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Purpose: N6-methyladenosine (m®A) methylation plays a critical role in diverse biological
processes. However, knowledge regarding the constitution of m®A on tumor
microenvironment (TME) and tumor-infiltrating lymphocytes (TILs) across cancer types
is still lacking. We performed comprehensive immuno-genomic analyses to reveal
molecular characterization of the m°A regulators and immune-related genes (IRGs)
across TME and TIL heterogeneity.

Methods: We comprehensively analyzed the properties of m°A regulators in genomic
profiles from The Cancer Genome Atlas (TCGA) according to expression perturbations of
crucial IRGs, CD274, CD8A, GZMA, and PRF1. The four IRGs were proved to be reliable
biomarkers of TILs and TME via CIBERSORT and ESTIMATE analyses, and their co-
expression relationship was certified by TIMER analysis. Based on their median values, the
samples from the pan-cancer tissues (N = 11,057) were classified into eight TME types.
The RNA expression levels of 13 m®A regulators were compared across TME subtypes.
Single-sample Gene Set Enrichment Analysis (ssGSEA) was also used to classify TME
clusters, expression variants of IRGs and m°A regulators were verified among TME
clusters. Meanwhile, the correlation between mPA regulators and tumor mutational
burden (TMB) were tested. Finally, the impacts of IRGs and TME clusters in clinical
characteristics and outcomes were revealed.

Results: CD274, CD8A, GZMA, and PRF1 showed similar TILs’ characteristics, of which
the level of T cells CD8 and T cells CD4 memory activated are consistent with the
expression levels of the four IRGs and higher immune infiltration. Besides, CD274, CD8A,
GZMA, and PRF1 were positively correlated with the stromal score or immune score in
almost all 33 tumor types. All of four IRGs showed impact between tumor pathological
stages or clinical outcomes. Among TME type | to type IV, m°A regulators’ expression drift
changed from high-level to low-level in ESCA, BLCA, HNSC, CESC, BRCA, and GBM.
However among TME type V to type VI, m°A regulators drew a shift from low-level to
high-level expression in CESC, BLCA, ESCA, KIRP, HNSC, BRCA, KIRC, COAD, LAML,
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GBM, and KICH. In ssGSEA analyses, IRGs’ expression levels were elevated with the
immune infiltration degree and mCPA regulators’ expression level varied among three TIL
subgroups. With different TMB levels, expression differences of m°A regulators were
observed in BLCA, BRCA, COAD, LGG, LUAD, LUSC, STAD, THCA, and UCEC.

Conclusion: We identified four crucial IRGs affecting TILs, TME characteristics and
clinical parameters. Expression variants of m°A regulators among the subgroups of TME
types and ssGSEA clusters suggested that m®A regulators may be essential factors for
phenotypic modifications of IRGs and thus affecting TME characteristics across multiple

tumor types.

Keywords: N6-methyladenosine methylation, tumor microenvironment, tumor-infiltrating lymphocytes, The Cancer
Genome Atlas (TCGA), pancancer analysis

INTRODUCTION

Immunotherapy, as a viable treatment for multiple cancers,
has recently received extensive attention. T cell-based
immunotherapy has been called as immune checkpoint
inhibitors (ICIs), such as anti-cytotoxic T-lymphocyte-
associated protein 4 (CTLA4), anti-programmed death protein-
1 (PD-1), or anti-programmed death-ligand 1 (PD-L1)
antibodies (1-3). Immune-related treatments targeting T cell
exhaustion markers can improve cancer outcomes by enhancing
antitumor immunity (1), which have shown significant clinical
efficacy in immunogenic tumors such as melanoma, renal cell
carcinoma, bladder cancer, non-small cell lung cancer, and
hodgkin’s lymphoma (2, 4-6). However, not all patients
respond well to ICIs therapy. The variable response is also
associated with patients’ genomic characteristics such as tumor
microenvironment (TME) and tumor mutation burden (TMB)
(7-9). Accumulating researches have shown that tumor cells
could change the TME to serve as contributors that ensure rapid
cell proliferation (10). The dynamic alteration of molecular and
cellular processes in TME relying on the interactions between
tumor cells and immune cells (11), which highlights the role of
tumor-infiltrating lymphocytes (TILs) in the context of
protumorigenic inflammation and anticancer immuno-
surveillance (12). Hence, researchers have attempted to analyze
the detailed composition, density, and function of TILs in TME
context, which turn out to be challenging.

Several studies have shown that the mRNA-seq value of some
crucial immune-related genes (IRGs) could constitute
appropriate models for assessing TME. Rooney et al. reported
a quantitative measure of immune cytolytic activity (CYT) based
on the expression levels of granzyme A (GZMA) and perforin 1
(PRF1), which was also a model to assess TME (13). A study used
the median PD-L1 (assessed by CD274 expression) and CD8A
expression levels as the cut-off values to define subgroups in
TME, of which the response to ICIs treatment was proved to
differ among subgroups (14). Another published research
proposed to classify TME depending on PD-L1 status and
presence or absence of TILs, which also indicated specific TILs
with PD-L1 positive would benefit more from anti-PD-L1/PD-1
therapies (15).

In most eukaryotes, m°A methylation is the most abundant
internal chemical modification around the 3’ untranslated
region (3" UTR) of mRNA (16). Protein complexes and related
coding genes have been classified as methyltransferases
(“writers”), binding proteins (“readers”), and demethylases
(“erasers”). Based on current research, the writers mainly
include WT1-associated protein (WTAP), methyltransferase
like 3 (METTL3), methyltransferase like 14 (METTL14), RNA
binding motif protein 15 (RBM15), zinc finger CCCH-type
containing 13 (ZC3H13), and the readers include YTH
domain-containing 1 (YTHDC1), YTH domain-containing 1
(YTHDC2), YTH N6-methyl-adenosine RNA binding protein
1 (YTHDF1), YTH N6-methyladenosine RNA binding
protein 2 (YTHDF2), YITH N6-methyladenosine RNA
binding protein 3 (YTHDF3) and heterogeneous nuclear
ribonucleoprotein C (HNRNPC). The erasers contain fat
mass- and obesity-associated protein (FTO) and o-
ketoglutarate-dependent dioxygenase alkB homolog 5
(ALKBH5) (17-19). M°A methylation controls many mRNA
features, such as structure formation, maturation, stability,
splicing, export, translation, and decay (20). It also regulates
cell fate, cell cycle arrest, cell differentiation, eventually
leading to the occurrence of cancer (21, 22). Recently, it has
been recognized as a crucial factor in T cell homeostasis (23).
Selectively altered m°A regulator levels may be effective
adjuvant therapy strategies in a variety of immunological
diseases (24-26). But knowledge regarding the fluctuation of
m°A regulators in TILs, TME, and immunotherapies has not
been clearly elucidated. Research based on the heterogeneity
of m®A regulators to identify distinct subtypes of sepsis (27),
of which the GSEA and CIBERSORT analyses found different
immunocompetent status (such as Thl cells, T cells CD4
activated, NK cells activated and B cells activated) among
subtypes and indicated the potential relation among m°A
regulators and leukocyte infiltration. Studies also have
shown that m®A regulators contribute to TME formation
(28) and affect the abundance of TILs (29) as well as
response to ICIs treatment (30).

In our study, we performed comprehensive immuno-genomic
analyses to provide a thorough understanding of the m°®A
regulator alterations and IRGs expression perturbations across
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TME and TILs heterogeneity. We extracted the data of patients
with 33 tumor types from The Cancer Genome Atlas (TCGA)
database and systematically characterized them into subgroups
depending on TME or TILs characteristics. We found specific
and widespread genetic alteration patterns in m°A regulators and
IRGs in this context. We also assessed the relationship between
TMB and m°A regulators and explored the prognostic value of
IRGs or TME clusters. Our analysis emphasizes the vital effect of
m6A regulators on the crucial IRGs, which lays a foundation for
further research to improve ICIs treatment strategies.

MATERIALS AND METHODS

Data Availabilities

The original contributions presented in the study are publicly
available in the TCGA database (https://portal.gdc.cancer.gov/).
This data can be found in the UCSC Xena browser (https://
xenabrowser.net);. Tumor gene expression data, TMB data, and
corresponding clinical data, including survival time (overall
survival, OS; disease-specific survival, DSS; progression-free
interval, PFI), survival status, age, and tumor stages, as well as
the somatic mutation (SNPs and small INDELs) data, were
obtained across 33 tumor types. Data of TMB in this study
were directly generated from the somatic mutation data. A total
of 11,057 tumor samples in the TCGA cohort were included, and
gene expression levels were presented as the log 2-transformed
(FPKM+1) values.

Cancer Types Investigated in this Study
Adrenocortical carcinoma (ACC), Bladder Urothelial Carcinoma
(BLCA), Breast invasive carcinoma (BRCA), Cervical squamous cell
carcinoma and endocervical adenocarcinoma (CESC),
cholangiocarcinoma (CHOL), Colorectal adenocarcinoma
(COAD), Diftuse large B-cell lymphoma (DLBC), Esophageal
Carcinoma (ESCA), Glioblastoma multiforme (GBM), Head and
Neck squamous cell carcinoma (HNSC), kidney chromophobe
(KICH), Kidney renal clear cell carcinoma (KIRC), Kidney Renal
Papillary Cell Carcinoma (KIRP), Acute myeloid leukemia (LAML),
Brain Lower Grade Glioma (LGG), Liver hepatocellular carcinoma
(LIHC), Lung adenocarcinoma (LUAD), Lung squamous cell
carcinoma (LUSC), mesothelioma (MESO), Ovarian serous
cystadenocarcinoma (OV), pancreatic adenocarcinoma (PAAD),
Pheochromocytoma and Paraganglioma (PCPG), Prostate
Adenocarcinoma (PRAD), rectum adenocarcinoma (READ),
Sarcoma (SARC), Skin Cutaneous Melanoma (SKCM), Stomach
adenocarcinoma (STAD), Testicular germ cell tumors (TGCT),
Papillary Thyroid Carcinoma (THCA), Thymoma (THYM),
Uterine Corpus Endometrial Carcinoma (UCEC), Uterine
carcinosarcoma (UCS), Uveal Melanoma (UVM).

Tumor Immune Estimation Resource

TIMER is a comprehensive resource (http://timer.cistrome.org/)
that consists of six major analytic modules that allow users to
explore the association of TILs abundance with gene expression,
overall survival, somatic mutations, and DNA somatic copy

number alterations (SCNAs), as well as analysis of differential
gene expression (DiftExp) and gene-gene correlations (31, 32).

CIBERSORT

The proportions of the 22 tumor-infiltrating immune cells from
each sample were determined by using the “CIBERSORT” (R
package) (33), and gene expression profiles were transformed
into the proportion of 22 TILs, namely: B cells naive, B
cells memory, Plasma cells, T cells CD8, T cells CD4 naive,
T cells CD4 memory resting, T cells CD4 memory activated,
T cells follicular helper, T cells regulatory (Tregs), T cells gamma
delta, NK. cells resting, NK. cells activated, Monocytes,
Macrophages M0, Macrophages M1, Macrophages M2,
Dendritic cells resting, Dendritic cells activated, Mast cells
resting, Mast cells activated, Eosinophils, and Neutrophils. The
relative expression of 22 tumor-infiltrating immune cells in each
sample was determined. Significant results (P < 0.05) were
selected for subsequent analysis.

Estimation of Stromal and Immune Cells

in Malignant Tumor Tissues Using
Expression Data Scores and Immune
Subtype Analyses

ESTIMATE (Estimation of Stromal and Immune cells in
Malignant Tumor tissues using Expression data) is a newly
developed algorithm that takes advantage of the unique
properties of the transcriptional profiles of cancer tissues to
infer tumor cellularity as well as the different infiltrating normal
cells (34). The algorithm imputes stromal and immune scores to
predict the level of infiltrating stromal and immune cells based
on specific gene expression signatures of stromal and immune
cells. Stromal and immune scores were calculated by using the
“estimate” package with default parameters.

The immune-related prognostic signature was generated by a
previously conducted TILs study (9). The aforementioned
previous study comprehensively described the immune
landscape of >10,000 samples, comprising 33 different cancer
types, and integrated 160 immune-related signatures containing
2,995 immune genes. Six immune subtypes were defined as
Wound Healing (Immune C1), IFN-gamma Dominant
(Immune C2), Inflammatory (Immune C3), Lymphocyte
Depleted (Immune C4), Immunologically Quiet (Immune C5),
TGF-beta Dominant (Immune C6), measuring immune
infiltrates in TME.

Gene Enrichment Analysis

Single-sample Gene Set Enrichment Analysis (ssGSEA) is used to
analyze TME features. It is an extension of Gene Set Enrichment
Analysis (GSEA), which calculates separate enrichment scores
for each pairing of a sample and gene set (35). Pearson’s
correlation coefficient was used to calculate the correlation of
the ssGSEA scores across the gene sets. The ssGSEA scores for
most immune cell populations obtained using the gene sets from
Angelova et al. (36). Those with ssGSEA scores consistent with
known immune cell markers were retained for the gene sets
included in no less than two published studies. Finally, a total of
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29 gene sets representing distinct immune cell populations were
selected, and the ssGSEA scores of each were calculated across
11,057 samples in the pan-cancer cohort. The following 29 types
of immune-related gene sets were obtained: aDCs, APC co-
inhibition, APC co-stimulation, CCR, CD8+ T cells, Check-
point, Cytolytic activity, DCs, HLA, iDCs, Inflammation-
promoting, Macrophages, Mast cells, MHC class I,
Neutrophils, NK cells, Parainflammation, pDCs, T cell co-
inhibition, T cell co-stimulation, T helper cells, Tth, Th1 cells,
Th2 cells, TIL, Treg, Type I IFN Reponse, Type II IFN Reponse.
In this manner, ssGSEA transforms a single sample’s gene
expression profile to a gene set enrichment profile. The
enrichment scores calculated by ssGSEA analysis were utilized
to represent the relative abundance of TME infiltrating cells in
each sample.

Statistical Analyses

Statistical analyses and data plotting were performed using R
program (3.6.2). Unless noted otherwise, Fisher’s exact and
equal-variance t-tests were, respectively, used in group
comparisons for categorical and continuous variables.
Spearman’s correlation analysis test was used to analyzed the
correlation relationship in different cancer types. A threshold of
0.05 was used to deem significance from p values of
statistical tests.

RESULTS

The Tumor-Infiltrating Lymphocytes’
Distribution Related to Immune-Related
Genes

According to previous studies we mentioned above, CD274,
CD8A, GZMA, and PRF1 were chosen as the crucial IRGs to
represent TILs™ characteristics in TME. To evaluate whether the
four IRGs could tell the TILs’ characteristics, we further focused
on TILs’ distribution in patients with differential expression of
CD274, CD8A, GZMA, and PRF1. By taking the median value as
threshold and using CIBERSORT as TILs component analysis, T
cells CD4 memory activated (in 26 tumor types) expressed the
most extensive infiltration differences in pan-cancer tissues and
followed by Macrophages M1 (in 24 tumor types), T cells CD8
(in 20 tumor types), Macrophages MO (in 15 tumor types)
between the high- and low-expression groups of CD274
(Supplement Figure 1). A comparable result could be
observed in high- and low-expression groups of CD8A, T cells
CD8 (in 31 tumor types), T cells CD4 memory activated (in 26
tumor types), Macrophages M1 (in 26 tumor types),
Macrophages MO (in 24 tumor types) were also identified as
differential infiltrated TIL types (Supplement Figure 2). Further
analyses suggested that the TILs’ features did not change much in
high- and low-expression groups of GZMA and PRFI. T cells
CD8 (31 tumor types versus 32 tumor types), T cells CD4
memory activated (26 tumor types versus 26 tumor types),
Macrophages M1 (26 tumor types versus 23 tumor types),

Macrophages MO (23 tumor types versus 20 tumor types)
turned to be the consistent TILs pattern of inter-group
differences (Supplement Figures 3 and 4). Additionally, T cells
CD8 and T cells CD4 memory activated were always co-
expressed with gene expression level. The high-expression
groups of CD274, CD8A, GZMA, and PRF1 always tended to
show higher infiltration of T cells CD8 and T cells CD4 memory
activated. On the contrary, Macrophages M0 always showed
higher infiltration in low-expression groups of CD274, CD8A,
GZMA, and PRFI. There were no consistencies observed in
Macrophages M2, Macrophages M1, NK cells resting, and Mast
cells activated in groups of various tumor types.

Relationship Between Estimation

of Stromal and Immune Cells in Malignant
Tumor Tissues Using Expression Data
Scores and Imnmune-Related Genes

The ESTIMATE immune score and stromal score were used to
analyze the infiltration levels of immune cells and stromal cells in
different tumors. The correlation between the four IRGs and
immune or stromal score was analyzed by Spearman’s
correlation analysis. The results suggested a surprising degree
of consistency, CD274 (in 32 tumor types, except THYM,
Supplement Figure 5), CD8A (in 32 tumor types, except UCS,
Supplement Figure 6), GZMA (in 33 tumor types, Supplement
Figure 7), and PRF1 (in 33 tumor types, Supplement Figure 8)
were all positively correlated with the stromal score or immune
score in almost all 33 tumor types, which gave us the basis for
continued classification of samples according to the
IRG characteristics.

MCA Regulators Distribution Across
Immune Subtype of Tumor
Microenvironment and Relationship

With Immune-Related Genes Across
Cancer Types

The differential expressions of m°A regulators were tested across
the six immune subtypes (C1 to C6) reported by Thorsson, V.
etal. METTL3, METTL14, WTAP, RBM15, ZC3H13, HNRNPC,
FTO, ALKBH5, YTHDC1, YTHDC2, YTHDFI1, YHDF2, and
YTHDE3 were all significantly differentially expressed among six
immune subtypes (p < 0.001) (Figure 1). Across 33 tumor types,
CD274 and CD8A had broader positive correlations with m°A
regulators (Figures 1B, C). By contrast, GZMA and PRF1
presented broader negative correlations (Figures 1D, E). By
taking the median of the log 2-transformed (FPKM+1) values,
we compared the expressions of m°A regulators between high-
and low-expression groups of CD274 (Supplement Figure 9),
CD8A (Supplement Figure 10), GZMA (Supplement Figure
11), and PRF1 (Supplement Figure 12) respectively. The results
showed that m6A regulators’ levels had vast differences among
these groups across various tumor types, of which KIRC, PAAD,
and UVM are the top three tumor types showed the
widest differences.
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MCA Regulator Distribution Across
Immune-Related Gene Immune Types

in Pan-Cancer Types

Through TIMER analysis, we observed positive correlations
between CD274 and CDS8A across 29 tumor types (more
specifically, ACC, BLCA, BRCA, CESC, CHOL, COAD, DLBC,
ESCA, HNSC, KIRC, KIRP, LGG, LIHC, LUAD, LUSC, MESO,
OV, PAAD, PCPG, PRAD, READ, SARC, SKCM, STAD, TGCT,
THCA, UCEC, UCS, UVM) (Supplement Figure 13). Moreover,
GZMA and PRF1 also showed a tightly co-expressed correlation in
32 of the 33 tumor types (except for LAML) (Supplement Figure
14), which is consistent with the previous study (13). Based on the
co-expression relationship of the four IRGs, it is suggested that by
dividing four IRGs into two groups (CD274 and CD8A, GZMA,

and PRFI, respectively), we may reveal a certain TME commonality
and TILs similarity. After merging log 2-transformed values of the
(FPKM+1) of CD274, CD8A, GZMA, and PRF1, we divided all of
the TCGA samples into four groups as follows: type I, CD274
expression higher than the median and CD8A expression higher
than the median; type II, CD274 expression higher than the median
and CD8A expression lower than the median; type III, CD274
expression lower than the median and CD8A expression higher
than the median; and type IV, CD274 expression lower than the
median and CD8A expression lower than the median. Between type
I and type II, tumor tissues showed higher m°A regulators
expressions compared with normal tissues across multiple tumor
types (Figure 2A). A similar analysis in type III and type IV revealed
that m°A regulators turned to expressed in lower level (Figure 2B).

3
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2 =]
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FIGURE 2 | (A) Expression of m°A regulators between tumor tissues and normal tissues in type | and type Il groups, which showed a higher expression tendency in
tumor tissues. (B) In type Il and type IV, m®A regulators tended to show a lower expression tendency in tumor tissues. (C) MPA regulators in tumor tissues showed
a lower expression level between type V and type VI. (D) Between type VIl and type VIII, m°A regulators showed a higher expression level in tumor tissues.
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More specifically, m°A regulators’ expression drift changed from
high-level to low-level in ESCA, BLCA, HNSC, CESC, BRCA,
and GBM.

In the same way, we divided all of the TCGA samples into
four groups as follows: type V, GZMA expression higher than the
median and PRF1 expression higher than the median; type VI,
GZMA expression higher than the median and PRF1 expression
lower than the median; type VII, GZMA expression lower than
the median and PRF1 expression higher than the median; and

type VIII, GZMA expression lower than the median and PRF1
expression lower than the median. Compared with type V and
type VI, m°A regulators drew a shift from lower expression level
to higher level in type VII and type VIII between tumor tissues
and normal tissues in CESC, BLCA, ESCA, KIRP, HNSC, BRCA,
KIRC, COAD, LAML, GBM, and KICH (Figures 2C, D). Only in
CHOL, m°A regulators changed from higher to lower expression
tendency. Overall, when we grouped the patients depending on
the expression levels of IRGs, m®A regulators reflected dramatic
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FIGURE 5 | Three subgroups were defined as immunity-high, immunity-
medium, and immunity-low by ssGSEA scores across 33 tumor types.

contrast changes among groups. The considerable expression
fluctuation among groups revealed that m®A regulators might be
the crucial factors affecting IRGs expression and thus affecting
TME immune infiltration.

The Relevance of Immune-Related Genes
and m°A Regulators With Tumor
Microenvironment Features

Based on the ssGSEA scores of infiltrated immune cells, the
hierarchical clustering method divided the samples across 33
tumor types into three subgroups as immunity-high, immunity-
medium, and immunity-low, representing the density of TILs
(Figures 3-5). Meanwhile, by combining ESTIMATE analysis,
we revealed the distribution of immune score, stromal score,
ESTIMATE score, and tumor purity between the three immune
subgroups. We found that the subgroup’s immune infiltration
degree was remarkably consistent with its immune score, stromal
score, and ESTIMATE score. Conversely, high immune
infiltration, observed in the immunity-high group, was related
to low tumor purity, which indicated that we successfully divided
all samples into subgroups depending on their TILs and TME
characteristics. The next, we found some commonalities between
the four IRGs and TILs once again. High immune infiltration
was strongly related to high expressions of CD274 (Figure 6),
CDS8A (Figure 7), GZMA (Figure 8), and PRF1 (Figure 9).
Almost all the four IRGs showed the rising expression trend with
the degree of immune infiltration in 18 tumor types (ACC,
BLCA, CESC, CHOL, COAD, DLBC, ESCA, GBM, HNSC,
KICH, KIRP, LGG, LIHC, LUAD, LUSC, MESO, OV, PAAD,
PRAD, READ, SARC, SKCM, STAD, TGCT, THCA, UCEC,
UCS, and UVM). Additionally, we measured the diversity of
mCA regulators among three subtypes (Figures 10-12). METTL3
showed vast expression differences in 22 tumor types (ACC,
BLCA, BRCA, CESC, CHOL, COAD, GBM, HNSC, KIRC,
KIRP, LAML, LGG, LUAD, LUSC, OV, PRAD, SARC, SKCM,
STAD, THCA, UCEC, and UVM), although no uniform
expression trend was observed among the three subgroups.
YTHDF1 and YTHDCI1 followed it, showing subgroup-to-
group expression varieties in 21 and 19 tumor types. Similarly,
no significant expression tendency was observed among
subgroups. Besides, high immune infiltration indicated better
prognosis in CESC, LGG, OV, SARC, SKCM, THYM, UCEC,
and UVM (Figure 13). These results showed that m°A regulators
may affect TILs and result in heterogeneous prognostic outcomes
by affecting the expression of IRGs.

Correlation Between Tumor

Mutational Burden and m°A

Regulators in Pan-Cancer Tissues

TMB has been reported to closely influence immunotherapy’s
effectiveness across tumor types (8, 37, 38). Tumors with highly
mutated burdens are more susceptible to immune cells because
of the neoantigens making them respond to ICIs better (8, 39).
Considering the close ties between TMB and immune
infiltration, TMB could be a predictor of multiple tumors with
either anti-CTLA-4 or anti-PD-L1 treatment. Besides, CYT has
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FIGURE 6 | High expression level of CD274 was presented in high immune infiltration across 33 tumor types.
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FIGURE 7 | High expression level of CD8A was presented in high immune infiltration across 33 tumor types.
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FIGURE 8 | High expression level of GZMA was presented in high immune infiltration across 33 tumor types.
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FIGURE 9 | High expression level of PRF1 was presented in high immune
infiltration across 33 tumor types.

also been reported to positively correlate with somatic mutations
of IRGs (13). Furthermore, high-level co-expression of CD274
and CD8A is usually associated with higher tumor mutation and
oncogenic viral infection (14, 40). Nevertheless, we do not know
much about the impact of TMB on m°A regulators. Since we
have demonstrated in the foregoing process that m6A regulators’
impacts on IRGs may extend to the whole TILs and TME, we
analyzed the correlation between TMB and m6A regulators in
pan-cancer tissues. By taking the median value of TMB, patients’
profiles were divided into high and low TMB groups in each
tumor type. It could be seen that large inter-group differences of
mCA regulators were observed in BLCA, BRCA, COAD, LGG,
LUAD, LUSC, STAD, THCA, and UCEC (Figure 14). Especially,
FTO (in all of nine tumor types), RBM15 (in seven of nine tumor
types), and YTHDF1 (in six of nine tumor types) showed a wide
range of inter-group expression differences.

Relationship Between Immune-Related
Genes and Clinical Parameters

Chi-square test and Wilcoxon test analyses were performed to
explore the associations between clinical parameters and
expression levels” values. The results showed that the level of
CD274 varies at tumor stages in COAD, ESCA, READ, SKCM,
and THCA, mostly between early (stage I and II) and late-stage
(stage III and IV) patients (Figure 15). Meanwhile, CD8A and
GZMA also had similar expression variants in several tumor
types such as COAD, SKCM, STAD, KIRC, and THCA (Figure
15). As for PRF1, we only observed this expression differences
between stages in ACC and SKCM (Figure 15). Overall, the
differences of IRGs” expression levels between early and late-
stage patients are more evident in COAD, SKCM, KIRC, THCA,
and SKCM. We still used the mean expression value of IRGs as
the threshold to compare whether there are differences in OS,
DSS, and PFI in various tumor types. The high-expression group
of CD274 performed better at OS, DSS, and PFI in ACC and
SKCM (Supplement Figure 15). The high-expression group of
CD8A showed better OS, DSS, and PFI performance in CESC,
SKCM, and UCEC (Supplement Figure 15). The high-
expression group of GZMA had longer survival time, DSS, and
PFI in BRCA, SKCM, and UCEC (Supplement Figure 15). The
high-expression group of PRF1 showed better survival
performance or longer PFI in ACC, SKCM, and UCEC
(Supplement Figure 15).

DISCUSSION

Immunotherapy has recently received extensive attention and shows
efficacy in many cancers (1). However, the variable clinical response
has been associated with patients’ immune genomic characteristics as
much as other features such as TME and TILs (7, 9, 41, 42). Due to
the regulation of the m®A, modifications are associated with almost
any step of mRNA metabolism. There is convincing evidence that
m6A modification is particularly critical in a variety of pathological
and physiological immune responses, including T cell homeostasis
and differentiation, dendritic cell activation (43-45).
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FIGURE 10 | The expression diversity of m®A regulators among high, medium, and low immune infiltration levels. * represents P < 0.05, ** represents P < 0.01,
*** represents P < 0.001, ns represents P > 0.05.

Our study intends to prove that m°A regulators could alter ~ response to ICIs’ treatment and clinical outcomes (48). CDSA
TME properties by influencing key IRGs and TILs. Based on the ~ encodes part of cell surface glycoprotein on most cytotoxic T
previous researches, CD274, CD8A, GZMA, and PRF1 were  lymphocyte, which includes adaptive immune response-induced
selected for further analysis as being iconic targets of ICIs and ~ CD8+ cytolytic T cells (49, 50), plays a crucial role in the
key genes affecting TILs. CD274, also known as PD-L1, was  antitumor activity of anti-PD-L1 (51). GZMA and PRF1 serve
found to have high expression on the surface of various tumor  as two key cytolytic effectors, which are proved to bond with
cells (46, 47), involving the development of tumors and affecting ~ CD8+ T cell activation and affect clinical responses to ICIs (13).
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FIGURE 11 | The expression diversity of m°A regulators among high, medium, and low immune infiltration levels. * represents P < 0.05, ** represents P < 0.01,
*** represents P < 0.
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FIGURE 12 | The expression diversity of m°A regulators among high, medium, and low immune infiltration levels. * represents P < 0.05, ** represents P < 0.01,
*** represents P < 0.001, ns represents P > 0.05.
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FIGURE 13 | The patients that grouped into high immune infiltration showed better prognosis in CESC, LGG, OV, SARC, SKCM, THYM, UCEC, and UVM.

All four IRGs were proved to have impacts on pathological stages
and clinical outcomes. Furthermore, they showed similar TILs
characteristics, of which it is worth noting that the expression
tendency of T cells CD8, T cells CD4 memory activated is

consistent with the expression levels of all four immune-related
genes. Not surprisingly, ICIs had been proved to rely heavily on
functional T cells CD8 (CD8+ T cells) (52). Moreover, activated
memory CD4 T cells also play a crucial role in effective antitumor
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FIGURE 14 | Inter-group differences of mPA regulators between high- and low-TMB levels. * represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001.
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immunity (53). And ssGSEA analyses revealed expression levels
of CD274, CD8A, GZMA, and PRF1 were positively correlated
with high immune infiltration in 18 tumor types, which was
consistent with the result of ESTIMATE analyses that all the four
IRGs were positively expressed with the immune score or
stromal score in almost all of 33 tumor types. High immune
infiltration and high-level of the four IRGs were found to predict
better prognosis in multiple tumor types like CESC, SKCM,
THYM, and UCEC. So far, we believed that the four IRGs could
represent the TILs characteristics of tumor tissues and to be used
to classify TME. Based on the co-expression correlation between
CD274 and CD8A in 29 tumor types, and between GZMA and
PRF1 in 32 tumors, we further classified TME into eight groups
according to IRGs’ expression level. The exact opposite
expression tendency of m6A regulators was found among the
subgroups of type I to type VIII, suggesting that m6A regulators
may be essential for phenotypic modifications of IRGs. To
further confirm this correlation, the ssGSEA method was used
to classify immuno-subtypes and genomic expression diversities.
IRGs and m°A regulators were proved to vary with immuno-
subtypes in different TME characteristics.

Neoantigens are carried by highly mutated tumors, which are
susceptible to immune cells and own a better response to ICIs
(38). Previous studies have shown that TMB could predict
patients’ survival in diverse tumor types with either anti-
CTLA-4 or anti-PD-1 treatment (8, 39). We further evaluated
the correlation between TMB and m°®A regulators. In nine tumor
types (BLCA, BRCA, COAD, LGG, LUAD, LUSC, STAD,
THCA, and UCEC), m°A regulators’ expressions also differ
along with TMB levels. In conclusion, we have demonstrated
the prevalent genetic expression alterations of the crucial IRGs
are related to m®A regulators across tumor types. Both of IRGs
and m°A regulators are tightly correlated with TME
characteristics and TILs features. Our systematic and
comprehensive analyses in the landscape of molecular
alterations and clinical relevance provide a foundation for
understanding the internal mechanisms of TME and its overall
prognosis and the development of potential therapeutic targets.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. These data
can be found here: The original contributions presented in the
study are publicly available in TCGA database (https://portal.
gdc.cancer.gov/). This data can be found in the UCSC Xena
browser (https://xenabrowser.net).

AUTHOR CONTRIBUTIONS

JZ, 17X, MW, and DH handled the conceptualization and
methodology. JZ, MW, and JX handled the software. JX and
DH handled the validation. JZ and MW were in charge of the
original draft preparation. JX and DH were responsible for the
review and editing. The first authors of this manuscript are JZ

and JX. These authors contributed equally to this work. All
authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the Science and Technology Project
in Tongliang District (No.TL2019-25).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2020.
618374/full#supplementary-material

SUPPLEMENTARY FIGURE 1 | Pancancer TILs component analyses of CD274
via CIBERSORT.

SUPPLEMENTARY FIGURE 2 | Pancancer TILs component analyses of CD8A
via CIBERSORT.

SUPPLEMENTARY FIGURE 3 | Pancancer TILs component analyses of GZMA
via CIBERSORT.

SUPPLEMENTARY FIGURE 4 | Pancancer TILs component analyses of PRF1
via CIBERSORT.

SUPPLEMENTARY FIGURE 5 | Correlation analysis between CD274 and
ESTIMATE immune score or stromal score across pancancer tissues.

SUPPLEMENTARY FIGURE 6 | Correlation analysis between CD8A and
ESTIMATE immune score or stromal score across pancancer tissues.

SUPPLEMENTARY FIGURE 7 | Correlation analysis between GZMA and
ESTIMATE immune score or stromal score across pancancer tissues.

SUPPLEMENTARY FIGURE 8 | Correlation analysis between PRF1 and
ESTIMATE immune score or stromal score across pancancer tissues.

SUPPLEMENTARY FIGURE 9 | Expression analysis of m°A regulators between
high- and low-expression levels of CD274.

SUPPLEMENTARY FIGURE 10 | Expression analysis of m°A regulators
between high- and low-expression levels of CD8A.

SUPPLEMENTARY FIGURE 11 | Expression analysis of m°A regulators
between high- and low-expression levels of GZMA.

SUPPLEMENTARY FIGURE 12 | Expression analysis of m°A regulators
between high- and low-expression levels of PRF1.

SUPPLEMENTARY FIGURE 13 | Co-expression relationship between CD274
and CDB8A across pancancer tissues.

SUPPLEMENTARY FIGURE 14 | Co-expression relationship between GZMA
and PRF1 across pancancer tissues.

SUPPLEMENTARY FIGURE 15 | The high-expression level of CD274
performed better at OS, DSS, and PFlin ACC and SKCM; The high-expression level
of CD8A showed better OS, DSS, and PFI performance in CESC, SKCM, and
UCECG; The high-expression level of GZMA had longer survival time, DSS, and PFlin
BRCA, SKCM, and UCEGC; The high-expression level of PRF1 showed better
survival performance or longer PFl in ACC, SKCM, and UCEC.

Frontiers in Oncology | www.frontiersin.org

20

January 2021 | Volume 10 | Article 618374


https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://xenabrowser.net
https://www.frontiersin.org/articles/10.3389/fonc.2020.618374/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2020.618374/full#supplementary-material
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Zhu et al.

M6A Regulators’ Impacts on TME

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Topalian SL, Hodi FS, Brahmtpb 2er JR, Gettinger SN, Smith DC, McDermott
DF, et al. Safety, activity, and immune correlates of anti-PD-1 antibody in
cancer. N Engl ] Med (2012) 366(26):2443-54. doi: 10.1056/NEJMo0a1200690

. Xu W, Atkins MB, McDermott DF. Checkpoint inhibitor immunotherapy in

kidney cancer. Nat Rev Urol (2020) 17(3):137-50. doi: 10.1038/s41585-020-
0282-3

. Lee CK, Man J, Lord S, Links M, Gebski V, Mok T, et al. Checkpoint

Inhibitors in Metastatic EGFR-Mutated Non-Small Cell Lung Cancer-A
Meta-Analysis. ] Thorac Oncol (2017) 12(2):403-7. doi: 10.1016/
1.jth.2016.10.007

. Hamid O, Robert C, Daud A, Hodi FS, Hwu W], Kefford R, et al. Safety and

tumor responses with lambrolizumab (anti-PD-1) in melanoma. N Engl ] Med
(2013) 369(2):134-44. doi: 10.1056/NEJMoal305133

. Garon EB, Rizvi NA, Hui R, Leighl N, Balmanoukian AS, Eder JP, et al.

Pembrolizumab for the treatment of non-small-cell lung cancer. N Engl ] Med
(2015) 372(21):2018-28. doi: 10.1056/NEJMoal501824

. Ansell SM, Lesokhin AM, Borrello I, Halwani A, Scott EC, Gutierrez M, et al.

PD-1 blockade with nivolumab in relapsed or refractory Hodgkin’s
lymphoma. N Engl ] Med (2015) 372(4):311-9. doi: 10.1056/NEJMoal411087

. Keenan TE, Burke KP, Van Allen EM. Genomic correlates of response to

immune checkpoint blockade. Nat Med (2019) 25(3):389-402. doi: 10.1038/
$41591-019-0382-x

. Samstein RM, Lee CH, Shoushtari AN, Hellmann MD, Shen R, Janjigian YY, etal.

Tumor mutational load predicts survival after immunotherapy across multiple
cancer types. Nat Genet (2019) 51(2):202-6. doi: 10.1038/s41588-018-0312-8

. Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang TH, et al.

The Immune Landscape of Cancer. Immunity (2019) 51(2):411-2.
doi: 10.1016/j.immuni.2019.08.004

Casey SC, Amedei A, Aquilano K, Azmi AS, Benencia F, Bhakta D, et al.
Cancer prevention and therapy through the modulation of the tumor
microenvironment. Semin Cancer Biol (2015) 35 Suppl:S199-223.
doi: 10.1016/j.semcancer.2015.02.007

Chen DS, Mellman I. Elements of cancer immunity and the cancer-immune
set point. Nature (2017) 541(7637):321-30. doi: 10.1038/nature21349
El-Khoueiry AB, Sangro B, Yau T, Crocenzi TS, Kudo M, Hsu C, et al.
Nivolumab in patients with advanced hepatocellular carcinoma (CheckMate
040): an open-label, non-comparative, phase 1/2 dose escalation and
expansion trial. Lancet (2017) 389(10088):2492-502. doi: 10.1016/S0140-
6736(17)31046-2

Rooney MS, Shukla SA, Wu CJ, Getz G, Hacohen N. Molecular and genetic
properties of tumors associated with local immune cytolytic activity. Cell
(2015) 160(1-2):48-61. doi: 10.1016/j.cell.2014.12.033

Ock CY, Keam B, Kim S, Lee JS, Kim M, Kim TM, et al. Pan-Cancer
Immunogenomic Perspective on the Tumor Microenvironment Based on
PD-L1 and CD8 T-Cell Infiltration. Clin Cancer Res (2016) 22(9):2261-70.
doi: 10.1158/1078-0432.CCR-15-2834

Teng MW, Ngiow SF, Ribas A, Smyth MJ. Classifying Cancers Based on T-cell
Infiltration and PD-L1. Cancer Res (2015) 75(11):2139-45. doi: 10.1158/0008-
5472.CAN-15-0255

Yue Y, Liu ], Cui X, Cao ], Luo G, Zhang Z, et al. VIRMA mediates preferential
m(6)A mRNA methylation in 3’UTR and near stop codon and associates with
alternative polyadenylation. Cell Discov (2018) 4:10. doi: 10.1038/s41421-018-
0019-0

Yang Y, Hsu PJ, Chen YS, Yang YG. Dynamic transcriptomic m(6)A
decoration: writers, erasers, readers and functions in RNA metabolism. Cell
Res (2018) 28(6):616-24. doi: 10.1038/s41422-018-0040-8

Li A, Chen YS, Ping XL, Yang X, Xiao W, Yang Y, et al. Cytoplasmic m(6)A
reader YTHDF3 promotes mRNA translation. Cell Res (2017) 27(3):444-7.
doi: 10.1038/cr.2017.10

Yue Y, Liu J, He C. RNA N6-methyladenosine methylation in post-
transcriptional gene expression regulation. Genes Dev (2015) 29(13):1343-
55. doi: 10.1101/gad.262766.115

Lan Q, Liu PY, Haase J, Bell JL, Huttelmaier S, Liu T. The Critical Role of RNA
m(6)A Methylation in Cancer. Cancer Res (2019) 79(7):1285-92. doi: 10.1158/
0008-5472.CAN-18-2965

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

39.

40.

Liu ZX, Li LM, Sun HL, Liu SM. Link Between m6A Modification and
Cancers. Front Bioeng Biotechnol (2018) 6:89. doi: 10.3389/fbioe.2018.
00089

Dai D, Wang H, Zhu L, Jin H, Wang X. N6-methyladenosine links RNA
metabolism to cancer progression. Cell Death Dis (2018) 9(2):124.
doi: 10.1038/541419-017-0129-x

Zhang C, Fu J, Zhou Y. A Review in Research Progress Concerning m6A
Methylation and Immunoregulation. Front Immunol (2019) 10:922. doi: 10.3389/
fimmu.2019.00922

Luo S, Wang Y, Zhao M, Lu Q. The important roles of type I interferon and
interferon-inducible genes in systemic lupus erythematosus. Int
Immunopharmacol (2016) 40:542-9. doi: 10.1016/j.intimp.2016.10.012

Shah K, Lee WW, Lee SH, Kim SH, Kang SW, Craft ], et al. Dysregulated
balance of Th17 and Th1 cells in systemic lupus erythematosus. Arthritis Res
Ther (2010) 12(2):R53. doi: 10.1186/ar2964

Li L], Fan YG, Leng RX, Pan HF, Ye DQ. Potential link between m(6)A
modification and systemic lupus erythematosus. Mol Immunol (2018) 93:55—
63. doi: 10.1016/j.molimm.2017.11.009

Zhang S, Liu F, Wu Z, Xie ], Yang Y, Qiu H. Contribution of m6A subtype
classification on heterogeneity of sepsis. Ann Transl Med (2020) 8(6):306.
doi: 10.21037/atm.2020.03.07

Li Y, Gu J, Xu F, Zhu Q, Chen Y, Ge D, et al. Molecular characterization,
biological function, tumor microenvironment association and clinical
significance of m6A regulators in lung adenocarcinoma. Brief Bioinform
(2020) 00(00):1-17. doi: 10.1093/bib/bbaa225

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.
doi: 10.1016/j.0mtn.2020.06.001

Mo P, Xie S, Cai W, Ruan J, Du Q, Ye J, et al. N(6)-methyladenosine (m(6)A)
RNA methylation signature as a predictor of stomach adenocarcinoma
outcomes and its association with immune checkpoint molecules. J Int Med
Res (2020) 48(9):300060520951405. doi: 10.1177/0300060520951405

Li T, Fan ], Wang B, Traugh N, Chen Q, Liu JS, et al. TIMER: A Web Server
for Comprehensive Analysis of Tumor-Infiltrating Immune Cells. Cancer Res
(2017) 77(21):e108-e10. doi: 10.1158/0008-5472.CAN-17-0307

LiB, Li T, Liu JS, Liu XS. Computational Deconvolution of Tumor-Infiltrating
Immune Components with Bulk Tumor Gene Expression Data. Methods Mol
Biol (2020) 2120:249-62. doi: 10.1007/978-1-0716-0327-7_18

Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust
enumeration of cell subsets from tissue expression profiles. Nat Methods
(2015) 12(5):453-7. doi: 10.1038/nmeth.3337

Yoshihara K, Shahmoradgoli M, Martinez E, Vegesna R, Kim H, Torres-
Garcia W, et al. Inferring tumour purity and stromal and immune cell
admixture from expression data. Nat Commun (2013) 4:2612. doi: 10.1038/
ncomms3612

Barbie DA, Tamayo P, Boehm JS, Kim SY, Moody SE, Dunn IF, et al.
Systematic RNA interference reveals that oncogenic KRAS-driven cancers
require TBK1. Nature (2009) 462(7269):108-12. doi: 10.1038/nature08460
Angelova M, Charoentong P, Hackl H, Fischer ML, Snajder R, Krogsdam AM,
et al. Characterization of the immunophenotypes and antigenomes of colorectal
cancers reveals distinct tumor escape mechanisms and novel targets for
immunotherapy. Genome Biol (2015) 16:64. doi: 10.1186/s13059-015-0620-6
Chan TA, Yarchoan M, Jaffee E, Swanton C, Quezada SA, Stenzinger A, et al.
Development of tumor mutation burden as an immunotherapy biomarker:
utility for the oncology clinic. Ann Oncol (2019) 30(1):44-56. doi: 10.1093/
annonc/mdy495

. Chalmers ZR, Connelly CF, Fabrizio D, Gay L, Ali SM, Ennis R, et al. Analysis

of 100,000 human cancer genomes reveals the landscape of tumor mutational
burden. Genome Med (2017) 9(1):34. doi: 10.1186/s13073-017-0424-2

van Rooij N, van Buuren MM, Philips D, Velds A, Toebes M, Heemskerk B,
et al. Tumor exome analysis reveals neoantigen-specific T-cell reactivity in an
ipilimumab-responsive melanoma. J Clin Oncol (2013) 31(32):e439-42.
doi: 10.1200/JC0O.2012.47.7521

Zhang L, Li B, Peng Y, Wu F, Li Q, Lin Z, et al. The prognostic value of TMB
and the relationship between TMB and immune infiltration in head and neck
squamous cell carcinoma: A gene expression-based study. Oral Oncol (2020)
110:104943. doi: 10.1016/j.oraloncology.2020.104943

Frontiers in Oncology | www.frontiersin.org

January 2021 | Volume 10 | Article 618374


https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1038/s41585-020-0282-3
https://doi.org/10.1038/s41585-020-0282-3
https://doi.org/10.1016/j.jtho.2016.10.007
https://doi.org/10.1016/j.jtho.2016.10.007
https://doi.org/10.1056/NEJMoa1305133
https://doi.org/10.1056/NEJMoa1501824
https://doi.org/10.1056/NEJMoa1411087
https://doi.org/10.1038/s41591-019-0382-x
https://doi.org/10.1038/s41591-019-0382-x
https://doi.org/10.1038/s41588-018-0312-8
https://doi.org/10.1016/j.immuni.2019.08.004
https://doi.org/10.1016/j.semcancer.2015.02.007
https://doi.org/10.1038/nature21349
https://doi.org/10.1016/S0140-6736(17)31046-2
https://doi.org/10.1016/S0140-6736(17)31046-2
https://doi.org/10.1016/j.cell.2014.12.033
https://doi.org/10.1158/1078-0432.CCR-15-2834
https://doi.org/10.1158/0008-5472.CAN-15-0255
https://doi.org/10.1158/0008-5472.CAN-15-0255
https://doi.org/10.1038/s41421-018-0019-0
https://doi.org/10.1038/s41421-018-0019-0
https://doi.org/10.1038/s41422-018-0040-8
https://doi.org/10.1038/cr.2017.10
https://doi.org/10.1101/gad.262766.115
https://doi.org/10.1158/0008-5472.CAN-18-2965
https://doi.org/10.1158/0008-5472.CAN-18-2965
https://doi.org/10.3389/fbioe.2018.00089
https://doi.org/10.3389/fbioe.2018.00089
https://doi.org/10.1038/s41419-017-0129-x
https://doi.org/10.3389/fimmu.2019.00922
https://doi.org/10.3389/fimmu.2019.00922
https://doi.org/10.1016/j.intimp.2016.10.012
https://doi.org/10.1186/ar2964
https://doi.org/10.1016/j.molimm.2017.11.009
https://doi.org/10.21037/atm.2020.03.07
https://doi.org/10.1093/bib/bbaa225
https://doi.org/10.1016/j.omtn.2020.06.001
https://doi.org/10.1177/0300060520951405
https://doi.org/10.1158/0008-5472.CAN-17-0307
https://doi.org/10.1007/978-1-0716-0327-7_18
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1038/nature08460
https://doi.org/10.1186/s13059-015-0620-6
https://doi.org/10.1093/annonc/mdy495
https://doi.org/10.1093/annonc/mdy495
https://doi.org/10.1186/s13073-017-0424-2
https://doi.org/10.1200/JCO.2012.47.7521
https://doi.org/10.1016/j.oraloncology.2020.104943
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Zhu et al.

M6A Regulators’ Impacts on TME

41.

42.

43.

44.

45.

46.

47.

48.

Mlecnik B, Tosolini M, Kirilovsky A, Berger A, Bindea G, Meatchi T, et al.
Histopathologic-based prognostic factors of colorectal cancers are associated
with the state of the local immune reaction. J Clin Oncol (2011) 29(6):610-8.
doi: 10.1200/JC0O.2010.30.5425

Das S, Camphausen K, Shankavaram U. Cancer-Specific Immune Prognostic
Signature in Solid Tumors and Its Relation to Immune Checkpoint Therapies.
Cancers (Basel) (2020) 12(9):2476-90. doi: 10.3390/cancers12092476

Furlan M, Galeota E, de Pretis S, Caselle M, Pelizzola M. m6A-Dependent
RNA Dynamics in T Cell Differentiation. Genes (Basel) (2019) 10(1):28-35.
doi: 10.3390/genes10010028

Li HB, Tong J, Zhu S, Batista PJ, Duffy EE, Zhao J, et al. m(6)A mRNA
methylation controls T cell homeostasis by targeting the IL-7/STAT5/SOCS
pathways. Nature (2017) 548(7667):338-42. doi: 10.1038/nature23450
Wang H, Hu X, Huang M, Liu ], Gu Y, Ma L, et al. Mettl3-mediated mRNA m
(6)A methylation promotes dendritic cell activation. Nat Commun (2019) 10
(1):1898. doi: 10.1038/s41467-019-09903-6

Wu Z, Yang L, Shi L, Song H, Shi P, Yang T, et al. Prognostic Impact of
Adenosine Receptor 2 (A2aR) and Programmed Cell Death Ligand 1 (PD-L1)
Expression in Colorectal Cancer. BioMed Res Int (2019) 2019:8014627.
doi: 10.1155/2019/8014627

Li M, Li A, Zhou S, Xu Y, Xiao Y, Bi R, et al. Heterogeneity of PD-L1
expression in primary tumors and paired lymph node metastases of triple
negative breast cancer. BMC Cancer (2018) 18(1):4. doi: 10.1186/s12885-017-
3916-y

Zhang W, Xu GX, Li JJ, Liu X, Chen Y], Zhang F. [Expression of PD-1/
PD-L1 in triple-negative breast carcinoma and its significance]|. Zhonghua
Bing Li Xue Za Zhi (2017) 46(1):20-4. doi: 10.3760/cma.j.issn.0529-
5807.2017.01.005

49.

50.

51.

52.

53.

Xu Q, Chen Y, Zhao WM, Huang ZY, Zhang Y, Li X, et al. DNA methylation
and regulation of the CD8A after duck hepatitis virus type 1 infection. PloS
One (2014) 9(2):¢88023. doi: 10.1371/journal.pone.0088023

Fumet JD, Richard C, Ledys F, Klopfenstein Q, Joubert P, Routy B, et al.
Prognostic and predictive role of CD8 and PD-L1 determination in lung
tumor tissue of patients under anti-PD-1 therapy. Br J Cancer (2018) 119
(8):950-60. doi: 10.1038/s41416-018-0220-9

Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, et al.
PD-1 blockade induces responses by inhibiting adaptive immune resistance.
Nature (2014) 515(7528):568-71. doi: 10.1038/nature13954

Park J, Kwon M, Kim KH, Kim TS, Hong SH, Kim CG, et al. Immune
Checkpoint Inhibitor-induced Reinvigoration of Tumor-infiltrating CD8(+)
T Cells is Determined by Their Differentiation Status in Glioblastoma. Clin
Cancer Res (2019) 25(8):2549-59. doi: 10.1158/1078-0432.CCR-18-2564
Spitzer MH, Carmi Y, Reticker-Flynn NE, Kwek SS, Madhireddy D, Martins MM,
et al. Systemic Immunity Is Required for Effective Cancer Immunotherapy. Cell
(2017) 168(3):487-502.e15. doi: 10.1016/j.cell.2016.12.022

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Zhu, Xiao, Wang and Hu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

22

January 2021 | Volume 10 | Article 618374


https://doi.org/10.1200/JCO.2010.30.5425
https://doi.org/10.3390/cancers12092476
https://doi.org/10.3390/genes10010028
https://doi.org/10.1038/nature23450
https://doi.org/10.1038/s41467-019-09903-6
https://doi.org/10.1155/2019/8014627
https://doi.org/10.1186/s12885-017-3916-y
https://doi.org/10.1186/s12885-017-3916-y
https://doi.org/10.3760/cma.j.issn.0529-5807.2017.01.005
https://doi.org/10.3760/cma.j.issn.0529-5807.2017.01.005
https://doi.org/10.1371/journal.pone.0088023
https://doi.org/10.1038/s41416-018-0220-9
https://doi.org/10.1038/nature13954
https://doi.org/10.1158/1078-0432.CCR-18-2564
https://doi.org/10.1016/j.cell.2016.12.022
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Pan-Cancer Molecular Characterization of m6A Regulators and Immunogenomic Perspective on the Tumor Microenvironment
	Introduction
	Materials and Methods
	Data Availabilities
	Cancer Types Investigated in this Study
	Tumor Immune Estimation Resource
	CIBERSORT
	Estimation of Stromal and Immune Cells in Malignant Tumor Tissues Using Expression Data Scores and Immune Subtype Analyses
	Gene Enrichment Analysis
	Statistical Analyses

	Results
	The Tumor-Infiltrating Lymphocytes’ Distribution Related to Immune-Related Genes
	Relationship Between Estimation of Stromal and Immune Cells in Malignant Tumor Tissues Using Expression Data Scores and Immune-Related Genes
	M6A Regulators Distribution Across Immune Subtype of Tumor Microenvironment and Relationship With Immune-Related Genes Across Cancer Types
	M6A Regulator Distribution Across Immune-Related Gene Immune Types in Pan-Cancer Types
	The Relevance of Immune-Related Genes and m6A Regulators With Tumor Microenvironment Features
	Correlation Between Tumor Mutational Burden and m6A Regulators in Pan-Cancer Tissues
	Relationship Between Immune-Related Genes and Clinical Parameters

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


