cohort

(A) Immunoscore in the cluster1/2 subtypes. (B–F) The infiltrating levels of the CD4 native T cells (B), CD4 memory-activated T cells (C), eosinophils (D), neutrophils (E), and

dendritic cells resting (F) in two clusters. (G) GSEA showed that G2M checkpoint, mTORC1 signaling, and PI3K/AKT/mTOR signaling are differentially enriched in cluster1.

ES, enrichment score; NES, normalized ES; NOM p value, normalized p value. *p < 0.05 and **p < 0.01.
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To validate that m6Amethylation regulators harbored the same influ-
ence on immune modulation and survival in additional HNSCC
cases, we selected eligible GEO: GSE65858 dataset from the Gene
Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE65858) as the external validation cohort.
Consistent with TCGA analysis, patients with low-risk score had
longer OS than patients with high-risk score (p = 0.0025) (Figure 8A).
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The survival prediction of risk score was evaluated in GEO: GSE65858
cohort by using time-dependent ROC analysis at 3 and 5 years (Fig-
ure 8B). Consistently, a higher immunoscore was evident in patients
with low-risk score (Figure 8C). Additionally, we found that patients
with high-risk score had downregulated PD-L1 expression level than
patients with low-risk score in TCGA training, TCGA validation, and
independent GSE65858 cohorts (Figures 8D–8F).

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE65858
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE65858


Figure 5. The Reverse Effect on Survival and Immune Infiltration between the Cluster1/2 Subtypes Generated by Consensus Clustering for Demethylases in

TCGA Cohort

(A–C) Kaplan-Meier curves of OS for patients with HNSCC (A), immunoscore (B), and PD-L1 expression level (C) in cluster1/2 subtypes. (D) The infiltrating levels of 22 immune

cell types in two clusters (cluster1/2). *p < 0.05 and **p < 0.01.
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Univariate and multivariate Cox regression analyses were conducted
in the TCGA training and validation cohorts to determine whether
the risk score independently predicted the prognosis of patients
with HNSCC. Univariate analysis showed that age (p = 0.002), N stage
(p = 0.027), M stage (p = 0.017), TNM stage (p = 0.001), and risk score
(p < 0.001) were considerably associated with the OS in the TCGA
training cohort (Figure S3A). These factors were then included into
multivariate Cox regression analysis, thereby showing that age (p <
0.001), TNM stage (p = 0.009), and risk score (p < 0.001) remained
closely correlated with the OS (Figure S3B). In the TCGA validation
cohort, univariate Cox analysis revealed that age (p < 0.001), N stage
(p = 0.015), TNM stage (p < 0.001), and risk score (p < 0.001) were
highly related to the OS (Figure S3C). Similarly, when enrolling these
factors into multivariate Cox analysis, the age (p < 0.001), TNM stage
(p = 0.001), and risk score (p < 0.001) were still significantly associ-
ated with OS (Figure S3D). The results showed that the risk score ob-
tained from seven m6A regulator-based signatures was an indepen-
dent prognostic factor for HNSCC patients.

The prognostic value of risk score for HNSCC patients subjected to
radiotherapy was estimated. We explored whether the application
of radiotherapy could influence the predictive performance of the
risk score for OS in HNSCC patients. We observed that the OS of pa-
tients with radiotherapy in the high- and low-risk groups was supe-
rior (Figures 9A–9D), but patients with high-risk score benefited
significantly more than those with low-risk score from radiotherapy.
Patients with radiotherapy had a favorable survival advantage than
patients without radiotherapy in the high-risk group (Figures 9A
and 9C). The survival benefit of radiotherapy was relatively not signif-
icant in the low-risk group (Figures 9B and 9D). Accordingly, patients
with high-risk score were more likely to benefit for survival from
radiotherapy than those with low-risk score.
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 305
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Figure 6. Construction and Validation of Prognostic Signatures of m6A Methylation Regulators in TCGA Cohort

(A and B) Distribution of risk score, OS, and OS status and heatmap of the seven prognostic m6A regulator signatures in the TCGA training cohort (A) and TCGA validation

cohort (B). (C and D) Kaplan-Meier curves of OS for patients with HNSCC based on the risk score in the TCGA training cohort (C) and TCGA validation cohort (D).
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Effect of Genetic Alterations of them6A Regulator Signatures on

Immune Cell Infiltration

The relationship between the risk score and infiltration levels of six
immune cell types was analyzed to estimate the effect of seven m6A
306 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
regulator-based signatures on the HNSCC immune microenviron-
ment. A significantly negative correlation was observed between the
risk score and infiltration levels of the B (p < 0.001), CD4+ T (p =
0.012), and CD8+ T cells (p < 0.001, Figures 10A–10C). The risk score



Figure 7. Prognostic Risk Scores Correlated with Clinicopathological Features and Immunoscore in TCGA Training Cohort

(A) Heatmap and clinicopathologic features of high- and low-risk groups. (B–D) Distribution of risk scores stratified by cluster1/2 (B), grade (C), and immunoscore (D). *p <

0.05, **p < 0.01, and ***p < 0.001.

www.moleculartherapy.org
was positively correlated with the infiltration levels of neutrophils,
macrophages, and dendritic cells (p < 0.001, Figures 10D–10F).
This result confirmed that m6A regulator-based risk signatures
were implicated in the HNSCC immune microenvironment.

The effects of somatic cell copy number alternations (CNAs) of the
m6A regulator-based signatures on immune cell infiltration were
further analyzed to elucidate the underlying mechanisms by which
the risk score was associated with different immune cell infiltrations.
The CNAs of the identifiedm6A regulators signatures, including arm-
level deletion and arm-level gain, significantly affected the infiltration
levels of B cells, CD4+ T cells, CD8+ T cells, neutrophils, macro-
phages, and dendritic cells in HNSCC (Figure 11). These results
demonstrated that m6A regulators had pivotal regulatory effects on
the TIME for HNSCC patients.

DISCUSSION
The m6A methylation is the most common form of mRNA modifica-
tion that plays a crucial role in post-transcriptional regulation.28 The
dysregulation of m6A methylation regulatory protein triggers
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 307
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Figure 8. Independent Validation of m6A Regulator-Based Risk Score Model

(A) Kaplan-Meier curves for OS by risk score group in GEO: GSE65858 cohort. (B) Time-dependent ROC curves measuring the predictive value of the risk score in GEO:

GSE65858 cohort. (C) Immunoscore by risk score group in GEO: GSE65858 cohort. (D–F) The PD-L1 expression level by risk score group in TCGA training set (D), TCGA

validation set (E), and GEO: GSE65858 validation set (F).
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downstream RNA metabolism disorder and is involved in the pro-
gression of various tumors.10,29–32 However, the m6A modification
level of specific m6A regulators that serve as a tumor inhibitor or pro-
moter is unknown. For example, ALKBH5 plays a distinct role in
different tumor types. Kwok et al.33 reported that the deletion of
the ALKBH5 expression is an unfavorable prognostic indicator of
acute myeloid leukemia and is associated with TP53mutation. Zhang
et al.10 showed that theALKBH5 expression is upregulated in gliomas,
and ALKBH5 enhances the FOXM1 expression level by increasing the
stability of transcription products and promoting the proliferation
and invasion of glioma. The diverse functions of m6A regulators
involved in different tumor types suggested that the regulation of
m6A methylation modification levels is overwhelmingly complex.
Furthermore, since most studies have focused on the intrinsic carci-
nogenic pathways of tumors, further research focusing on m6A regu-
lators is warranted to elucidate the potential regulatory mechanism of
308 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
m6A methylation in TIME. At present, the effects of m6A RNA
methylation on the TIME of HNSCC have yet to be fully analyzed.

In this study, the expression patterns, prognostic values, and effects
on the TIME of m6A regulators in HNSCC were demonstrated.
The expression of YTHDC2 significantly decreased inHNSCC tissues,
whereas theMETTL14 expression was not significant between cancer
and adjacent normal tissues. The expression levels of other thirteen
m6A regulators and PD-L1 were higher in the HNSCC tissues than
in the adjacent normal tissues. Analyses revealed unanticipated asso-
ciations of PD-L1 with m6A regulators. We identified two subtypes of
HNSCC, that is, cluster1 and cluster2, by consensus clustering for
m6A regulators. The cluster1/2 subtype affected the prognosis and
different clinicopathological features of HNSCC and was closely
related to PD-L1, immunoscore, and immune cell infiltration levels.
We also derived seven prognostic risk signatures from m6A



Figure 9. Considerable Benefit for Survival Was

Evident in Patients with HNSCC Subjected to

Radiotherapy and High-Risk Score

(A) Kaplan–Meier curves of OS for patients with high-risk

score based on the radiotherapy in the training cohort. (B)

Kaplan–Meier curves of OS for patients with low-risk score

based on the radiotherapy in the training cohort. (C) Ka-

plan–Meier curves of OS for patients with high-risk score

based on the radiotherapy in the validation cohort. (D) Ka-

plan–Meier curves of OS for patients with low-risk score

based on the radiotherapy in the validation cohort.
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regulators, which effectively stratified the OS of HNSCC patients into
high- and low-risk groups in TCGA and GEO cohorts. The high- and
low-risk groups were also associated with distinct clustering subtypes,
PD-L1 expression level, and immunoscore. Among these risk signa-
tures, METTL3 functions as an oncogene in liver cancer and acute
leukemia.6,12 METTL3 and METTL14 serve as suppressor genes in
cervical cancer and breast cancer, respectively.6,34 RBM15 emerges
as an oncogene in leukemia.35 ZC3H13 functions as a suppressor
gene in colorectal cancer, but Panahi et al.36,37 showed that
ZC3H13 acts as an oncogenic protein. HNRNPC is an oncogene
in breast cancer, but it is a suppressor gene in liver cancer and malig-
nant glioma.38–40 These findings revealed that the dysregulation of
specific m6A regulators served as distinct functions in various kinds
of cancer.

We characterized the effects of differential m6A methylation modifi-
cation on different HNSCC subtypes by clustering m6A regulators.
The patients in the cluster2 showed a high histological grade. Simi-
larly, the cluster2 had a preferred survival, including OS and DFS,
compared with that of the cluster1. The difference in the TIME be-
tween cluster1/2 subtypes was significant. The PD-L1 expression level
and immunoscore of the cluster2 with favorable prognosis were
significantly higher than that of the cluster1. There is a significant sur-
vival difference between the two clusters, which may be related to the
more important role of the higher immunoscore and PD-L1 expres-
sion level in cluster2. This finding was consistent with the results of a
previous study, which revealed that the survival of patients with high
immunoscore is longer than that of patients with low immunoscore.3

Further analysis showed that the infiltration levels of CD4 naive
Molecular Thera
T cells, CD4 memory-activated T cells, and eo-
sinophils in the cluster1 were higher than those
in the cluster2. Conversely, the infiltration levels
of B memory cells, Tregs, NK cells activated,
monocytes, macrophages M2, neutrophil, and
mast cell levels in the cluster2 were higher than
those in the cluster1. Moreover, there was a
reverse effect observed with “eraser” clustering
on survival and immune infiltration. The GSEA
results indicated that the malignant functional
features of the tumor, including mTORC1
signaling and PI3K/AKT/mTOR signaling, were
significantly enriched in the cluster1. Liu et al.41 showed that a
decrease in m6A RNAmethylation levels regulates the AKT signaling
pathway in endometrial cancer. Zhou et al.42 disclosed that downre-
gulated METTL3 expression is associated with the mTOR signaling
pathway in renal cell carcinoma. Similarly, Li et al.43 found that the
decreased METTL3 expression level triggers increased PI3K, AKT,
and mTOR expression levels, which are correlated with poor prog-
nosis in patients with renal cell carcinoma. These studies have sug-
gested that the mRNA of the PI3K/AKT/mTOR signaling pathway
molecule may serve as targets for m6A methylation modification.
Therefore, we hypothesized that the m6A methylation modification
and the PI3K/AKT/mTOR signaling pathway are jointly involved
in the regulation of the differential TIME between the two subgroups
in HNSCC.

The prognostic value of the m6A regulators-relevant signatures was
evaluated in patients with HNSCC and validated in the TCGA
cohort and external GSE65858 cohort, respectively. The risk score
obtained from seven risk signatures effectively stratified the patients
with HNSCC into high- and low-risk groups. The OS of the patients
in high-risk group was shorter than that of the patients in low-risk
group in the TCGA training and validation cohorts. Consistent re-
sults were also obtained in independent GEO: GSE65858 validation
cohort. The risk score of the cluster2 was significantly lower than
those of the cluster1. The survival of patients with high immuno-
score was greater in the low-risk group than in the high-risk group.
This observation was consistent with previous results. Furthermore,
patients in low-risk group had higher PD-L1 expression level than
in high-risk group. Univariate and multivariate Cox regression
py: Nucleic Acids Vol. 21 September 2020 309
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Figure 10. Relationships between the Risk Score and

Infiltration Abundances of Six Immune Cell Types

(A–F) B cell (A), CD4+ T cell (B), CD8+ T cell (C), neutrophil

(D), macrophage (E), and dendritic cell (F).
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analyses showed that the risk score was an independent prognostic
factor for HNSCC patients. The risk score calculated with m6A
regulator-based signatures predicted the sensitivity of HNSCC pa-
tients to radiotherapy. Patients with high-risk scores benefited
significantly more from radiotherapy than those with low-risk
scores. Wang et al.34 indicated that the expression levels of METTL3
and METTL14 significantly decrease in 286 cervical cancer tissues,
whereas the FTO and ALKBH5 expression levels dynamically in-
crease; clinical data analysis suggested that patients with m6A hypo-
methylation have short DFS and OS but have a high recurrence rate
(p < 0.01). Zhou et al.44 discovered that the FTO expression level
significantly increases in patients with cervical squamous cell carci-
noma, resulting in resistance to chemoradiotherapy probably
because FTO reduces the m6A methylation level of certain genes
and then affects ERCC1 expression. Consequently, the identification
of m6A regulator-associated risk signatures can accurately predict
the prognosis of patients with HNSCC, thereby promoting the
choice of individually therapeutic strategies and expanding insights
into the advancement of therapeutic approaches.

A tumor microenvironment that formed in a process of dynamic
changes is regulated by a variety of immunosuppressive signals. Tu-
mor microenvironment plays an essential regulatory role in tumor-
igenesis, and its heterogeneity can lead to multiple dimensions,
including patient prognosis and therapeutic response.45–48 Tumor-
infiltrating lymphocytes and immunoscores are associated with
310 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
the prognosis of HNSCC and predict the effi-
cacy of radiotherapy and chemotherapy.49,50

However, the underlying mechanism of im-
mune infiltration against tumor response in
HNSCC remains unclear. HNSCC is an immu-
nosuppressive disease that induces a variety of
immunosuppressive cells. At present, the medi-
ation of the m6A regulators on TIME in
HNSCC is still limited. In this study, the risk
score based on the seven risk signatures of
m6A regulator was significantly correlated with
the PD-L1 expression level and immune cells
infiltration. Risk scores were negatively corre-
lated with the infiltration levels of B, CD4+ T,
and CD8+ T cells but were positively correlated
with the infiltration levels of neutrophils, mac-
rophages, and dendritic cells. Li et al.8 reported
that the loss of METTL3 or METT14 triggers the
disorders of proliferation and differentiation in
T cells, which in turn reduce the sensitivity of
interleukin-7 (IL-7) in vivo. Han et al.27 showed
that the infiltration levels of CD8+ T and NK
cells increase in YTHDF1-deficient mouse tumors, thereby
enhancing the cross-expression of tumor antigens and cross-prim-
ing of CD8+ T cells in vivo. These findings suggested that m6A
RNA methylation regulators are involved in TIME regulation to
some extent. Our study also revealed that the CNAs of m6A regula-
tors significantly affected the immune cell infiltration level in
HNSCC, providing insight into the TIME.

Undeniably, there are several limitations in our study. First, extrapo-
lation of our results was substantiated in both TCGA and GSE65858
cohort. The proposed risk score model and interactions between the
TIME and m6A regulators was not subjected to external verification
due to the lack of sufficiently available data in our own cohort. Conse-
quently, further external validation in the multicenter cohorts is
needed to be carried out to test the findings. Additionally, the regula-
tory mechanism of m6A regulators in TIME is warranted to be further
investigated to reshape the TIME and improve the precision immu-
notherapy of HNSCC.

In conclusion, this study systematically evaluated prognostic value, the
correlation of PD-L1, role in the TIME, and potential regulatorymech-
anisms of m6A RNA regulators in HNSCC. The upregulated PD-L1
was correlated with m6A methylation. Two HNSCC subtypes (clus-
ter1/2) were determined via the consensus clustering for m6A regula-
tors that stratified the prognosis of patients with HNSCC and simulta-
neously presented the significantly different TIME. The risk score



Figure 11. Effect of the Genetic Alterations of m6A Regulator-Relevant Signature on the Immune Cell Infiltration

(A–F) METTL3 (A), YTHDC1 (B), METTL14 (C), YTHDC2 (D), RBM15 (E), and HNRNPC (F). *p < 0.05, **p < 0.01, and ***p < 0.001.
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developed fromsevenm6A regulator-based signatureswas an indepen-
dent prognostic indicator of patients withHNSCC. Patients with high-
risk score likely benefitedmore fromradiotherapy. Them6A regulator-
based risk signatureswere significantly associatedwith the immune cell
infiltration levels of patients withHNSCC. Them6ARNAmethylation
might be involved in the regulation ofHNSCC immunemicroenviron-
ment in synergywith thePI3K/AKT/mTOR signaling pathway. There-
fore, identifying m6A regulators related to molecular pathways
affecting tumor immune responses and further studying its regulatory
mechanisms might provide promising targets for improving the
responsiveness of HNSCC to immunotherapy.
MATERIALS AND METHODS
Datasets

The RNA-seq transcriptome data of patients with HNSCC and the
corresponding clinical data were downloaded from the TCGA data
portal (https://portal.gdc.cancer.gov/). For RNA-seq data, level 3
mRNA expression profiles integrated by the Illumina HiSeq RNA-
SeqV2 system were derived from TCGA. The data of 528 HNSCC
samples and 43 adjacent normal tissues were downloaded on June
22, 2019. The following inclusion criteria were used: (1) histologically
confirmed HNSCC and (2) simultaneously available information on
mRNA expression profile data and OS. Lastly, 499 patients with
HNSCC and with the corresponding clinicopathological information,
including age, gender, TNM staging, and grade were enrolled for
further analysis. A total of 499 patients with HNSCC were randomly
assigned into a training cohort (351 patients) and a validation cohort
(148 patients) at a 7:3 ratio by using the caret package. The baseline
clinicopathological features of the two cohorts are summarized in
Table S1. The GEO: GSE65858 dataset from GEO database was
used as the external validation cohort. The expression profiling of
270 HNSCC patients and survival information were extracted from
GEO: GSE65858 dataset.51

m6A RNA Methylation Regulator Detection

According to previously published literature, 16 m6A RNA methyl-
ation regulators were collected.6,13,33 A total of 15 m6A methylation
regulators were identified on the basis of available mRNA expression
data of HNSCC from TCGA. Next, the differential expression of the
15 m6A regulators was determined in the tumor tissues versus adja-
cent normal pairs.

Bioinformatics Analysis

To functionally elucidate the biological characteristics of the m6A reg-
ulators in HNSCC, we employed the “ConsensusClusterPlus” pack-
age (1,000 iterations and resample rate of 80%, http://www.
bioconductor.org/) to classify the patients with HNSCC into different
subtypes. The PCA was performed using the R package for R v3.6.0 to
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assess gene-expression patterns among distinct HNSCC subtypes.
The GSEA was conducted in the Hallmark gene set “h.all.v6.2.sym-
bols.gmt” of MSigDB by using the JAVA program to illustrate the dif-
ference in survival among different HNSCC subtypes. The algorithm
of random sampling was 1,000 permutations. An enrichment
pathway between two subtypes was determined by utilizing the false
discovery rate of < 0.05 and the NES.

The immunoscore for each patient was calculated with the
ESTIMATE algorithm through the R “estimate package.”52 The frac-
tion of 22 immune cell types for each contained sample was yielded
through cell type identification by estimating relative subsets of
RNA transcripts (CIBERSORT; https://cibersort.stanford.edu/). The
algorithm of 1,000 permutations was adopted. Only samples with a
CIBERSORT p of < 0.05 were included to perform the subsequent
analysis of comparing differential immune infiltration levels between
the subgroups grouped by clustering subtypes and risk scores.

The prognostic risk signatures of 15 m6A regulatory genes were estab-
lished using the LASSO regression analysis in the TCGA training
cohort.53 Signatures were screened by selecting the optimal penalty
parameter l correlated with the minimum 10-fold cross-validation.
The coefficients obtained from the LASSO regression algorithm
were used to yield the following risk score equation: risk score =
sum of coefficients � m6A regulator expression level. According to
this equation, the risk score of each patient was separately calculated
in the training and validation cohorts. Subsequently, the patients were
divided into high- and low-risk groups, and the median value of the
risk score was set as the cut-off point.

The effect of CNAs of the m6A regulators on immune cell infiltration
levels was evaluated by applying the Tumor Immune Estimation
Resource (TIMER, https://cistrome.shinyapps.io/timer/) that con-
sisted of six immune cell types (i.e., B cells, CD4+ T cells, CD8+

T cells, neutrophils, macrophages, and dendritic cells). The GISTIC
2.0 data were utilized in the TIMER.
Statistical Analysis

Statistical tests were carried out using R version 3.6.0, SPSS 24.0 (IBM,
NY, USA) and GraphPad Prism 8.0. The expression levels of the m6A
RNAmethylation regulators were compared with the Mann-Whitney
U test in cancer tissues versus normal tissues. Student’s t test and one-
way ANOVAwere used to separately perform the group comparisons
of two subgroups andmore than two subgroups. Categorical variables
were compared with chi-square tests in the training and validation co-
horts. Survival curves were generated using the Kaplan-Meier
method, and the difference between groups was compared with the
log rank test. Subtypes, clinicopathological features, risk scores, PD-
L1, and immune infiltration levels were subjected to correlation anal-
ysis by using a Pearson correlation test. Univariate and multivariate
analyses were conducted using Cox regression models to determine
the independent prognostic value of the risk scores integrated other
clinical features. The predictive efficiency of the m6A regulator-rele-
312 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
vant signatures for 3- and 5-year OS was estimated using the ROC
curves. p < 0.05 indicated statistical significance.
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