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m6A Methylation-Mediated COL3A1
Up-Regulation
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The abnormal m6A modification caused by m6A modulators is a common feature of

various tumors; however, little is known about which m6A modulator plays the most

important role in triple-negative breast cancer (TNBC). In this study, when analyzing

the influence of m6A modulators (METTL3, METTL14, WTAP, FTO, and ALKBH5) on

the prognosis of breast cancer, especially in TNBC using several on-line databases,

methyltransferase-like 3 (METTL3) was found to have low expression in breast cancer,

and was closely associated with short-distance-metastasis-free survival in TNBC. Further

investigation showed that knockdown ofMETTL3 could enhance the ability of migration,

invasion, and adhesion by decreasing m6A level in TNBC cell lines. Collagen type III

alpha 1 chain (COL3A1) was identified and verified as a target gene ofMETTL3.METTL3

could down-regulate the expression of COL3A1 by increasing its m6A methylation,

ultimately inhibiting the metastasis of TNBC cells. Finally, with immunohistochemistry

staining in breast cancer tissues, it was proved that METTL3 expression was negatively

correlated with COL3A1 in TNBC, but not in non-TNBC. This study demonstrated the

potential mechanism of m6A modification in metastasis and provided potential targets

for treatment in TNBC.

Keywords: METTL3, m6A, triple-negative breast cancer, metastasis, COL3A1

INTRODUCTION

Breast cancer, the most common cancer in women, poses a serious threat to the health of
women (1). Despite the improvement of treatment strategies, the prognosis of breast cancer,
especially triple-negative breast cancer (TNBC), remains poor due to metastasis. In recent years,
epigenetic regulation, such as DNA methylation, histone acetylation, and non-coding RNAs,
has been reported to play a critical role in the development of breast cancer including TNBC.
Especially, as a new emerging epigenetic modification, RNA methylation has attracted much
attention due to its non-negligible function in cancer development; however, current studies of
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RNA methylation-related cancer development are just the tip
of the iceberg in this cognate area. It is necessary to clarify the
mechanisms underlying RNA methylation-involved metastasis
in TNBC.

As the most prevalent RNA methylation modification,
N6-methyladenosine (m6A) infers that the nitrogen-6
position of adenosine base in RNA is methylated by the
regulation of m6A methyltransferases and m6A demethylases.
Methyltransferase, including methyltransferase-like 3
(METTL3), methyltransferase-like 14 (METTL14), and Wilms
tumor 1-associated protein (WTAP) can form into complexes
and mediate the cellular deposition of m6A on mammalian
mRNAs, whereas demethylases including FTO and its homolog
AlkB family member 5 (ALKBH5) can selectively reverse m6A to
adenosine (2–5). RNAm6Amethylation is known to be involved
in various biological processes, such as stem cell differentiation
and pluripotency, circadian periods, embryogenesis, and DNA
damage response (2, 3). Cumulative studies have proved
that the change of RNA m6A modification caused by the
aberrant expression of m6A modulators can also influence the
development of cancers. The methyltransferase METTL14 can
inhibit tumor metastasis in HCC by positively regulating the
m6A level of DGCR8 and promoting the binding of DGCR8 to
pri-miRNAs (6); similarly, the demethylase FTO can promote
cell proliferation via down-regulating the m6A level of USP7 in
advanced non-small cell lung cancer, indicating the repression
role of m6A in cancer development (7), however, other studies
obtained contradictory results wherein METTL3 could promote
the proliferation of prostate cancer cell via enhancing the m6A
level of GLI15 (8); similarly, ALKBH5 was found to be able
to inhibit pancreatic cancer metastasis by down-regulating
KCNK15-AS1, suggesting that m6A modification of RNA plays
an oncogenic role in cancer (9). Therefore, it seems that an
m6A modulator might play both promotional, and inhibitory
roles in different types of cancers by regulating different specific
target genes. To date, the role of RNA m6A methylation in
the development of breast cancer remains unclear. The only
studies of breast cancer have shown that METTL3-mediated
enhancement of m6A level could promote the proliferation of
breast cancer cells (10), while the high level of m6A caused by
FTO knockdown could inhibit the proliferation and metastasis of
breast cancer (11). Therefore, it seems that, although the changes
in m6A level are consistent, the effects of different modulators
on breast cancer differ because the specific target genes are
different. The underlying role and epigenetic regulation of m6A
modulators in breast cancer, especially in TNBC, still needs to
be investigated.

Abbreviations: ALKBH5, AlkB family member 5; COL3A1, collagen type

III alpha 1 chain; DMFS, the distance-metastasis-free survival; ECM, cell-

extracellular matrix; FC, fold change; GO, Gene Ontology; GTEx, the Genotype

Tissue Expression; IHC, Immunohistochemistry; KD, knockdown; METTL3,

methyltransferase-like 3; METTL14, methyltransferase-like 14; MYH11, myosin

heavy chain 11; NC, negative control; OE, overexpression; PVDF, polyvinylidene

difluoride; qRT-PCR, quantitative real-time; TCGA, the Cancer Genome Atlas;

TNBC, triple-negative breast cancer; TMA, The tissue microarray; WTAP, Wilms

tumor 1-associated protein.

In this study, we analyzed the prognostic role of m6A
modulators in TNBC using several online databases and found
that the low expression of METTL3 was associated with
the poor prognosis of TNBC. Further molecular mechanism
investigation indicated that silence ofMETTL3 could up-regulate
the expression of Collagen type III alpha 1 chain (COL3A1) by
increasingm6A-levels, ultimately promotingmetastasis of TNBC
cells. This study revealed the important role of m6Amodification
mediated byMETTL3 in TNBC and suggests thatMETTL3might
act as a novel therapeutic target in TNBC metastasis.

MATERIALS AND METHODS

Data Sources: On-Line Databases
KM plotter (http://kmplot.com/analysis/) is a website used
for on-line analysis, which is capable of assessing 54k genes
on the survival of 21 cancer types, including breast cancer.
The association between the distance-metastasis-free survival
(DMFS) and the expression of m6A modulators (METTL3,
METTL14, WTAP, FTO, and ALKBH5), COL3A1 was analyzed
using KM plotter, respectively. GEPIA (http://gepia.cancer-pku.
cn) is an on-line database including the RNA sequencing
expression data of 9,736 tumors and 8,587 normal tissue samples
from the Cancer Genome Atlas (TCGA) and the Genotype
Tissue Expression (GTEx). The transcriptional levels of five m6A
modulators above in breast cancer tissues and normal breast
tissues were obtained from GEPIA. The mRNA expression data
of 91 patients with TNBCwere downloaded from TCGA (https://
www.cancer.gov/) for analysis of the correlation between the
m6A modulators and target genes.

Cell Culture
The human breast cancer cell lines, MDA-MB-231, and
MDA-MB-468, were acquired from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). All the cells
were incubated in L15 culture medium (Gibco, NY, USA)
supplemented with 10% FBS at 37◦C under 5% CO2 and
saturated humidity.

Antibodies
The primary antibodies for western blot, anti-METTL3 (#96391)
were sourced from Cell Signaling Technology (MA, USA),
anti-COL3A1 (sc-514601) was sourced from Santa Cruz (CA,
USA), anti-α-tubulin (ab7291) was sourced from Abcam (CA,
USA). HRP-conjugated goat anti-mouse/rabbit secondary
antibodies (ZDR-5306/5307) were sourced from ZSBIO (Beijing,
China). The antibodies for immunohistochemistry, anti-
METTL3 (ab195352) were sourced from Abcam (CA, USA),
and anti-COL3A1 (sc-166316) was sourced from Santa Cruz
(CA, USA).

Trans-well Migration and Invasion Assays
For the migration assay, ∼2 × 104 cells were suspended in 200
µl serum-free L15 medium and added into the upper chamber
of a trans-well plate (Corning, USA) with an 8-µm pore size
polycarbonate filter, and 500 µl L15 medium with 10% FBS
were dispensed into the lower chambers, and incubated for 24 h.
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Then the upper chambers were fixed in 75% ethanol, and the
cells on the upper surface of the filter were removed manually
with a cotton swab. Then the migrating cells were stained with
Wright–Giemsa stain.

The invasion assay was similar to the migration assay except
that 3% matrigel was dispensed into the upper chamber before
seeding 3 × 104 cells into the culture system. Migrating and
invading cells were observed under an optical microscope. The
cells from three fields were counted with Image J (https://imagej.
nih.gov/ij/download.html).

Cell Adhesion Assay
The cells were seeded at 3 × 104 per well into 96-well-
plates pre-coated with 10% matrigel overnight. After 30 min-
incubation at 37 ◦C, the non-adherent cells were removed by PBS
washing. Then the cells were fixed with 75% ethanol for 10min
and stained with Wright–Giemsa stain. Images were acquired
by microscope and the quantities of cells were counted with
Image J.

RNA Isolation and Quantitative Real-Time
PCR Assay
RNA was isolated with TRIzol reagent (Invitrogen, CA, USA)
and identified using a NanoDrop spectrophotometer (Thermo
Scientific, Rockford, IL, USA). The Reverse Transcription
Kit (Promega, WI, USA) was used for mRNA reverse
transcription. Quantitative real-time PCR (qRT-PCR) assay was
then performed using the SYBR Green kit (Promega, WI, USA)
on the ABI7500 instrument (Thermofisher, IL, USA). All the
reactions were conducted for triplicates. 18S RNA was used as
the internal control. Primers ofMETTL3, COL3A1,MYH11, and
18S were used as follows:

METTL3 forward: 5′-TTGTCTCCAACCTTCCGTAGT-3′

METTL3 reverse: 5′-CCAGATCAGAGAGGTGGTGTAG-3′

COL3A1 forward: 5′-CCCACTATTATTTTGGCAC
AACAG-3′

COL3A1 reverse: 5′-AACGGATCCTGAGTCACAGACA-3′

MYH11 forward: 5′-AGTTCGAAAGGGATCTCCA-3′

MYH11 reverse: 5′-CATACTCGTGAAGCTGTCTC-3′

18S forward: 5′CCCGGGGAGGTAGTGACGAAAAAT-3′

18S reverse: 5′-CGCCCGCCCGCTCCCAAGAT-3′.

Methylated RNA
Immunoprecipitation-qRT-PCR
The methylated RNA immunoprecipitation-qRT-PCR (MeRIP-
qRT-PCR) assay was conducted according to the standard
protocol of Magna MeRIP m6A Kit (Millipore, MA, USA,
17-10499) with a slight modification. The total RNA (300
µg) was isolated with TRIzol reagent and fragmented. Except
for 3 µg of the total RNA as input, the remaining RNA
was used for m6A-immunoprecipitation with m6A antibody.
The Protein A/G Magnetic Beads were prepared by 30 min-
incubation with m6A-specific antibody in immunoprecipitation
buffer at room temperature, then incubated with the MeRIP
reaction mixture and RNA for 2h at 4◦C. Finally, the
MeRIPed-RNA was cleaned up and concentrated with RNeasy

MinElute Clean-up Kit (Qiagen, Hilden, Germany). The
enriched RNA level of COL3A1 was analyzed by qRT-PCR.
The primers were as same as the primers used in real-time
PCR assay.

Transfection
For the knockdown of METTL3 and COL3A1, the cells were
seeded at 105 cells/well in a 6-well-plate and the siRNAs targeted
to METTL3 and COL3A1 (GENEWIZ, Beijing, China) at a
final concentration of 50 nM were transfected using JetPRIME
Transfection Reagent (Polyplus, Illkirch, France) according to
the manufacturer’s instructions. Negative control (NC) siRNA
was used as a control. For the overexpression of METLL3,
the cells were seeded at 105 per 6-well-plate and transfected
with plasmids pcDNA3.1-FLAG and pcDNA3.1-METTL3 (Obio,
Shanghai, China) at a final concentration of 1µg/ml using
JetPRIME Transfection Reagent. The siRNA sequences of NC,
METTL3, and COL3A1 were used as follows:

si-METTL3-1126 (KD1): 5′-CCUGCAAGUAUGUUCACU
ATT-3′

si-METTL3-1400 (KD2): 5′-GCUCAACAUACCCGUACU
ATT-3′

si-METTL3-1604 (KD3): 5′-GGUUGGUGUCAAAGGAAA
UTT-3′

si-COL3A1-1 (KD1): 5′-GGAUGCAAAUUGGAUGCUAtt-3′

si-COL3A1-2 (KD2): 5′-CCCUCCUAAUGGUCAAGGAtt-3′

si-NC: 5′-UUCUCCGAACGUGUCACGUtt-3′.

Western Blot
The harvested cells were lysed in a lysis buffer (50mM Tris,
pH 7.4, 150mM NaCl, 10mM EDTA, 50mM NaF, 1mM
NaVanadate, 1% Triton X-100, 1mM PMSF, and 0.5% aprotin)
and the protein concentration was quantified according to the
Coomassie blue G250 staining technique. Equivalent protein
was electrophoresed on 8–10% SDS-PAGE gels and transferred
to polyvinylidene difluoride (PVDF) membranes (Perkin-Elmer,
Waltham, MA, USA). Then the membranes were blocked with
5% skimmed milk in TBST for 1 h and incubated with the
primary antibodies overnight (more than 6 h). The concentration
of anti-METTL3 (#96391) was 1:1,000, the concentration of
anti-COL3A1 (sc-514601) was 1:200, the concentration of anti-
α-tubulin (ab7291) was 1:1,000. After being immunoblotted
with HRP-conjugated goat anti-mouse/rabbit antibody (1:2,000)
for 40 min, the signal strength of revealed protein bands
could be detected with enhanced chemiluminescence reagent
(SuperSignal Western Pico Chemiluminescent Substrate; Pierce,
Rockford, IL, USA) and visualized with the Electrophoresis Gel
Imaging Analysis System (DNR Bio-Imaging Systems, Jerusalem,
Israel). The blots were scanned and the abundance assessed
quantitatively using ImageJ.

ELISA
Cells at a density of 1 × 105/well in a 6-well-plate were
incubated for 72 h, and Collagen α1(III) levels in cell culture
medium and cell lysate were measured, respectively, using a
commercially available Collagen α1(III) ELISA kit at 450 nm by a
microplate spectrophotometer (CSB-E13446h, Cusabio, Wuhan,
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China). The experiment process was carried out according to
the instructions of the kit. The samples were added into wells
and incubated 2 h in 37◦C. After removing the liquid of each
well, Biotin-antibody was added into each well. After incubated
1 h in 37◦C, HRP-avidin and TMB Substrate were used for
color rendering. The standard curve was constructed by the
mean absorbance of each standard and the concentration. The
concentration of each sample was determined according to
standard curve. To acquire the total amount of Collagen α1(III)
in each sample, the concentration was multiplied by the total
volume. Then the amount of Collagen α1(III) in each sample was
normalized to the amount of Collagen α1(III) in 107 cells. All
samples and standards were detected in duplicate.

Immunohistochemistry
The tissue microarray (TMA) sections (HBreD140Su06) and
the relevant clinical data were obtained from Shanghai
Outdo Biotechnology Company. This study was approved
by the Ethics Committee of Shanghai Outdo Biotechnology
Company (YB M-05-02), and all patients have given their
informed consent. The TMA sections were deparaffinized and
rehydrated with an ethanol gradient. Then antigen retrieval
was performed with citrate buffer (MXB, Fuzhou, China, MVS-
0066) and the TMA sections were blocked with endogenous
peroxidases in UltraSensitiveTM SP (Mouse/Rabbit) IHC Kit
(MXB, Fuzhou, China, KIT-9730-A&B). The concentration of
anti-METTL3 (ab195352) was 1:500, the concentration of anti-
COL3A1 (sc-166316) was 1:50. After overnight incubation with
primary antibody, the TMA sections were incubated with
biotinylated secondary antibody for 10min in UltraSensitiveTM

SP (Mouse/Rabbit) IHC Kit (MXB, Fuzhou, China, KIT-9730-
C&D) and developed with DAB Kit (MXB, China, DAB-0031).
Finally, the TMA sections were counterstained with hematoxylin
(Solarbio, Beijing, China), and dehydrated with an ethanol
gradient and mounted with neutral balsam (Solarbio, Beijing,
China). METTL3 expression was evaluated by two independent
reviewers by calculating the average positively stained tumor
cells at 400× magnification. The positive signal of COL3A1
was quantified as integrate optical density (IOD) value using
ImageJ software.

Statistical Analysis
Statistical analyses were carried out using SPSS (version 16.0) and
R (V.3.2.5). Limma package analysis was conducted to explore
the correlations between METTL3 and other genes. One-way
ANOVA and Student’s t-test were used to determine statistical
significance. Statistical significance was identified as P-values
of <0.05.

RESULTS

Low Expression of METTL3 Was
Associated With Poor Prognosis in TNBC
To investigate which m6A modulator plays an important role
in breast cancer, especially in TNBC, the mRNA expressions of
m6A methyltransferases (METTL3, METTL14, and WTAP) and
demethylases (FTO and ALKBH5) were first compared between

breast cancer tissues and normal breast tissues using the RNA
sequencing expression data in GEPIA (http://gepia.cancer-pku.
cn) on-line database. The result showed that the expression of
METTL3 (T = 4.8, N = 5.4) and FTO (T = 4.9, N = 5.3)
was significantly lower, whereas that of METTL14 (T = 4.2,
N = 3.8) was higher in breast cancer tissues than that in normal
tissues, but the difference in the expression of WTAP (T = 5.9,
N = 6.2) andALKBH5 (T = 5.7,N = 5.5) was not very significant
(Figure 1A). Next, the effects of METTL3, METTL14, and FTO
on distant metastasis free survival (DMFS) of total breast cancer
patients and TNBC patients were analyzed using KM-plotter on-
line database, respectively. For overall patients, the analysis result
indicated that no significant difference of DMFS was obtained
between the patients with all threemodulators in high-expression
groups and low-expression groups (Figure 1B); however, for the
TNBC patients, although no significant difference was found
between the DMFS of the METTL14 high-expression group and
low-expression group, the DMFS of METTL3 high expression
group was shown to be longer than that in the METTL3 low-
expression group, whereas the DMFS of the FTO high-expression
group was shorter than that of the FTO low-expression group,
indicating that METTL3 is a protective factor, but FTO is a risk
factor for DMFS of TNBC (Figure 1C). As the result, the low
expression of FTO in TNBC tissues was contradictory to its role
as a risk factor (Figures 1A,E) and only METTL3 was shown
to play an important inhibitory role in the metastasis of TNBC
(Figures 1A,D), indicating thatMETTL3might contribute to the
metastasis of TNBC. Therefore, the role of METTL3 in TNBC
metastasis was focused on in the following investigation.

METTL3 Suppressed Metastasis of TNBC
Cells by Enhancing m6A Modification
For the knockdown of METTL3, three siRNAs targeted to
METTL3 were transfected according to the manufacturer’s
instructions (Figures 2A,B). Two sequences, si-METTL3-1604
(KD2) and si-METTL3-1126 (KD3), were selected for subsequent
experiments. To investigate whether METTL3 could inhibit
TNBC metastasis, the effect of METTL3 on migration, invasion,
and adhesion to cell-extracellular matrix (ECM) was detected by
trans-well assay or adhesion assay in TNBC cell lines, MDA-
MB-231, and MDA-MB-468. The results showed that METTL3
knockdown (KD) significantly increased the ability of migration
and invasion, as well as the adhesion capability to ECM in
both MDA-MB-231 and MDA-MB-468 cells (Figures 2C–E),
indicating that METTL3 could inhibit the potential of cell
mobility of TNBC cells. Then, to determine whether METTL3-
inhibited potential of cell mobility was related to m6A
modification or not, METTL3 was transiently overexpressed
in MDA-MB-231 and MDA-MB-468 cells followed by the
treatment with cycloleucine, a small molecule inhibitor of m6A
modification. The results of trans-well assays demonstrated that
METTL3 overexpression (OE)-suppressed migration, invasion,
and adhesion were significantly recovered by cycloleucine
(Figures 3A–D). These results strongly suggested that METTL3
inhibited the potential of cell mobility of TNBC cells by
enhancing m6A modification.
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FIGURE 1 | Low expression of METTL3 was associated with poor prognosis in TNBC. (A) Expression analysis of METTL3, METTL14, WTAP, FTO, and ALKBH5 in

BC tissue (1085) and normal tissue (291) using TCGA and GTEx online database. (B) Kaplan–Meier analysis for the DMFS of METTL3, METTL14, and FTO in overall

BC patients using KM-plotter online database. (C) Kaplan–Meier analysis for the DMFS of METTL3, METTL14, and FTO in TNBC patients using KM-plotter online

database. (D) METTL3 expression analysis in TNBC patients (n = 91) and non-TNBC patients (n = 1,005) using TCGA. (E) FTO expression analysis in TNBC patients

(n = 1,005) and non-TNBC patients (n = 584) using TCGA. **P < 0.01.
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FIGURE 2 | METTL3 suppressed metastatic ability in TNBC cells. (A) qRT-PCR was used to detect METTL3 expression in MDA-MB-231 and MDA-MB-468 cells

transfected with si-NC or si-METTL3. 18S was used as an internal control. (B) Western blot was used to detect METTL3 expression in MDA-MB-231 and

(Continued)
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FIGURE 2 | MDA-MB-468 cells transfected with si-NC or si-METTL3. α-tubulin was used as a loading control. (C,D) Transwell assay was used to detect the migration

and invasion ability in MDA-MB-231 and MDA-MB-468 cells with METTL3 transient knockdown (left panels). Relative fold change was shown as the proportion of the

number of control cells transfected with si-NC (right panels). Original magnification, 100×. (E) Adhesion assay was used to detect the adhesion ability of MDA-MB-231

and MDA-MB-468 cells with METTL3 transient knockdown (left panels). Relative fold change was shown as the proportion of the number of control cells transfected

with si-NC (right panels). Original magnification, 100×. *P < 0.05, **P < 0.01. Error bars represent the mean ± SD of three independent experiments.

COL3A1 Was Identified as a Potential
Target of METTL3 in TNBC
It was known that m6A modification could down-regulate gene
expression by accelerating RNA degradation (12–14). Therefore,
to identify the target gene of METTL3 involved in METTL3-
inhibited metastasis, multi-step screening was performed as
summarized in Figure 4A. Firstly, mRNA expression profiles
of 91 TNBC patients in the TCGA dataset were downloaded,
and the differentially expressed genes (DEG) were screened to
identify those with P < 0.05 and log fold change (FC) using the
“limma” package in R. The Log FC of DEG genes more than
0 was identified as representing positive related genes, whereas
that <0 represented negative related genes. Among the genes
for which mRNA expression was negatively related to METTL3,
the top 100 genes according to the correlation coefficient were
selected for further m6A methylation analysis using the m6Avar
database (http://m6avar.renlab.org). All these genes and related
information were listed in Table S1. As a result, 51 genes, which
were verified to be able to be modified by m6A, were screened.
Then, with the KEGG pathway enrichment analysis by DAVID
(https://david.ncifcrf.gov), 18 genes were shown to be associated
with the focal adhesion pathway, metabolism pathway, and so on,
suggesting close involvement with metastasis in breast cancer.
Subsequently, the association of 18 genes with the DMFS of
TNBC patients was further analyzed using KM-plotter, and six
alternative genes were found to have shorter DMFS at high levels
in TNBC (Table 1). In particular, COL3A1 and MYH11 aroused
our attention, because, according to the Gene Ontology (GO)
analysis in DAVID, it was shown that COL3A1 was involved in
the biological process of skeletal system development and cell-
matrix adhesion, and MYH11 was involved in the biological
process of elastic fiber assembly, which were similar to the
findings of previous studies that they could promote metastasis
in breast cancer. Therefore, the two genes were chosen as target
gene candidates for METTL3. The further verification result of
qRT-PCR detection showed thatMETTL3-KD only up-regulated
the mRNA expression of COL3A1, but notMYH11 in MDA-MB-
231 and MDA-MB-468 cells (Figures 4B,C). Similarly, the result
of western blot assay also confirmed thatMETTL3-KD increased
the protein level ofCOL3A1 in TNBC cells (Figure 4D). All of the
above data strongly suggested that COL3A1 might be the target
gene ofMETTL3.

METTL3 Down-Regulated the Expression
of COL3A1 by Increasing m6A Level
To investigate whether COL3A1 was regulated by METTL3-
mediated m6A methylation or not, the relative m6A enrichment
level change of COL3A1 before and after METTL3-KD
was detected by MeRIP-qRT-PCR in MDA-MB-231 and

MDA-MB-468 cells. As shown in Figure 5A, METTL3-
KD significantly reduced m6A-methylated COL3A1 mRNA
expression. Furthermore, with qRT-PCR detection, it was shown
that METTL3- OE decreased the mRNA expression of COL3A1,
while cycloleucine partially recovered METTL3-OE-down-
regulated COL3A1 (Figure 5B). As shown in Figure 5C, the
results of ELISA showed that the secretion level of Collagen
α1(III) in supernatant decreased by METTL3-OE could be
recovered by cycloleucine while the METTL3-OE decreased the
intracellular level of Collagen α1(III), the cycloleucine could not
recover the reduction of the intracellular level of Collagen α1(III).
Considering the amount of Collagen α1(III) secreted into the
supernatant is greater than the amount in the cell, the total levels
of Collagen α1(III) which were decreased by METTL3-OE could
be recovered by cycloleucine after normalizing (Figure 5C).
These results proved that COL3A1 was down-regulated by
METTL3-mediated m6A modification on COL3A1 (Figure 5C).

COL3A1 Promoted the Metastatic Ability of
TNBC Cells
The role ofCOL3A1 in TNBCmetastasis was further investigated.
The influence of COL3A1 on DMFS of TNBC patients analyzed
by KM-plotter is shown in Figure 6B, the DMFS of TNBC
patients with high-expression COL3A1 was shorter than in those
with a low expression thereof. There was no significant difference
in the expression level of COL3A1 and DMFS in the overall
patients (Figure S1). In addition, when COL3A1 was knocked-
down in MDA-MB-231 and MDA-MB-468 cells (Figure 6A), the
migration, invasion, and adhesion to ECM were significantly
suppressed (Figures 6C–E). These data indicated that COL3A1
played an important role in promoting metastasis in TNBC.

Reduced COL3A1 m6A Modification by
METTL3 Inhibition Leads to Poor
Prognosis in TNBC Patients
In order to verify the effects of METTL3 and COL3A1
on the prognosis of breast cancer patients in vivo, the
expression of METTL3 and COL3A1 was investigated by
immunohistochemistry using TMA sections containing 31
TNBC patients and 109 Non-TNBC patients. The results of
survival analysis showed that low METTL3 expression was
related to short overall survival (OS) (Figure 7A) in TNBC but
not in non-TNBC (Figure S2A). The OS of TNBCwithCOL3A1-
high expression was shorter than that with low expression
(Figure 7B), which may not be statistically significant because
of the small number of TNBC cases. In non-TNBC, COL3A1
has the opposite trend, and patients with high expression
have longer OS (Figure S2B). Finally, the relationship between
METTL3 and COL3A1 in breast cancer was analyzed with
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FIGURE 3 | METTL3 overexpression-suppressed migration, invasion, and adhesion were significantly rescued by cycloleucine. (A) Western blot was used to detect

METTL3 expression in MDA-MB-231 and MDA-MB-468 cells in rescued assay. α-tubulin was used as a loading control. (B,C) Transwell assay was used to detect the

migration and invasion ability in MDA-MB-231 and MDA-MB-468 cells with METTL3 transient overexpression and METTL3 overexpression rescued with cycloleucine

(left panels). Relative fold change was shown as the proportion of the number of control cells transfected with pcDNA3.1-FLAG (right panels). Original magnification,

100×. (D) Adhesion assay was used to detect the adhesion ability of MDA-MB-231 and MDA-MB-468 cells with METTL3 transient overexpression (left panels).

Relative fold change was shown as the proportion of the number of control cells transfected with pcDNA3.1-FLAG (right panels). Original magnification, 100×.

*P < 0.05, **P < 0.01. Error bars represent the mean ± SD of three independent experiments.
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FIGURE 4 | COL3A1 was identified as a potential target of METTL3 in TNBC. (A) Flowchart for screening potential target genes. (B,C) qRT-PCR was used to detect

COL3A1 and MYH11 expression in MDA-MB-231 and MDA-MB-468 cells transfected with the si-NC or the si-METTL3. 18S was used as an internal control.

(D) Western blot was used to detect COL3A1 expression in MDA-MB-231 and MDA-MB-468 cells transfected with the si-NC or the si-METTL3. α-tubulin was used

as a loading control (left panel). The blots were scanned and the abundance assessed quantitatively using ImageJ (right panel). *P < 0.05, **P < 0.01. Error bars

represent the mean ± SD of three independent experiments.
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TABLE 1 | 18 genes which were associated with pathways involved in metastasis and relative KEGG pathway, and DMFS analysis.

Gene name KEGG Pathway enrichment analysis DMFS analysis

HR (P)

1 FZD4 Wnt signaling pathway, Hippo signaling pathway, signaling pathways regulating pluripotency of stem cells,

melanogenesis, HTLV-I infection, pathways in cancer, proteoglycans in cancer, basal cell carcinoma

0.47 (0.034)

2 UTS2R Neuroactive ligand-receptor interaction 1.42 (0.350)

3 PTPRJ Adherens junction 1.66 (0.048)

4 CPSF3 mRNA surveillance pathway 0.50 (0.088)

5 MTHFD2L One carbon pool by folate, Metabolic pathways 1.77 (0.035)

6 MYH11 Tight junction 2.06 (0.033)

7 LPGAT1 Glycerophospholipid metabolism 1.57 (0.270)

8 LAPTM4B Lysosome 1.36 (0.230)

9 IL1R1 MAPK signaling pathway, cytokine–cytokine receptor interaction, NF-kappa B signaling pathway, osteoclast

differentiation, hematopoietic cell lineage, inflammatory mediator regulation of TRP channels, amoebiasis,

HTLV-I infection

1.59 (0.160)

10 COL3A1 PI3K-Akt signaling pathway, focal adhesion, ECM-receptor interaction, platelet activation, protein digestion

and absorption, amoebiasis

1.74 (0.041)

11 ALG10B N-Glycan biosynthesis, metabolic pathways 2.14 (0.033)

12 GMPPB Fructose and mannose metabolism, amino sugar and nucleotide sugar metabolism, metabolic pathways 1.43 (0.190)

13 RNASEH1 DNA replication 1.53 (0.100)

14 UBE4B Ubiquitin mediated proteolysis, protein processing in endoplasmic reticulum 2.46 (0.007)

15 NCOA1 Thyroid hormone signaling pathway 1.47 (0.200)

16 SNRPE Spliceosome 1.45 (0.160)

17 TGM2 Huntington’s disease 0.54 (0.043)

18 FDFT1 Steroid biosynthesis, metabolic pathways, biosynthesis of antibiotics 1.28 (0.340)

Pearson correlation analysis (Figures 7C,D). The results showed
that the expression level of COL3A1 was negatively correlated
with METTL3 expression in TNBC patients (R = −0.564,
P = 0.001; Figure 7E); however, the expression level ofMETTL3
and COL3A1 had no significant relationship in the 109 NTNBC
patients (R = −0.132, P = 0.170; Figure 7F). This result further
confirmed that the metastasis-inhibition function ofMETTL3 by
negatively regulating COL3A1 expression was TNBC specific.

DISCUSSION

In this study, by analyzing the prognostic role of m6Amodulators
(METTL3, METTL14, WTAP, FTO, and ALKBH5) in breast
cancer using on-line databases, we found that only METTL3
played an important role in TNBC metastasis. The expression of
METTL3 in breast cancer tissues was lower than that in normal
tissues, and METTL3 was a protective factor of DMFS in TNBC.
Using TNBC cell lines, it was confirmed that METTL3 could
inhibit metastasis by increasing the level of m6A modification,
and COL3A1 was identified as one of the possible target genes
of METTL3. Furthermore, reduced expression of METTL3 was
proved to be able to contributes the potential of mobility of
triple-negative breast cancer cells by m6A methylation-mediated
COL3A1 up-regulation.

The role of m6A modification that is mainly regulated by
methyltransferases and demethylases, is complicated and specific
in various cancers. A bioinformatics analysis study involving
33 cancers showed that m6A modulators are closely related

to both the activation pathway and inhibition pathway of
cancer; the distribution of m6A modifications varies widely
among different cancers; even for the same type of cancer, the
prognostic function of m6A was not consistent within each sub-
type (15). Several studies also exhibit the complicated roles of
m6A modulators in the development of breast cancer. It was
reported that FTO, a keym6A demethylase, was up-regulated and
significantly associated with poor prognosis in breast cancer (8);
FTO-reduced m6A modification could promote breast cancer
cell proliferation and metastasis by inhibiting BNIP3 expression
(11). Similarly, METTL14 overexpression or ALKBH5 silence
could also inhibit the growth and migration of breast cancer
cell line, MDA-MB-231 (16). The opposite result was also
reported such that the deficiency of METTL3 could inhibit the
proliferation of breast cancer cell line MCF-7, by m6A-level-
decreasing-mediated Bcl-2 up-regulation (10). In this study,
using online database, we analyzed the prognostic role of five
m6A modulators in breast cancer, especially in TNBC, the sub-
type with the worst prognosis and the greatest potential for
metastasis, and found thatMETTL3 is the most critical in TNBC,
that METTL3 occurred at low expression in TNBC, and was
a protective factor of DMSF. The results of the TMA section
also confirm the protective effect of METTL3 on the overall
survival of TNBC patients. These results are consistent with
some previous researches (16), while contradictory to the other
researches focused on proliferation (10, 17). This difference
might be due to the different subtypes of the breast cancer
cell lines used. It should be taken into consideration that
those previous study had mainly used non-TNBC cell lines.
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FIGURE 5 | METTL3 down-regulated the expression of COL3A1 by increasing m6A levels. (A) MeRIP-qRT-PCR was used to detect the m6A modification level of

COL3A1 in MDA-MB-231 and MDA-MB-468 cells transfected with si-NC or si-METTL3. The relative enrichment fold changes were shown as proportions of control

cells enrichment. (B) qRT-PCR was used to detect COL3A1 expression in MDA-MB-231 and MDA-MB-468 cells with METTL3 transient overexpression or the

combination of METTL3 overexpression with cycloleucine. 18S was used as an internal control. (C) ELISA was used to detect the secretion level of collagen α1 (III) of

the supernatant (left panels), intracellular (middle panels) and total secreted protein (right panels) in MDA-MB-231 and MDA-MB-468 cells with METTL3 transient

overexpression or the combination of METTL3 overexpression with cycloleucine. *P < 0.05, **P < 0.01. Error bars represent the mean ± SD of three independent

experiments.
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FIGURE 6 | COL3A1 promoted the metastatic ability of TNBC cells. (A) Western blot was used to detect COL3A1 expression in MDA-MB-231 and MDA-MB-468

cells transfected with the si-NC or the si-COL3A1. α-tubulin was used as a loading control. (B) Kaplan–Meier analysis for the DMFS of COL3A1 in TNBC patients

using KM-plotter online database. (C,D) The migration and invasion of MDA-MB-231 and MDA-MB-468 with transient COL3A1-KD was detected by transwell assays

(left panels). Relative fold change was shown as the proportion of the number of control cells transfected with si-NC (right panels). Original magnification, 100×.

(E) The adhesion ability of MDA-MB-231 and MDA-MB-468 after transient COL3A1-KD was evaluated by adhesion assay (left panels). Relative fold change was

shown as the proportion of the number of control cells transfected with si-NC (right panels). Original magnification, 100×. *P < 0.05, **P < 0.01. Error bars represent

the mean ± SD of three independent experiments.
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FIGURE 7 | The correlation between METTL3 and COL3A1 in breast cancer patients. (A,B) Kaplan–Meier analysis for the OS of METTL3 and COL3A1 in TNBC

patients of the TMA sections. (C) The expression of METTL3 and COL3A1 detected by IHC in the representative samples of breast cancer. h8, low expression of

METTL3 and high expression of COL3A1. b4, middle expression of METTL3 and COL3A1. h6, high expression of METTL3 and low expression of COL3A1. Original

magnification, 200×. (D) Heatmap of the expression level of METTL3 and COL3A1 protein in breast cancer patients. (E,F) Correlation of METTL3 and COL3A1 in

human TNBC patients (n = 31) and non-TNBC patients (n = 109), respectively, in TMA sections.
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Meanwhile, the conclusion of previous studies was based on
the result of cellular level investigation and lack of clinical
specimen validation. Therefore, although the trend in m6A
modification levels was consistent, different regulators might
eventually cause opposite effects by regulating different target
genes; an m6A modulator might also execute different functions
in each sub-type due to the heterogeneity of cancer. The
function of METTL3 and other m6A modulators in other
sub-types of breast cancer warrants further investigation in
the future.

Widely distributed in eukaryotes, RNA methylation
modification occurs in thousands of genes (18). METTL3 is
known to achieve its biological effects by increasing the m6A
modification level of target genes, which leads to various effects
on target genes, such as faster degradation of target gene mRNA,
increase in target gene translation efficiency, or accurate cell
localization of target genes (2–5). Among them, the mechanism
of accelerating the rate of degradation of target gene mRNA is
most widely investigated. Therefore, METTL3 might have many
target genes in TNBC, and the inhibitory effect of METTL3 on
TNBC metastasis might also be achieved by affecting multiple
target genes together. In this study, by expression correlation
analysis and methylation search, COL3A1 was identified as the
target gene candidate ofMETTL3. Collagen type III alpha 1 chain
(COL3A1), which encodes the pro-alpha 1 chains of type III
collagen, previously was reported to be associated with malignant
potential of breast cancer (19). To date, no specific mechanism
has been reported for COL3A1 regulation. In this study, we
proved that knocking down METTL3, while reducing the
methylation of m6A, also eventually up-regulated the expression
level of COL3A1. Validation of clinical specimens indicated that
this relationship appears to be only in TNBC patients. Thus,
this study demonstrated that METTL3 and COL3A1 might only
play a significant role in the TNBC subtype. Certainly, there
must be multiple target genes of METTL3 that play the same
role. COL3A1 may also have modification sites different from
those provided by online databases. Further MeRIP-sequence
is needed to clarify the mechanisms of METTL3 in metastasis
inhibition of TNBC in the future and the specific modified sites
of COL3A1. Considering that the mRNA level of COL3A1 has
changed, we speculate that the change of m6A level may affect the
degradation rate of COL3A1 mRNA in TNBC cells. In this case,
the position of m6A seems to be more likely to be distributed in
the 3′UTR region of mRNA (2). But this speculation still needs
further experimental proof.

Collagen, the most abundant component of extracellular
matrix (ECM) in the tumor micro-environment, is known to
be able to contribute to tumor progression (20). Collagen could
promote the metastasis and proliferation of cancer by increasing
the accumulation of integrin, which leads to phosphorylation
of focal adhesion kinase and activation of extracellular signal-
regulated kinase (21). COL3A1, which encodes pro-alpha1 chains
of type III collagen, could form homotrimeric fibrils to play
its role. Except for normal localization in connective tissues,
COL3A1 was also found to be highly expressed in various
cancers including bladder cancer, glioblastoma, and gastric
cancer (22–24). In breast cancer, it was reported that stromal

COL3A1 expression was significantly increased from benign
breast tumors to malignant breast tumors (18). Another study
has shown that when Pirfenidone, an anti-fibrotic drug, was
applied to breast cancer to investigate its possible role on
tumor microenvironment normalization, the level of COL3A1
was down-regulated, thereby inhibiting the TGFβ signaling
pathway. That causes the reduction of extracellular matrix
components, which significantly increases vascular function and
perfusion, and increases the anti-tumor efficacy of doxorubicin
(25). Therefore, these studies showed that COL3A1 played an
important role in the development of breast cancer. In addition,
it was reported that COL3A1 up-regulation cause extracellular
matrix changes and reduced tumor perfusion, while the hypoxic
micro-environment caused by hypoperfusion was considered
to be the main reason for forcing cancer cells to metastasize
(26). Therefore, the reduction of tumor perfusion caused by
up-regulation of COL3A1 was likely to be one of the reasons
for the increased ability of TNBC cells to metastasis. In this
study, we demonstrated that COL3A1, which was up-regulated
by the reduced expression ofMETTL3, could contribute to TNBC
metastasis. The molecular mechanism of COL3A1 in promoting
TNBC metastasis warrants further investigation.

In summary, this study not only revealed that, among
m6A modulators, only METTL3 played an important role in
TNBC metastasis, but also demonstrated that the low expression
of METTL3-reduced m6A modification could promote TNBC
metastasis by up-regulating its target gene, COL3A1. Our results
provided sufficient evidence of the important epigenetic role in
the development of TNBC and allowed a more comprehensive
understanding of the mechanism of tumor metastasis. METTL3
and its target gene COL3A1 might have the potential to become
novel biomarkers for TNBC prognostic prediction and new
targets for TNBC therapy.
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Background: Cervical squamous cell carcinoma (CESC) is one of the most common

causes of cancer-related death worldwide. N6-methyladenosine (m6A) plays an

important role in various cellular responses by regulating mRNA biology. This study

aimed to develop and validate an m6A RNA methylation regulator-based signature for

prognostic prediction in CESC.

Methods: Clinical and survival data as well as RNA sequencing data of 13 m6A RNA

methylation regulators were obtained from The Cancer Genome Atlas (TCGA) CESC

database. Consensus clustering was performed to identify different CESC clusters based

on the differential expression of the regulators. LASSO Cox regression analysis was

used to generate a prognostic signature based on m6A RNA methylation regulator

expression. The effect of the signature was further explored by univariate and multivariate

Cox analyses.

Results: Four regulators (RBM15, METTL3, FTO, and YTHDF2) were identified

to be aberrantly expressed in CESC tissues. A prognostic signature that includes

ZC3H13, YTHDC1, and YTHDF1 was developed, which can act as an independent

prognostic indicator. Significant differences of survival rate and clinicopathological

features were found between the high- and low-risk groups. The results of

bioinformatics analysis were then validated in the clinical CESC cohort by qRT-PCR and

immunohistochemistry staining.

Conclusion: In the present study, we developed and validated an m6A RNAmethylation

regulator-based prognostic signature, which might provide useful insights regarding the

development and prognosis of CESC.
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INTRODUCTION

Cervical squamous cell carcinoma (CESC) is the fourth most
commonly diagnosed cancer and the fourth leading cause of
cancer-associated mortality in women worldwide (1). Persistent
infection with human papillomavirus (HPV) is the predominant
cause of CESC (2). The development of accurate prognostic
predictors in order to establish personalized treatment for CESC
patients is crucial.

N6-methyladenosine (m6A) modification is one of the most
prevalent modification in mRNA in eukaryotic cells. m6A RNA
modification plays crucial roles in many processes of gene
regulation such as mRNA stability, splicing, and translation
(3). m6A RNA modification can be installed enzymatically by
various methyltransferases, termed m6A “writers” (METTL3,
METTL14, WTAP, KIAA1429, RBM15, and ZC3H13). m6A in
RNA can be removed by demethylases, termed m6A “erasers”
(FTO and ALKBH5). Proteins that selectively bind m6A can
be defined as m6A “readers” (HNRNPC, YTHDF1, YTHDF2,
YTHDC2, and YTHDC1) that exert regulatory functions by
selective recognition of methylated RNA (4). Emerging evidence
has revealed the cancer promoter or suppressor role of m6A
regulators in the development of various malignancies (5–7),
whereas the correlation between prognosis of CESC and m6A
RNA methylation regulators is still unclear.

In this study, the differential expression of m6A RNA
methylation regulators was analyzed using the RNA sequencing
data from the TCGA-CESC dataset. The interactions among
these regulators and their correlation with clinicopathological
features were evaluated. Consensus clustering was used to
identify two clusters of CESC patients to predict clinical outcome.
By LASSO Cox analysis, a three-gene prognostic signature
was generated. Moreover, the bioinformatics prediction was
experimentally validated in a clinical CESC cohort (Figure 1).
The m6A RNAmethylation regulator-based prognostic signature
can act as a useful tool for predicting the survival outcomes of
CESC patients.

MATERIALS AND METHODS

TCGA Data Acquisition
RNA transcriptome data in the Fragments Per Kilobase per
Million (FPKM) format and the clinical and survival data
of CESC patients were downloaded from TCGA database
(https://cancergenome.nih.gov/). All analyses were performed
according to the publication guidelines of TCGA. After duplicate
samples from the same patients were excluded, a total of 304
CESC samples and three normal tissue samples were enrolled
for subsequent analysis. Thirteen well-acknowledged m6A
RNA methylation regulators (YTHDC1, YTHDC2, YTHDF1,
YTHDF2, ALKBH5, FTO, METTL3, METTL14, HNRNPC,
WTAP, RBM15, KIAA1429, and ZC3H13) were selected for
further analysis according to previously published literature (8).

Bioinformatics Analysis
Differential expressions of 13 m6A methylation regulators
between different sample groups were identified by “limma”

package in R software. Gene expression levels, as well as their
correlation with clinicopathological features, were visualized by
heatmaps generated with “pheatmap” package. The “corrplot”
package was employed to reveal the correlation among m6A
RNA methylation regulators. Interactions among m6A RNA
methylation regulators were analyzed and a protein–protein
interaction network was established and visualized by the
STRING and Cytoscape 3.6.0. The genetic alterations of the
m6A methylation regulators were analyzed by cBioPortal using
data from TCGA. The CESC cohort was clustered into different
groups by consensus expression of m6A RNA methylation
regulators with “ConsensusClusterPlus” package. A “survminer”
package in R software was used to determine the best cutoff of
the expression value for survival analysis. Gene ontology (GO)
annotation were performed by “clusterProfiler” package and
visualized using circos plots generated by the “ggplot2” package.

Construction of the Prognostic Signature
All m6A methylation regulators were included in the Least
Absolute Shrinkage and Selection Operator (LASSO) Cox
regression model to construct the powerful prognostic signature
and calculate a coefficient for each gene. A risk score for each
patient was calculated as the sum of each gene’s score, which
was obtained by multiplying the expression of each gene and
its coefficient. The sensitivity and specificity of the prognostic
signature were accessed by receiver operating characteristic
(ROC) curves and area under the ROC curves (AUC values).

Experimental Validation
One hundred twenty CESC tissues and paired normal tissues
were obtained from Outdo Biotech (Shanghai, China). The
mRNA and protein expression of ZC3H13, YTHDC1, and
YTHDF1 were quantified by immunohistochemistry (IHC)
staining and quantitative real-time PCR (qRT-PCR), as per
previously described methods (9, 10). GAPDH was used
as internal standard for normalization in qRT-PCR. Primer
sequences of genes measured in this study were listed inTable S1.
The validation cohort was grouped into low- and high-risk
groups according to the risk scores calculated by the TCGA
cohort. Written informed consent was obtained from all the
patients. The validation study was approved by the Ethics
Committee of Fudan University.

Statistical Analysis
The chi-square test was used to compare the clinicopathological
features between different groups. The Student’s t-test (two-
tailed) was applied to compare the differences between groups.
Univariate and multivariate Cox regression analyses were used
to identify the independent prognostic factors for patients with
CESC. Kaplan–Meier method and log-rank test were used to
compare the overall survival (OS) difference between different
groups. Data analysis was performed with either GraphPad Prism
7.0 (GraphPad, San Diego, CA, USA) or SPSS v23.0 (IBM Corp.,
Armonk, NY, USA). All statistical tests were two-sided. A P <

0.05 was considered statistically significant.
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FIGURE 1 | Flow chart of development and validation of an m6A RNA methylation regulator-based prognostic signature for CESC.

FIGURE 2 | The expression of 13 m6A RNA methylation regulators in TCGA-CESC cohort. (A) The violin plot showed the significantly differentially expressed m6A

RNA methylation regulators between CESC tissues and the normal tissues. (B) The correlations among m6A RNA methylation regulators were analyzed by Pearson

correlation. (C) PPI network showed the interactions among m6A RNA methylation regulators.

RESULTS

Expression Profile of m6A RNA Methylation
Regulators in CESC
The mRNA expression levels of m6A RNA methylation
regulators were analyzed using transcriptome data in FPKM

format. The differential expression of 13 regulators between
CESC and normal tissues was demonstrated by a violin plot
(Figure 2A). The mRNA expression levels of three regulators
(RBM15, METTL3, and YTHDF2) were significantly increased,
and FTO was decreased in CESC compared with normal tissues.
No significant difference was found for the other nine regulators.
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FIGURE 3 | Consensus clustering based on the expression of m6A RNA methylation regulators. (A) Genetic alteration was analyzed via cBioPortal database. (B) Area

under cumulative distribution function (CDF) curve when index k ranges from 2 to 10. (C) Changes of length and slope of CDF curve when index k ranges from 2 to

10. (D) Distribution of each sample in different clusters when k ranges from 2 to 10. (E) The overlap between clusters when k = 2. (F) The Kaplan–Meier survival

analysis for Clusters 1 and 2. (G) GO analysis for the DEGs between Clusters 1 and 2.

Correlation and Interaction Among m6A
RNA Methylation Regulators in CESC
Correlations among the mRNA expression levels of 13 m6A RNA
methylation regulators were analyzed by Pearson correlation
analysis (Figure 2B), and the protein–protein interactions (PPIs)
were retrieved via String database (Figure 2C). The results
showed that all the regulators were positively correlated with
each other. Notably, YTHDC1 was significantly correlated
with METTL14 (r = 0.63). The PPI network revealed that
five writers (METTL3, METTL14, RBM15, KIAA1429, and
WTAP) were all significantly correlated with each other, as
well as readers and erasers. Interactions were founded to
be few among the two erasers and five readers in the
PPI network.

Genetic Alteration of m6A RNA Methylation
Regulators in CESC
The CNV and mutation of m6A RNA methylation regulators
were analyzed via the cBioPortal database using TCGA
data to investigate the effects of genetic alteration on the
gene expression (Figure 3A). The results revealed that the
frequencies of genetic alteration for ZC3H13 were 6%, and
the most frequent alteration was deep deletion. Frequencies
for other regulators were <3%, indicating that changes in
the expression levels of these regulators were not caused by
genetic alteration.

Consensus Clustering Identified Two
Clusters of Patients With CESC
CESC cohort could be divided into several clusters according
to the consensus of mRNA expression of the 13 m6A RNA
methylation regulators. When the clustering index “k” increased
from 2 to 9, k = 2 was demonstrated to be the optimal point
to obtain the largest differences between clusters (Figures 3B,C).
Besides, the interference between clusters was minimal when k
= 2 (Figures 3D,E). Subsequently, the CESC cohort was divided
into two clusters, namely, Cluster 1 and Cluster 2 (Figure 3E).
However, no survival difference between the two clusters was
found by Kaplan–Meier survival analysis (Figure 3F).

GO Analysis for Differentially Expressed
Genes (DEGs) Between Clusters
One hundred ten DEGs between clusters were identified to
investigate the differences of biological roles between these
clusters. GO analyses for biological processes were conducted
and showed that DEGs were mainly enriched in biological
processes associated with the development of the immune system
(Figure 3G).

Clinicopathological Differences Between
the Clusters
Correlation between the clustering and clinicopathological
characteristics was then analyzed between the two clusters. As
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FIGURE 4 | Clinical significance of clustering and construction of the prognostic signature. (A) The clinicopathological differences between the two clusters. (B–G)

Kaplan–Meier survival curve for HNRNPC, KIAA1429, WTAP, ZC3H13, YTHDC1, and YTHDF1. (H,I) The prognostic signature constructed by the minimum criterion of

LASSO Cox regression algorithm. (J) The Kaplan–Meier survival analysis for high- and low-risk groups. (K) ROC curve was used to evaluate the prediction efficiency

of the prognostic signature.

shown in Figure 4A, Cluster 1 was significantly associated with
advanced N stage, M stage, and TNM stage.

Development of a Prognostic Signature
Kaplan–Meier survival analysis was conducted for these 13
regulators to explore the prognostic significance of the m6A
RNA methylation regulators in CESC. The results showed
that high expression levels of HNRNPC, KIAA1429, WTAP
(Figures 4B–E), and ZC3H13 were correlated with poor survival,
whereas high expression levels of YTHDC1 and YTHDF1 were
associated with longer OS (Figures 4F,G).

A prognostic signature, including ZC3H13, YTHDC1, and
YTHDF1, was developed using the LASSO Cox regression
model according to the minimum criterion (Figures 4H,I).
The coefficients of ZC3H13, YTHDC1, and YTHDF1 were
0.0644, −0.0016, and −0.012, respectively. The risk score for
each CESC patient was therefore calculated with the following
formula: Risk Score = 0.0644 ∗ ZC3H13 – 0.0016 ∗ YTHDC1

– 0.012 ∗ YTHDF1. Then, the CESC cohort was divided
into low- and high-risk groups on the basis of the median
risk score.

Prognostic and Clinicopathological
Differences Between Low- and High-Risk
Groups
Kaplan–Meier survival analysis was conducted to validate the
prognostic value of risk grouping. The results revealed that the
high-risk group had a worse overall survival than the low-risk
group (P= 4.016e−03) (Figure 4J). Time-dependent ROC curve
was used to assess the specificity and sensitivity of the prognostic
signature. The area under the curve (AUC) at 3, 5, and 10 years
was 0.67, 0.72, and 0.75, respectively, suggesting good prediction
performances (Figure 4K). The high-risk group was significantly
associated with advanced N stage (P < 0.05), M stage (P <

0.0001), TNM stage (P < 0.0001), and poor survival (P < 0.01)
(Figure 5A).
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FIGURE 5 | Clinical significance of risk grouping and experimental validation. (A) The clinicopathological differences between the high- and low-risk groups. (B)

Univariate Cox analysis of the clinicopathological features and risk score. (C) Multivariate Cox analysis identified the independent prognostic predictors. (D) mRNA

levels of ZC3H13, YTHDC1, and YTHDF1 in CESC and normal tissues were measured by qRT-PCR. (E) Representative IHC staining for ZC3H13, YTHDC1, and

YTHDF1 in CESC and normal tissues (scale bar: 50µm). (F) Protein expression of RBM15, METTL3, FTO, YTHDF2, ZC3H13, YTHDC1, and YTHDF1 was measured

by IHC. (G–I) Kaplan–Meier survival analysis for patients with high or low expression levels of YTHDC1, YTHDF1, and ZC3H13. (J) Kaplan–Meier survival analysis for

patients in low- or high-risk groups. (K) Multivariate COX analysis identified the independent prognostic predictors in the clinical CESC cohort.

The Prognostic Signature Acts as an
Independent Prognostic Predictor
Univariate and multivariate Cox analyses were performed
to identify the independent prognostic predictors for CESC
patients. The univariate Cox analysis showed that the Age,
T stage, N stage, M stage, TNM stage, and Risk Score were
significantly associated with the survival (Figure 5B). The
multivariate Cox regression model showed that only Risk Score
(P< 0.001, HR= 2.411, 95% CI= 1.443–4.027) and N stage (P=

0.031, HR= 2.107, 95% CI= 1.072–4.142) were the independent
prognostic factors for CESC (Figure 5C).

Experimental Validation
The mRNA expression of ZC3H13, YTHDC1, and YTHDF1
was measured with qRT-PCR, and the results showed that
ZC3H13 was significantly upregulated in CESC tissues, whereas
YTHDC1 and YTHDF1 were significantly downregulated in
CESC tissues (Figure 5D). The differential expressions were
also confirmed by IHC staining (Figures 5E,F). Low YTHDC1
and YTHDF1 expression was associated with poor survival

(Figures 5G,H), and high level of ZC3H13 was correlated with

lower survival rate (Figure 5I). Risk score was calculated for
each patient in the validation cohort according to the formula
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and coefficient obtained from the TCGA cohort. Fifty-seven
patients were identified as a high-risk group, and the rest of
the 63 patients were categorized into a low-risk group. The
survival rate was significantly lower in the high-risk group
in comparison with that in the low-risk group (Figure 5J).
Multivariate Cox analysis showed that the risk score, along
with the N stage and M stage, was an independent prognostic
factor for the overall survival of CESC patients in the validation
cohort (Figure 5K). The prognostic significance of the three-gene
signature in the validation cohort was in accordance with that of
TCGA cohort.

DISCUSSION

Globally, CESC is one of the most common types of cancer
and exists as a major therapeutic challenge (8, 11). One major
cause of high mortality of CESC is high levels of patient relapse
and mortality after treatment. The carcinogenesis of CESC is a
complex multistep process characterized by a broad spectrum
of molecular abnormalities that offers numerous potential
therapeutic targets (12). Understanding the mechanisms of
action of these molecules is crucial for their potential therapeutic
use. Human papillomavirus (HPV) infection plays an important
role in cervical cancer (13). m6A is the most abundant internal
modification of RNA in eukaryotic cells (14). Emerging evidence
suggests that aberrant m6A RNAmethylation plays a critical role
in cancer through various mechanisms (15, 16).

The level of m6A methylation is regulated by
methyltransferases (writers), demethylases (erasers), and binding
proteins (readers). Previous studies have demonstrated that m6A
RNAmethylation regulators were aberrantly expressed in various
types of cancers and exert roles of promoter or suppressor of
cancers (17). Zhang et al. demonstrated m6A regulator-mediated
methylationmodification patterns and tumormicroenvironment
infiltration characterization in gastric cancer (5). METTL3 is
significantly upregulated in hepatoblastoma, and it regulates
β-catenin to promote tumor proliferation (17). Yang et al.
revealed that FTO promoted melanoma tumorigenesis and
anti-PD-1 resistance and suggest that the combination of FTO
inhibition with anti-PD-1 blockade may reduce the resistance to
immunotherapy in melanoma (18). However, the roles of m6A
methylation regulators in CESC are unclear.

In the present study, a three-gene prognostic signature,
consisting of ZC3H13, YTHDC1, and YTHDF1, was developed
and demonstrated good performance for predicting the survival
outcome of CESC. Additionally, we validated the results of
bioinformatics analysis with a clinical CESC cohort. The protein
andmRNA expression of ZC3H13, YTHDC1, and YTHDF1were
measured by IHC and qRT-PCR. The results of experimental
validation are consistent with those of bioinformatics prediction,
suggesting that the prognostic signature might serve as a useful
tool for predicting survival outcomes of CESC.

ZC3H13 is a canonical CCCH zinc finger protein and plays
an important role in modulating RNA m6A methylation in
the nucleus (19). Zhu et al. reported that ZC3H13 might be
an upstream regulator of Ras-ERK signaling pathway and
suppressed invasion and proliferation of colorectal cancer

(20). Xiao et al. reported that the nuclear m6A reader protein
YTHDC1 impacts mRNA splicing, providing a transcriptome-
wide glance of splicing changes affected by this mRNA
methylation reader protein (21, 22). YTHDF1 is a core factor
in RNA methylation modification. Bai et al. demonstrated
that knocking down the expression of YTHDF1 significantly
inhibited the colorectal cell progression, and silencing YTHDF1
significantly inhibited Wnt/β-catenin pathway activity in
colorectal cells (23). Han et al. reported that loss of YTHDF1 in
classical dendritic cells enhanced the cross-presentation of tumor
antigens and the cross-priming of CD8+ T cells in vivo. The
therapeutic efficacy of PD-L1 checkpoint blockade is enhanced in
Ythdf1−/− mice, implicating YTHDF1 as a potential therapeutic
target in anticancer immunotherapy (24).

In conclusion, our study revealed that the aberrant expression
of m6A RNA methylation regulators is significantly correlated
with the survival and clinicopathological characteristics of
patients with CESC. The m6A RNA methylation regulator-based
prognostic signature can effectively predict the prognosis of
CESC patients.
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N6-methyladenosine (m6A) modification is the most abundant modification on eukaryotic

RNA. In recent years, lots of studies have reported that m6A modification and m6A RNA

methylation regulators were involved in cancer progression. However, the m6A level and

its regulators in esophageal cancer (ESCA) remain poorly understood. In this study, we

analyzed the expression of m6A regulators using The Cancer Genome Atlas data and

found 14 of 19 m6A regulators are significantly increased in ESCA samples. Then we

performed a univariate Cox regression analysis and LASSO (least absolute shrinkage

and selection operator) Cox regression model to investigate the prognostic role of m6A

regulators in ESCA, and the results indicated that a two-gene prognostic signature

including ALKBH5 and HNRNPA2B1 could predict overall survival of ESCA patients.

Moreover, HNRNPA2B1 is higher expressed in high-risk scores subtype of ESCA,

indicating that HNRNPA2B1 may be involved in ESCA development. Subsequently,

we confirmed that the level of m6A and HNRNPA2B1 was significantly increased in

ESCA. We also found that HNRNPA2B1 expression positively correlated with tumor

diameter and lymphatic metastasis of ESCA. Moreover, functional study showed that

knockdown of HNRNPA2B1 inhibited the proliferation, migration, and invasion of ESCA.

Mechanistically, we found that knockdown of HNRNPA2B1 inhibited the expression of

de novo fatty acid synthetic enzymes, ACLY and ACC1, and subsequently suppressed

cellular lipid accumulation. In conclusion, our study provides critical clues to understand

the role of m6A and its regulators in ESCA. Moreover, HNRNPA2B1 functions as an

oncogenic factor in promoting ESCA progression via up-regulation of fatty acid synthesis

enzymes ACLY and ACC1, and it may be a promising prognostic biomarker and

therapeutic target for human ESCA.
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INTRODUCTION

Esophageal cancer (ESCA) is one of the major malignant
cancers that threatened human health worldwide (1, 2).
Esophageal squamous cell carcinoma (ESCC) and esophageal
adenocarcinoma (EAC) are the two common subtypes of ESCA,
especially the ESCC accounting for 80% in China (3). Over the
last several decades, improved treatments have prolonged the
survival of ESCA patients diagnosed at an early stage; however,
most ESCA patients are first diagnosed at an advanced stage with
malignant proliferation and metastasis (4). Surgical resection
combined with radiotherapy and chemotherapy has improved
the prognosis of ESCA patients, but the overall 5-year survival
rate remains extremely poor (5). Therefore, identifying novel
biomarkers and therapeutic targets for ESCA patients is an
urgent need.

It is well-known that lots of chemical modifications on
human RNA were involved in the development of human
diseases, including cancer (6, 7). Recent studies reveal that
N6-methyladenosine (m6A) modification is the most abundant
modification involved in the progression of different cancers
(6, 8–10). The m6A modification accounts for ∼0.1–0.4% of
adenosine on isolated mammals RNA (6, 11). The level of m6A
is reversible and dynamic, which could be installed by m6A
methyltransferases (writers) or removed by m6A demethylases
(erasers). In addition, the specific RNA-binding proteins
(readers) could recognize and bind to m6A motif, regulating
RNAmetabolism, including RNA stability, degradation, splicing,
transport, localization, translation, and others (9, 12). Lots of
studies have shown that the writers, erasers, and readers are
closely associated with the characteristics of cancer, including
tumor proliferation, apoptosis, metastasis, angiogenesis, drug
resistance, energy metabolism, and cancer stem cell (6, 8, 13–16).
Despite the function of m6A modification and its regulators in
different malignant cancers have been reported, its role in ESCA
has not been studied so far.

Abbreviations: HR, hazard ratio; CI, confidence interval; ESCA, esophageal

cancer; m6A, N6-methyladenosine; TCGA, The Cancer Genome Atlas; METTL3,

methyltransferase-like 3; METTL14, methyltransferase-like 14; METTL16,

methyltransferase-like 16; WTAP, WT1 associated protein; KIAA1429, VIRMA,

vir like m6Amethyltransferase associated; RBM15, RNA binding motif protein 15;

ZC3H13, zinc finger CCCH-type containing 13; FTO, FTO alpha-ketoglutarate

dependent dioxygenase; ALKBH5, alkB homolog 5, RNA demethylase;

YTHDC1/2, YTH domain-containing protein 1/2; YTHDF1/2/3, YTH N6-

methyladenosine RNA binding protein 1/2/3; IGF2BP1/2/3, insulin like growth

factor 2 mRNA binding protein 1/2/3; HNRNPA2B1, heterogeneous nuclear

ribonucleoprotein A2/B1; HNRNPC, heterogeneous nuclear ribonucleoprotein

C. OS, overall survival; ESCC, Esophageal squamous cell carcinoma; EAC,

esophageal adenocarcinoma; PPI, protein-protein interaction; OS, overall

survival; LASSO, least absolute shrinkage and selection operator; ROC, Receiver

operating characteristic; TMA, tissue microarray; IHC, Immunohistochemistry;

AUC, area under the ROC curve; MKI67, marker of proliferation Ki-67; PCNA,

proliferating cell nuclear antigen; SOX4, SRY-box transcription factor 4; BRAP,

BRCA1 associated protein; FASN, fatty acid synthase; ACLY, ATP citrate lyase;

SCD1, stearoyl-Coenzyme A desaturase 1; ACC1, acetyl-CoA carboxylase alpha;

MCAD, acyl-CoA dehydrogenase medium chain; CD36, CD36 molecule; FABP5,

fatty acid binding protein 5; KEGG, Kyoto Encyclopedia of Genes and Genomes;

qRT-PCR, Quantitative real-time RT-PCR; OA, oleate.

In the present study, we systematically analyzed the expression
of 19 m6A RNA regulators in ESCA using The Cancer
Genome Atlas (TCGA) dataset, as well as their association with
the clinicopathological characteristics. After a comprehensive
analysis, we found that HNRNPA2B1 may play a key role in
ESCA development. Subsequently, we found that the levels of
m6A and its regulator HNRNPA2B1 were significantly increased
in ESCA, and HNRNPA2B1 acts an oncogenic role in the
progression of ESCA cells, indicating that it may be a promising
prognostic biomarker and therapeutic target for human ESCA.

MATERIALS AND METHODS

Selection of m6A RNA Methylation
Regulators
Previous studies have reported the bioinformatics analysis of total
13 m6A-related genes in gastric cancer (17), bladder cancer (18),
and other cancers (19, 20). In our study, a total of 19 m6A RNA
methylation regulators were included for systematically analysis
based on the recent the m6A review (9).

Bioinformatics Analysis
The RNA-seq transcriptome data and clinical information
of ESCA patients were obtained from TCGA (https://
cancergenome.nih.gov/). All 19-gene expression data are
downloaded via the R package “TCGA-Assembler.” The
expression of 19 m6A-related genes in 160 ESCA tissues and
11 normal esophageal tissues was analyzed via limma package.
Next, the violin map was used to visualize the expression of
19 genes in 160 ESCA tissues and 11 normal tissues. We then
used the STRING database (http://string-db.org) to analyze the
protein–protein interaction (PPI) among 19 m6A regulators.
The correlation analysis of 19 m6A regulators was further
analyzed by Pearson correlation analysis. To evaluate the
association between the expression of m6A regulators and
prognosis of ESCA patients, the ESCA cohort was clustered
into different groups through consensus clustering analysis with
“ConsensusClusterPlus” in R (21). The overall survival (OS)
difference was calculated by the Kaplan–Meier method and log-
rank test. A χ2-test was used to compare the distribution of age,
gender, grade, and stage between different clusters. Univariate
Cox analysis was performed to evaluate the correlation between
m6A regulators and OS of ESCA patients using survival analysis
in R. Two m6A genes were selected for further analysis, and a
risk signature was developed using the least absolute shrinkage
and selection operator (LASSO) Cox regression algorithm. The
formula of the risk score for ESCA patients’ prognosis prediction
was as follows: risk score = the sum of each multivariate cox
regression coefficient ratio of mRNA multiple each expression
of mRNA. Based on the median risk score, we divided the
patients into high- and low-risk subgroups. Each patient’s
survival status, death time, and gene expression profile in two
subgroups were presented via “heatmap” and “survival” R
packages (22). Besides, the Kaplan–Meier curve analysis was
performed, and the receiver operating characteristic (ROC)
curve was drawn to estimate the sensitivity and specificity of the
prognostic signature. The ESCA cohort was divided into high-
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and low-risk group based on the median value of the risk scores.
OS between different clusters or groups was calculated by the
Kaplan–Meier method. ROC curve was constructed to evaluate
the prediction accuracy of ESCA prognosis (22). The distribution
of clinicopathological parameters between high- and low-risk
group was analyzed through χ2-test. Univariate and multivariate
Cox regression analyses were used to identify the independent
prognostic factors.

ESCC Tissue, Tissue Microarray, and Cell
Culture
Eighteen pathologically confirmed ESCC tissues from recent
patients at the Nanjing Drum Tower Hospital, the Affiliated
Hospital of Nanjing UniversityMedical School (Nanjing, Jiangsu,
China), were obtained after signed informed consent. The ESCC
tissue microarray (TMA, 34 cases) was obtained from servicebio
(Wuhan, Hubei, China). Immunohistochemistry (IHC) was
performed according to standard procedures as described
previously (8, 23). Institutional approval was obtained from
the Review Board of Nanjing Drum Tower Hospital prior to
this study. Human esophageal epithelial cell line HEEpiC and
ESCC cell lines (ECA109 and TE10) were purchased from the
Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). All cells were cryopreserved at −80◦C using
CELLSAVING (C40100, New Cell & Molecular Biotech, China).
All cell lines were cultured in RPMI-1640 medium supplemented
with 100µg/mL streptomycin, 100 U/mL penicillin, and 10%
fetal bovine serum (FBS). Oleate (OA) was obtained from Sigma.

siRNA Constructs and Transfection
The two specific HNRNPA2B1 siRNAs were designed and
synthesized by RiboBio (Guangzhou, China): the sequence
of si-HNRNPA2B1#1: GGAGAGTAGTTGAGCCAAA and the
sequence of si-HNRNPA2B1#2: GCTACGGAGGTGGTTATGA.
The HNRNPA2B1 siRNAs and corresponding control siRNA
were transfected into the ESCC cells by DharmaFECT4
(Dharmacon, Chicago, IL).

Dot Blot Assay
The dot blot assay was performed according to the bio-protocol
database (https://en.bio-protocol.org/e2095). The experiments
procedures have been described previously (8).

Western Blot Assay
Western blot assays were performed as previously reported
(23). The following antibodies were used: anti-GAPDH (1:2,000;
Beyotime, Shanghai, China) and anti-HNRNPA2B1 (1:1,000,
Proteintech Group, Rosemont, IL, USA). Phenylmethylsulfonyl
fluoride used in Western blot assay was from Selleck (Houston,
TX, USA).

Quantitative Real-Time Reverse
Transcription–Polymerase Chain Reaction
Assay
Total RNA was extracted from cells or tissues using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). Reverse transcription
(RT) was performed with HiScript Q RT SuperMix for qPCR

(Vazyme, Jiangsu, China). RT–polymerase chain reaction (PCR)
was performed with an SYBR Green PCR Kit (Vazyme, Jiangsu,
China) on an Applied Biosystems 7900HT sequence detection
system (Applied Biosystems), with triplicate reactions. The
primers used are listed in Supplementary Table 1.

Proliferation Assay
For CCK8 assay, after the cells were transfected for 48 h, the
cells were plated at a density of 2,000 cells per well in 96-well-
plates. After 72 h, cell viability was determined using CCK-8
assay according to the manufacturer’s instructions (APExBIO,
Houston, TX, USA).

For clonogenic assay, after the cells were transfected for 48 h,
the cells were seeded at a density of 500 cells per well in 12-well-
plates and incubated at 37◦C for 10–14 days. Then, cells were
fixed with methanol for 30min and stained with crystal violet
(Beyotime, Shanghai, China) for 30 min.

For EdU assay, the cells were plated at a density of 10,000
cells per well in 96-well-plates, and the cells were transfected
for 48 h. The cell immunofluorescence was determined by the
EdU kit according to the manufacturer’s instructions (RiboBio,
Guangzhou, China). Images of the cells were acquired with a
Leica DMi8 system.

Cell Mobility Assay
For wound-healing assay, the transfected cells were grown to
confluence in a 12-well-plate. Next, the cells were cultured in
RPMI-1640 with 1% FBS for 12 h. The confluent monolayer was
then disrupted with a cell scraper and filmed at the indicated
hours via Leica DMi8 system. The rate of wound closure was
calculated as the ratio of the average distance between the two
wound edges and the total cell duration of migration.

For Transwell assay, the transfected cells in 100 µL of serum-
free medium were seeded in the upper chambers coated with
or without 50 µL of Matrigel (BD Biosciences), and 600 µL
of culture medium containing 10% FBS was placed in the
lower chambers. After 12 h of incubation at 37◦C, cells that
migrated to the bottom of the membrane were fixed with
4% paraformaldehyde for 30min, stained with crystal violet
(Beyotime, Shanghai, China) for 30min, and imaged.

Nile Red Staining
The transfected cells were fixed in 4% paraformaldehyde solution
on the 12-well-plates, stained with 0.05µg/mL Nile red (Sigma,
USA) for 10min, washed with phosphate-buffered saline twice,
and then stained with DAPI (Beyotime, Shanghai, China). Images
of the cells were acquired with a Leica DMi8 system.

Statistical Analyses
The expression of 19 m6A-related genes in ESCA tissues and
normal tissues from TCGA dataset was analyzed via one-
way analysis of variance. Kolmogorov–Smirnov test was used
to analyze the relationship between m6A-related genes and
clinicopathological characteristics. The median risk score was
used as a cutoff value to divide into a high- and a low-risk
group. OS was analyzed between different groups through the
Kaplan–Meier method. The relationship between the risk score
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and clinicopathological variables was analyzed through χ2-test.
Functional experiments were performed at least three times.
The representative data shown are means ± SD; P < 0.05 was
considered statistically significant.

RESULTS

The Expression and Correlation of m6A
RNA Methylation Regulators in ESCA
First, we analyzed the level of 19 m6A RNA methylation
regulators (7 writers, 2 erasers, and 10 readers) in ESCA tissues
and normal tissues from TCGA dataset (Figure 1A). We found
that 14 of 19 m6A-related genes were significantly increased in
ESCA tissues compared with the normal tissues through heatmap
visualization (Figure 1B). The expression levels of five writers
(METTL16, WTAP, METTL3, KIAA1429, and RBM15) and nine
readers (YTHDF1/2/3, YTHDC1, IGF2BP1/2/3, HNRNPC, and
HNRNPA2B1) were significantly up-regulated in ESCA tissues,
whereas no significant difference was found for the two erasers
(FTO and ALKBH5) (Figure 1C). We further analyzed the
interaction among the 19 m6A-related genes using PPI network,
and KIAA1429 and METTL14 seemed to be the center in the
interaction network (Supplementary Figure 1A). Using Pearson
correlation analysis, we found the correlation between 19 m6A-
related genes was weak, and it was shown that KIAA1429 is most
correlated with YTHDF3 (Supplementary Figure 1B).

Identification of Prognostic Signature
Among m6A Regulators in ESCA
Next, the consistent clustering analysis was carried out based on
the expression similarity of m6A-related genes in ESCA from
TCGA dataset. The k = 2 seemed to be the most appropriated
selection to cluster the patients into two subgroups (cluster 1
and cluster 2) (Supplementary Figures 2A–D). Moreover, we
analyzed the clustering result and clinical outcomes, and the
results showed that cluster 1 subgroup had a shorter OS than
cluster 2 subgroup, although it showed a borderline statistical
significance (P = 0.064) (Supplementary Figure 2E).

To better understand the role of the 19 m6A regulators in the
prognosis of ESCA patients, univariate Cox regression was used
to analyze the expression of m6A-related genes associated with
OS in ESCA TCGA dataset. The results demonstrated that high
expression of ALKBH5 was significantly correlated with good OS
[P = 0.005, hazard ratio (HR) = 0.949, 95% confidence interval
(CI) = 0.915–0.984], but high expression of HNRNPA2B1 was
associated with poor OS (P = 0.013, HR = 1.012, 95% CI =
1.002–1.022) (Figure 2A). Furthermore, we applied the LASSO
Cox regression algorithm to establish the risk signature, and two
genes (low of ALKBH5 and high of HNRNPA2B1) were selected
to build the risk signature according to the minimum criteria
and the coefficients (Supplementary Figures 3A,B). Then, we
analyzed the correlation of HNRNPA2B1 expression with
ALKBH5 via online bioinformatics tool (http://gepia.cancer-pku.
cn/). The results showed that the expression of HNRNPA2B1
was significantly positively correlated with the expressions of
ALKBH5 (Supplementary Figure 3C). In order to analyze the

prognostic role of the two-gene risk signature, the ESCA patients
in TCGA dataset were separated into low- and high-risk groups
based on the median risk score, and the results indicated that
the high-risk group has a worse survival compared to low-risk
groups, although it showed a borderline statistical significance (P
= 0.05501) (Figure 2B). However, the risk score of the signature
of ALKBH5 and HNRNPA2B1 was more significantly associated
with poor OS (P < 0.001, HR = 10.239, 95% CI = 3.737–
28.053) than individual ALKBH5 or HNRNPA2B1 by univariate
Cox regression, suggesting that the risk signature of them
is more reliable for OS prognosis (Figure 2C). Furthermore,
we found that patients with low level of ALKBH5 suffer a
poor OS (P = 0.016), whereas whose with a high level of
HNRNPA2B1 suffer a poor OS (P = 0.027; Figure 2D). When
combining ALKBH5 and HNRNPA2B1 as a new variable, ESCA
patients were divided into three subgroups according to the
median of each expressed value: high level of ALKBH5 and
low level of HNRNPA2B1, low level of ALKBH5 and high level
of HNRNPA2B1, and both of high ALKBH5/ HNRNPA2B1
expression and low ALKBH5/ HNRNPA2B1 expression. Kaplan–
Meier curves demonstrated that the subgroup of high level
of ALKBH5 and low level of HNRNPA2B1 was much more
favorable to the OS than the subgroup of low level of ALKBH5
and high level of HNRNPA2B1 (P= 0.002; Figure 2E).Moreover,
ROC curve was applied to predict the survival rates for ESCA
patients using two-gene signature risk scores in different years
(Supplementary Figures 3D–H); the results indicated that it
has a good predictive efficiency with the area under the ROC
curve within 2, 4, or 5 years (Supplementary Figures 3E, G–H),
whereas the result did not show robust prediction within 4 and 5
years (Supplementary Figures 3G,H).

Validation of the Clinical Relevance of
Two-Gene Signature
To better understand the clinical relevance of two-gene
signature in ESCA, we first selected the patients with clinical
characteristic variables and divided these patients into low-
and high-risk groups, which were assessed by two-gene
expression and clinical characteristic variables (Figure 3A).
Interestingly, we found the most individuals with relative
lower expression of ALKBH5 and higher expression of
HNRNPA2B1 in the high-risk group, suggesting the risk was
associated with the gene expression (Figure 3A). Simultaneously,
univariate Cox regression analysis revealed that N stage,
stage, and risk score (ALKBH5/HNRNPA2B1 signature) were
significantly related with OS of ESCA, and multivariate
Cox regression analysis showed that only risk score were
an independent prognostic factor for OS of ESCA patients
(Figures 3B,C).

The Correlation Between HNRNPA2B1 and
Clinicopathological Features
Considering that the expression of HNRNPA2B1 is significantly
increased in ESCA, while ALKBH5 had no significant difference
between ESCA tissues and normal control tissues (Figure 1C),
which suggest that HNRNPA2B1 may be involved in ESCA
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FIGURE 1 | The expression of m6A-related regulators in ESCA and normal control samples of TCGA. (A) The list of m6A RNA methylation–related writers, erasers,

and readers. (B) The expression levels of 19 m6A-related genes in ESCA were displayed via heatmap. N, non-tumor tissues; T, tumor tissues. (C) Vioplot visualizing

the expression of m6A-related genes in ESCA. Green color represents non-tumor tissues, and the red color represents tumor tissues. *P < 0.05, **P < 0.01, and

***P < 0.001.

development. We then perform a comprehensive analysis
the HNRNPA2B1 expression in different subgroups based
on relative clinical characteristics including tumor histology,
cancer stage, tumor grade, gender, age, and patient’s weight
via online bioinformatics tool (http://ualcan.path.uab.edu/index.
html). Compared with the normal subgroup, the HNRNPA2B1
expression was significantly up-regulated (P < 0.05) in cancer
patients with different clinical characteristics (Figures 4A–F).
In the ESCA patients, it showed that the HNRNPA2B1
expression between ESCC and EAC had no significant difference
(Figure 4A). It also showed that the HNRNPA2B1 expression
was not related with gender in ESCA patients (Figure 4D).
However, the expression of HNRNPA2B1 significantly increased
in the advanced stage and grade (Figures 4B,C). Interestingly,

the expression of HNRNPA2B1 was dramatically increased in
the young ESCA patients (Figure 4E). Meanwhile, the expression
level of HNRNPA2B1 was significantly higher in extreme obese
subgroup than other subgroups (Figure 4F), indicating that
HNRNPA2B1 may be associated with fatty acid metabolism in
ESCA cells.

The m6A Level and HNRNPA2B1
Expression Are Increased in ESCC
To elucidate the m6A modification in ESCC, we first examined
the m6A RNA levels in 18 ESCC tissues and paired normal
tissues. We found that the m6A RNA levels were significantly
higher in ESCC tissues via dot blot assay (Figure 5A). Next,
we compared the mRNA levels of HNRNPA2B1 in 18 pairs
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FIGURE 2 | Identification of prognostic signature among m6A regulators. (A) Identification of the m6A-related genes that significantly correlated with OS via univariate

analysis. (B) Kaplan–Meier OS curves for ESCA patients assigned to high- and low-risk groups. (C) The risk signature of ALKBH5 + HNRNPA2B1 is more reliable for

OS prognosis via univariate analysis. (D,E) Kaplan–Meier curves depicting OS according to the expression ALKBH5 or HNRNPA2B1 (D) and combined with

ALKBH5/HNRNPA2B1 (E) based on TCGA data.

of ESCC and paired normal tissues. The results showed that
the mRNA level of HNRNPA2B1 was significantly up-regulated
in ESCC (Figure 5B). In addition, the HNRNPA2B1 mRNA
and protein level were significantly increased in ESCC cell
lines compared with that in normal esophageal epithelial cell
lines (Figures 5C,D). To investigate the clinical implication
of HNRNPA2B1 with ESCC, we performed IHC staining for

HNRNPA2B1 in ESCC TMA. The results indicated that the
HNRNPA2B1 level was increased in the tumor diameter of ESCC
tissues ≥5 cm compared with that <5 cm (Figure 5E). Similarly,
the levels of HNRNPA2B1 protein were also significantly
elevated in ESCC tissues with lymph node metastasis than
those without lymph node metastasis (Figure 5F). Moreover, we
analyzed the correlation of HNRNPA2B1 expression with the
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FIGURE 3 | Validation of the prognostic signature. (A) The expression levels of the HNRNPA2B1 and ALKBH5 in low- and high-risk ESCA patients. (B) Univariate Cox

regression analyses of the association between clinicopathological factors and OS of ESCA patients. (C) Multivariate Cox regression analyses of the association

between clinicopathological factors and OS of ESCA patients.

markers of proliferation and metastasis via online bioinformatics
tool (http://gepia.cancer-pku.cn/). The results showed that
the expression of HNRNPA2B1 was significantly positively
correlated with the expressions of MKI67 and PCNA, which were
the classic biomarkers of proliferative cancer cells (Figure 5G).
The expression of HNRNPA2B1 was also significantly positively
correlated with SOX4 and BRAP expressions, which were
the biomarkers of ESCA metastasis (24, 25) (Figure 5G).
Taken together, these results indicated that the levels of m6A

modification and its regulator HNRNPA2B1 are increased in
ESCC, andHNRNPA2B1may play a critical role in tumor growth
and metastasis of ESCC.

HNRNPA2B1 Promotes ESCC Cell
Proliferation
To further characterize the role of HNRNPA2B1 in ESCC,
we designed and constructed two specific siRNAs to target
HNRNPA2B1. The knockdown efficiency was confirmed
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FIGURE 4 | The correlation between HNRNPA2B1 and clinicopathological features. (A) The expression of HNRNPA2B1 in ESCA patients of different tumor histology.

(B) The expression of HNRNPA2B1 in ESCA patients of different cancer stage. (C) The expression of HNRNPA2B1 in ESCA patients of different tumor grade. (D) The

expression of HNRNPA2B1 in ESCA patients of different gender. (E) The expression of HNRNPA2B1 in ESCA patients of different age. (F) The expression of

HNRNPA2B1 in ESCA patients of different weight. *P < 0.05, **P < 0.01, and ***P < 0.001.

by qRT-PCR and Western blotting in two ESCC cells
(Figures 6A,B). Knockdown of HNRNPA2B1 dramatically
suppressed ESCC cell proliferation via CCK8 assay (Figure 6C).
As shown in Figure 6D, knockdown of HNRNPA2B1 also

significantly inhibited the ESCC cells colony formation. In
addition, the EdU assay results also indicated that down-
regulation of HNRNPA2B1 could inhibit cell proliferation in
ESCC cells (Figure 6E).
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FIGURE 5 | The m6A level and HNRNPA2B1 expression are increased in ESCC. (A) The mRNAs isolated from ESCC tissues and paired normal tissues were used in

dot blot analyses with an anti-m6A antibody, and methylene blue (MB) staining served as the loading control (left panel). The relative m6A contents on mRNA in ESCC

tissues and paired normal tissues were calculated (right panel, N = 18). (B) The levels of HNRNPA2B1 expression in ESCC and paired normal tissues were measured

by qRT-PCR (N = 18). (C) The levels of HNRNPA2B1 expression in esophageal epithelial cell line (HEEpiC) and ESCC cell lines (ECA109 and TE10) were measured by

qRT-PCR. (D) The levels of HNRNPA2B1 expression in esophageal epithelial cell line and ESCC cell lines were measured by Western blotting. (E) Representative IHC

images on the TMA probed with the anti-HNRNPA2B1 antibody (scale bars = 500 or 50µm, respectively, left panel) are shown. The IHC score of HNRNPA2B1 in

ESCC tissues with tumor diameter <5 cm (N = 22) and ≥5 cm (N = 12) were calculated (right panel). (F) Representative IHC images on the TMA probed with the

anti-HNRNPA2B1 antibody (scale bars = 500 or 50µm, respectively, left panel) are shown. The IHC score of HNRNPA2B1 in ESCC tissues with lymphatic metastasis

(N = 17) or without lymphatic metastasis (N = 17) were calculated (right panel). (G) The correlation of HNRNPA2B1 expression with the markers of proliferation and

metastasis via online bioinformatics tool (http://gepia.cancer-pku.cn/) is analyzed. *P < 0.05, **P < 0.01, and ***P < 0.001.

HNRNPA2B1 Promotes ESCC Cell
Migration and Invasion
Subsequently, we investigated the role of HNRNPA2B1 in
mobility capacity of ESCC cells. The wound healing results
showed that knockdown of HNRNPA2B1 suppressed the
migration ability of ESCC cells (Figures 7A,B). In addition, the
Transwell chamber assays also demonstrated that knockdown of

HNRNPA2B1 significantly reduced the migration and invasion
of ESCC cells (Figures 7C,D).

HNRNPA2B1 Accelerates Fatty Acid
Synthesis in ESCC
To identify the molecular mechanism involved in HNRNPA2B1
promoting ESCC progression, we first analyzed the genes
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FIGURE 6 | HNRNPA2B1 promotes ESCC cell proliferation. (A) The HNRNPA2B1 knockdown efficiency was verified at the mRNA levels in ECA109 and TE10 cells by

qRT-PCR assay. (B) The HNRNPA2B1 knockdown efficiency was verified at the protein levels in ECA109 and TE10 cells by Western blot assay. (C) CCK8 assays

showed the growth of ECA109 and TE10 cells upon HNRNPA2B1 knockdown. (D) Knockdown of HNRNPA2B1 impaired the colony formation ability of ECA109 and

TE10 cells (upper panel). Quantification of the colony formation assay results (bottom panel). (E) EdU assays showed the growth of ECA109 and TE10 cells upon

HNRNPA2B1 knockdown (left panel). Quantification of the EdU-positive cell results (right panel). Scale bars, 100µm. *P < 0.05, **P < 0.01, and ***P < 0.001.

correlated with HNRNPA2B1 expression in ESCA patients using
TCGA data (Supplementary Table 2). Then we analyzed the
pathway of these related genes via the Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment, which showed the
pathways included Peroxisome Proliferator-Activated Receptors
(PPAR) signaling pathway and fat digestion and absorption
(Figure 8A). As shown in Figure 4F, it was suggested that the
HNRNPA2B1 level was significantly higher in extreme obese
subgroup than other subgroups. Therefore, we investigated
whether HNRNPA2B1 could regulate fatty acid metabolism
to promote ESCC malignant process. Next, we detected the
major enzymes involved in de novo fatty acid synthesis, fatty
acid β-oxidation and fatty acid uptake, revealing that de
novo fatty acid synthetic enzymes ACLY, and ACC1 were

markedly decreased when knockdown of HNRNPA2B1 in
both two ESCC cells (Figure 8B). Moreover, we also found
that the expression of HNRNPA2B1 was positively correlated
with the expressions of ACLY and ACC1 in ESCA TCGA
data via online bioinformatics tool (http://gepia.cancer-pku.cn/,
Figure 8C). Meanwhile, knockdown of HNRNPA2B1 suppressed
cellular lipid accumulation by staining Nile red in ESCC cells
(Figure 8D). Further, we added OA (oleate) into ESCC cells
(Supplementary Figure 4A), and the results showed that OA
promoted ESCC cell proliferation, migration, and invasion,
whereas knockdown of HNRNPA2B1 inhibited OA-induced the
malignant process (Figures 8E,F). Collectively, the results reveal
that HNRNPA2B1 functions as an oncogenic factor promoting
ESCC progression via acceleration of fatty acid synthesis.
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FIGURE 7 | HNRNPA2B1 promotes ESCC cell migration and invasion. (A,B) Knockdown of HNRNPA2B1 impaired the migration ability of ECA109 cells (A) and TE10

cells (B) via wound healing assay (left panel). Quantification of the wound healing assay results (right panel). (C,D) Knockdown of HNRNPA2B1 impaired the migration

ability of ECA109 cells (C) and TE10 cells (D) via Transwell assay (upper panel). Quantification of the Transwell assay results (bottom panel). *P < 0.05, **P < 0.01,

and ***P < 0.001.

DISCUSSION

ESCA, as a common digestive tract tumor, is a serious threat
to human health and contributes to poor prognosis (2, 26).
The significant regional difference is the main epidemiological
characteristic of ESCA (27). There are two main subtypes in
ESCA, called ESCC and EAC, respectively (27, 28). ESCC is
mainly in the East Asian population, whereas EAC mainly
occurs in Western countries (29). About half of the newly
diagnosed ESCA cases in the world occur in China every year
(30, 31). ESCA is considered to be a multifactor, multigene, and
multistage complicated disease (27). Its occurrence is closely
related to chronic nitrosamine stimulation, inflammation and
trauma, genetic and epigenetic modification, and other factors
(29, 32). Operation, radiotherapy, and chemotherapy are still
the main treatment methods for ESCA, but inoperableness
and radiochemotherapy resistance limit the clinical effect
(29). Therefore, identification of new molecular markers and
therapeutic targets is still an urgent need.

The m6A modification has become a hot research topic in
RNA modification–mediated epigenetic regulation, which was
associated with the expression of gene and disease development,
including cancer (33, 34). The m6A modification is dynamically
regulated via the methyltransferases and demethylases (12, 35).
Meanwhile, the m6A “readers” could recognize m6A-modified
sites and regulate RNA function. Recent studies have shown
that m6A modification and its regulators play an important
role in various cancers (33). Previous study has systematically
characterized the molecular alterations and clinical relevance of
20 m6A RNA regulators across 33 cancer types, and they found
that m6A regulators were found to be potentially useful for
prognostic stratification and identified IGF2BP3 as a potential
oncogene across multiple cancer types (36). However, the m6A
level and its regulators in ESCA have not been systematically
reported yet. In the present study, we demonstrated that the
expression levels of five writers (METTL16, WTAP, METTL3,
KIAA1429, and RBM15) and nine readers (YTHDF1/2/3,
YTHDC1, IGF2BP1/2/3, HNRNPC, and HNRNPA2B1) were
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FIGURE 8 | HNRNPA2B1 promotes ESCC progression by regulation of fatty acid metabolism. (A) The genes correlated with HNRNPA2B1 expression in ESCA

patients were analyzed using TCGA dataset and then the pathway of these genes via KEGG enrichment. (B) The mRNA levels of major enzymes in de novo fatty acid

synthesis (FASN, ACLY, SCD1, and ACC1), fatty acid β-oxidation (MCAD and CPT1A), and fatty acid uptake (CD36 and FABP5) were detected in ECA109 and TE10

cells upon HNRNPA2B1 knockdown. (C) The correlations of HNRNPA2B1 expression with ACLY and ACC1 via online bioinformatics tool (http://gepia.cancer-pku.

cn/) are analyzed. (D) Cellular neutral lipids were measured in ECA109 cells and TE10 cells upon HNRNPA2B1 knockdown by Nile red staining, Scale bars, 100µm.

(E,F) OA promoted ESCC cell proliferation, migration, and invasion, whereas knockdown of HNRNPA2B1 inhibited OA-induced ESCC cell proliferation, migration, and

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

significantly increased in ESCA tissues, whereas no significant
difference was found for the two erasers (FTO andALKBH5), and
most of RNA m6A regulators in our study were overlapped with
the previous study (36). Meanwhile, we analyzed the PPI among
19 m6A regulators, which could be systematically and directly

helpful to analyze the interaction between these regulators.
Herein, we found there are direct or indirect interactions among
the 19 m6A regulators, and the writers METTL3, METTL14,
WTAP, and KIAA1429 and the erasers FTO and ALKBH5
may localized in the center of regulatory network. It was also
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demonstrated that the relationship between most of the m6A
RNA methylation regulators is positively correlated, and the
KIAA1429 and YTHDF3 genes are most relevant. Subsequently,
we confirmed that the RNA m6A levels were significantly
higher in 18 cancerous tissues than corresponding normal
tissues in ESCC patients via a dot blot assay. These results
suggest that RNA m6A modification may be involved in the
ESCA development.

We then analyzed the relationship between RNA m6A
regulators and OS in ESCA via the consistent clustering analysis,
and the results showed that cluster 1 had a shorter OS than
cluster 2. In addition, the univariate Cox regression analysis
and LASSO Cox regression data indicated that a two-gene
prognostic signature including ALKBH5 and HNRNPA2B1
could predict OS of ESCA patients. Moreover, high expression
of HNRNPA2B1 and low expression of ALKBH5 were indicated
as the risk factor for the survival of ESCA, and the combination
of these two factors showed more predictive potential than
the alone, although the ROC curve did not show robust
prediction within 4 and 5 years, which because of that
there are too few patients in the fourth and fifth years,
which may lead to the instability of the ROC curve. It is
reported that HNRNPA2B1 could selectively bind to m6A-
containing transcripts via the “m6A-switch,” a mechanism in
which m6A weakens Watson–Crick base pairing to destabilize
the RNA hairpin structure and thereby exposes the single
stranded hnRNP binding motif (37). HNRNPA2B1 has been
reported to be a RNA-binding protein involved in different
cancer progression (38–40). HNRNPA2B1 could interact with
LINC01234 to promote lung cancer progression (38). It also
reported that HNRNPA2B1 promoted malignant capability and
inhibited apoptosis via down-regulation of Lin28B expression
in ovarian cancer (39). In this study, we also found that
HNRNPA2B1 was significantly increased in cancerous tissues
of ESCC using TCGA data, which was confirmed in our
own samples. Furthermore, we found that HNRNPA2B1
expression positively correlated with tumor diameter and
lymphatic metastasis of ESCC. Intriguingly, it was shown
that knockdown of HNRNPA2B1 inhibited the proliferation,
migration, and invasion of ESCC cell lines, which suggest
that HNRNPA2B1 may be critical in the development and
progression of ESCA.

Further, we analyzed the KEGG enrichment of genes, which
were correlated with HNRNPA2B1 expression in ESCA patients
using TCGA data. The data indicated that HNRNPA2B1 may be
involved in fatty acid metabolism of ESCA. We also found that
the HNRNPA2B1 level was significantly higher in extreme obese
subgroup than other subgroups. The abnormal lipid metabolism
of tumor cells is mainly manifested in the activation of de
novo synthesis and oxidative metabolism of fatty acids, which
provide the necessary raw materials for tumor cell proliferation
(41, 42). The key enzymes related to lipid metabolism play a
key role in the abnormal lipid metabolism of tumor cells (43,
44). Subsequently, we detected the expression of major enzymes

involved in de novo fatty acid synthesis, fatty acid β-oxidation,
and fatty acid uptake, revealing that de novo fatty acid synthetic
enzymes ACLY and ACC1 were markedly positively regulated
by HNRNPA2B1. However, the expression of FASN, fatty acid
uptake, and fatty acid oxidation genes is inconsistent in the
two ESCC cell lines with HNRNPA2B1 deficiency, which may
be due to the heterogeneity of the two different ESCC cells. In
addition, knockdown of HNRNPA2B1 suppressed cellular lipid
accumulation. Collectively, the results reveal that HNRNPA2B1
could accelerate fatty acid synthesis via up-regulation of de novo
fatty acid synthetic enzymes ACLY and ACC1.

In summary, our findings reveal that the levels of m6A and its
regulator HNRNPA2B1 were significantly increased in cancerous
tissues of ESCA, and overexpression of HNRNPA2B1 promotes
ESCA progression via up-regulation of de novo fatty acid
synthetic enzymes ACLY and ACC1. Therefore, HNRNPA2B1
may be a promising prognostic biomarker and therapeutic target
for human ESCA.
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Background: Methylation of N6 adenosine (m6A) plays important regulatory roles in
diverse biological processes. The purpose of this research was to explore the potential
mechanism of m6A modification level on the clinical outcome of stage III colorectal
cancer (CRC).

Methods: Gene set variation analysis (GSVA) and gene set enrichment analysis (GSEA)
were adopted to reveal the signal pathway which was most likely affected by m6A
methylation. The linear models for microarray data (LIMMA) method and the least
absolute shrink-age and selection operator (LASSO) Cox regression model were used to
identify the signature. The signature can sensitively separate the patients into high and
low risk indicating the relapse-free survival (RFS) time based on time-dependent receiver
operating characteristic (ROC) analysis. Then, the multi-gene signature was validated in
GSE14333 and the Cancer Genome Atlas (TCGA) cohort. The number of the samples
in GSE14333 and TCGA cohort are 63 and 150. Finally, two nomograms were set up
and validated to predict prognosis of patients with stage III CRC.

Results: The hematopoietic cell lineage (HCL) signaling pathway was disclosed through
GSEA and GSVA. Seven HCL-related genes were determined in the LASSO model
to construct signature, with AUC 0.663, 0.708, and 0.703 at 1-, 3-, and 5-year RFS,
respectively. Independent datasets analysis and stratification analysis indicated that the
HCL-related signature was reliable in distinguishing high- and low-risk stage III CRC
patients. Two nomograms incorporating the signature and pathological N stage were
set up, which yielded good discrimination and calibration in the predictions of prognosis
for stage III CRC patients.

Conclusions: A novel HCL-related signature was developed as a predictive model
for survival rate of stage III CRC patients. Nomograms based on the signature were
advantageous to facilitate personalized counseling and treatment in stage III CRC.

Keywords: colorectal cancer, stage III, m6A, signature, prognosis
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BACKGROUND

In 2019, the nation’s 14.8 million new colorectal cancer (CRC)
cases made it the most common cancer of digestive tract, with
146 deaths per day ranking third among all malignant tumors in
the United States (1). Closely related to economic developments,
CRC has emerged as a critical public health problem in China
as the living standard of its people improves, and the incidence
of CRC was about 37.6/100,000 in 2016, ranking third likewise
(2). More than 50% of patients with CRC are diagnosed at or
beyond stage III. Therefore, distant metastasis occurred and their
5-year survival rate drops to 10%. Adjuvant chemotherapy (ACT)
combined with surgery is the prominent treatment to enhance
survival for stage III CRC patients (3). Many variables contribute
to the prognosis of stage III CRC patients. For instance, the
number of negative lymph nodes is a significant prognostic factor
for patients with stage III CRC (4). Perineural invasion (PNI) is
also a prognostic factor. Stage III CRC patients with PNI are more
likely to have metastasis and recrudesce (5).

According to current NCCN guidelines, FOLFOX
(fluorouracil, leucovorin, and oxaliplatin) or CAPOX
(capecitabine and oxaliplatin) has become the first-line ACT for
stage III CRC patients. It has been proved that stage III CRC
patients with proper ACT have a survival advantage compared to
those without ACT (6). Based on the results carried out by the
International Duration Evaluation of Adjuvant Therapy (IDEA)
collaboration, for low-risk (T1-3, N1) stage III CRC patients, the
optimal ACT options are 3 months of CAPOX or 3 to 6 months
of FOLFOX. 6 months of FOLFOX or 3 to 6 months of CAPOX
is suitable for the high risk (T4, N1-2 or T any, N2) stage III
patients (7). However, there is a lack of effective molecular
markers for the prognosis of stage III CRC.

N6-methyladenosine (m6A) is one form of RNA
modifications. M6A RNA methylation, which are widely found
in the various types of RNA, is recognized as the most prominent
and abundant form of internal modifications in eukaryotic
cells. M6A modification is regulated by methyltransferases,
demethylases and binding proteins, which can be also called
“writers,” “erasers” and “readers.” It has been reported that the
m6A regulators play a crucial role in a variety of biological
functions in post-transcriptional regulation of gene expression
(8). Increasing evidence demonstrated that dysregulated
expression and genetic changes of m6A regulators were
correlated with the disorders of multiple biological process
including abnormal cell death and proliferation, developmental
defects, tumor malignant progression, and immunomodulatory
abnormality. Previously, researchers unraveled the correlation

Abbreviations: CRC, colorectal cancer; ACT, adjuvant chemotherapy; PNI,
perineural invasion; m6A, N6-methyladenosinel; SNPs, single-nucleotide
polymorphisms; HSCs, Hematopoietic stem cells; HCL, Hematopoietic cell
lineage; PCA, principal component analysis; GEO, Gene Expression Omnibus;
TCGA, the Cancer Genome Atlas; DCA, decision curve analysis; GSVA, Gene
Set Variation Analysis; GSEA, Gene Set Enrichment Analysis; KEGG, Kyoto
encyclopedia of genes and genomes; AUC, the area under the curve; ROC, receiver
operating characteristic; LIMMA, linear models for microarray data; DEGs,
differentially expressed genes; LASSO, least absolute shrink-age and selection
operator; RFS, relapse-free survival; OS, overall survival; K-M, Kaplan–Meier;
DEHG, discrepantly expressed HCL-related genes.

between the genetic alterations of m6A regulatory genes and
TP53 pathway in the processing of acute myeloid leukemia
(9). Recently, research into the gastric carcinoma proved that
m6A modification in cancer tissue had a close relationship
with tumor microenvironment (10). Certain single-nucleotide
polymorphisms (SNPs) in m6A modification genes were
also proved to have correlation with the formation of CRC
(11). To conclude, m6A modifications not only correlated
with the hematologic tumor, but it might also provide novel
insight into the classification and precise treatment toward
gastrointestinal carcinoma.

Hematopoietic stem cells (HSCs) are self-renewing and
have the potential to become different progenitor cells.
The differentiation mainly follows two pathways, which are
lymphoid and myeloid pathways. In the lymphoid pathway,
the common lymphoid progenitor cells differentiate into
immune cells and in myeloid pathway, the progenitor cells
differentiate into granulocytes, monocytes, erythrocytes and
platelets. Hematopoietic cell lineage (HCL) pathway has both
intercellular and extracellular factors via transcription as
well as post transcription level. DNA methylation, histone
modifications, small non-coding RNAs are involved in post
transactional regulation (12). However, the correlation between
HCL pathway and CRC still needs further investigation.

In this research, CRC patients’ gene expression microarray
data and clinicopathological information were adopted from
the Gene Expression Omnibus (GEO) for identifying different
m6A modification patterns mediated by m6A regulators (13).
Using principal component analysis (PCA), Gene Set Variation
Analysis (GSVA) and Gene Set Enrichment Analysis (GSEA), a
seven-HCL related regulators was identified from the GSE39582
and GSE14333, downloaded from GEO. The GSVA is a
non-parametric unsupervised method for assessing gene set
enrichment (GSE) in gene expression microarray and RNA-
seq data. In contrast to most GSE methods, GSVA performs
a change in coordinate systems, transforming the data from
a gene by sample matrix to a gene set by sample matrix.
Thereby allowing for the evaluation of pathway enrichment for
each sample. This transformation is done without the use of
a phenotype, thus facilitating very powerful and open-ended
analyses in a now pathway centric manner (14). Then, we
constructed a predictive gene signature and verified the results
in GSE14333 and the Cancer Genome Atlas (TCGA) cohorts.
Eventually, nomograms based on the prognostic signature and
clinicopathological characteristics was constructed to assess
prognosis in stage III CRC patients.

MATERIALS AND METHODS

Data Selection
A total of 21 m6A regulators were extracted from two
independent GSE datasets, GSE39582 and GSE14333,
downloaded from the GEO database1, for identifying different
m6A modification patterns mediated by 21 m6A regulators. These

1http://www.ncbi.nlm.nih.gov/geo/
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21 m6A regulators included 8 writers (METTL3, METTL14,
RBM15, RBM15B, WTAP, KIAA1429, CBLL1, ZC3H13), 2 erasers
(ALKBH5, FTO) and 11 readers (YTHDC1, YTHDC2, YTHDF1,
YTHDF2, YTHDF3, IGF2BP1, HNRNPA2B1, HNRNPC, FMR1,
LRPPRC, ELAVL1) (Supplementary Table 1) (10). The 87
genes in Supplementary Table 2 were derived from “KEGG_
HEMATOPOIETIC_CELL_LINEAGE” gene list within 186
Kyoto encyclopedia of genes and genomes (KEGG) gene
sets of canonical pathways, download from the MSigDB of
GSEA database2. Expression data and clinical information
were downloaded from GEO database and robust multichip
average method was applied in normalizing the raw microarray
data (13). UCSC Xena3 were the source of the TCGA clinical
information and genome data. GSE39582 is the largest, most
comprehensive and most complete data series in the GEO
dataset. It contains 23495 genes’ expression information of 585
patients. The GSE14333 data series contains genes expression
information of 290 patients sequenced by same measuring
method as GSE39582. In this research, we only extracted the
stage III CRC patients’ data, which are 205 and 91, respectively.
The detailed and demographical information is listed in the
Supplementary Table 3.

PCA, GSVA, and GSEA
To quantify the m6A modification patterns of individual tumor,
the m6Ascore, a set of scoring system was constructed to evaluate
the m6A modification pattern of individual patients with CRC.
This research performed PCA on the expression levels of 21 m6A
regulators, which were identified as principal components, in
GSE39582 and GSE14333 to reduce the number of dimensions
and construct m6Ascore. This method had advantage of focusing
the score on the set with the largest block of well-correlated
(or anticorrelated) genes in the set, while down-weighting
contributions from genes that do not track with other set
members. The median of sums of 21 principal components
in 296 samples was calculated as the cut-off points to divide
patients into two m6A clusters. Using the KEGG gene sets as the
reference gene set and setting the p value < 0.05, we conducted
GSVA to measure the signaling pathway variation score for each
sample in stage III CRC by using “GSVA” R package (14). In
this research, enrichment score was calculated as the magnitude
difference between the largest positive and negative random
walk deviations. GSEA was also performed to analyze difference
between CRC patients’ m6A subgroups via “javaGSEA” to obtain
GSEA result with the same data sets (15). Then, linear models
for microarray data (LIMMA) method was used to sort out
the pathway with the most positive correlation. The detailed
workflow is shown in Figure 1.

Construction of the Predictive Gene
Signature
Patients suffering from early recurrence within 1 year after
primary resection was classified as early relapsing group. Based
on the “glmnet” package in R, we searched optimum predictive

2http://software.broadinstitute.org/gsea/index.jsp
3https://tcga.xenahubs.net

genes for GSE39582 CRC samples by applying pathway brought
from the results of GSVA and GSEA (16), and using least absolute
shrink-age and selection operator (LASSO) Cox regression
analysis. In LASSO regression, recurrence-free survival, which
was also used to determine the ACT response, was identified
as patients’ outcomes. Besides, LIMMA method was introduced
to conduct an analysis of differentially expressed genes (DEGs)
between early recurrence and long-term survival patients (no
relapse after at least 5 years after the surgery) (17), with p < 0.05
and fold change ≥1.1. The number of patients in the early
relapsing group in the GSE39582 was 26 while the number of
patients in the long-term survival group was 56. Considering
the results of LASSO and LIMMA analysis simultaneously, genes
with best fold change or λ was defined as a valuable biomarker.
The samples used in signature building and validation must
have adopted ACT, with clear RFS time and the gene expression
information we needed. Thus, the sample size of the constructing
is 146. The detailed demographical information is listed in
Supplementary Table 3.

Statistics for Classification, Prediction
and Validation in the GEO and TCGA
Series
We built a risk score using the formula of CD36, ITGA3, FLT3,
CR2, IL7, CD2, and CD55 expression by the method of LASSO
Cox regression. Then, Patients were divided into high-risk and
low-risk groups according to this specific risk score formula.
Time-dependent receiver operating characteristic (ROC) analysis
was implemented to calculate the area under the curve (AUC) for
1-, 3-, and 5-year overall survival (OS) and relapse-free survival
(RFS) in order to confirm the accuracy of predicted response
by signature using the “survivalROC” R package (18). Using
the Kaplan-Meier (K-M) survival curve analyses and log-rank
test, this research evaluated the prognostic significance of this
signature. Then, we plotted the distribution of patients’ risk score,
survival and recurrence status to show the relationship between
the risk score and patients’ response. A heatmap was constructed
with cluster analysis in view of the gene expression difference,
according to the risk score in the help of the “ComplexHeatmap”
R package. To further investigate the classification reliability
of the identified genes signature, this research verified it in
GSE14333 and TCGA in the same protocol. The samples used in
signature building and validation must have adopted ACT, with
clear RFS time and the gene expression information we needed.
Thus, the sample sizes were 63 and 150 for signature building and
validation, respectively. The detailed demographical information
is listed in Supplementary Table 3.

Functional Enrichment Analysis
Functional enrichment analysis of KEGG pathway was
performed to determine significantly enriched KEGG pathways
of genes correlated with the signature using the ClueGO
plugin (version 2.5.6) in Cytoscape limited in biological
processes (19) and R software. The results of functional
map and clusters of KEGG enrichment were obtained and
visualized using a two-sided hypergeometric test with Bonferroni
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FIGURE 1 | The workflow of identification of CRC ACT-related seven-HCL signature.

step down correction and kappa score threshold of 0.4, and
limited in the level intervals 3–8 with p ≤ 0.05. Biological
pathways with p < 0.05 was considered as significant using
functional annotation chart options with the whole human
genome as background.

Correlation Between the Prognostic
Signature and Other Clinicopathological
Characteristics and Clinical Usefulness
The K-M survival analysis was performed on designated subtypes
of different clinicopathological features, including gender, age,
tumor site, pathological T stage, pathological N stage, MMR

status, TP53 mutation status, KRAS mutation status and BRAF
mutation status, to further testing the applicability of gene
signatures. Univariable and multivariable cox regression analyses
were adopted to calculate and validate the influence of variables,
with p ≤ 0.05. This research found that pathological N stage
was independent prognostic factors that could be used in
combination with signature to predict RFS and OS after ACT.
Based on the multivariable cox regression analysis results,
two nomograms integrating clinicopathological parameters with
signature were formulated by applying the “rms” R package. The
overall points for each patient in the training and validation
cohorts were calculated using founded nomograms. Decision
curve analysis (DCA) incorporates a risk prediction model into
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clinical approach to evaluate a predictive model and visualizes the
latent profit of therapy (20).

Statistical Analysis
All statistical analyses were performed with use of R (version
3.5.1, www.r-project.org). All statistical tests were two-sided, and
p values < 0.05 were considered statistically significant.

RESULTS

Concentration on the HCL Signaling
Pathway
The R package of FactoMineR was used to calculate m6A score
based on the expression of 21 m6A regulators and to classify
patients with qualitatively different m6A modification patterns
(Supplementary Figure 1). The demographical information and
Three databases used in this research and the sample size
are listed in the Supplementary Table 3. The m6A score of
patients in the GSE39582 and GSE14333 was calculated and
displayed in Supplementary Table 4. This study carried out
GSVA of KEGG gene sets in 2 independent GEO data sets:
GSE39582 and GSE14333. The results displayed in heatmap
(Figures 2A,B) and Supplementary Table 5, concentrated on the
active HCL signaling pathway and significantly focused on the
m6A modification subtype groups. Meanwhile, we performed a
GSEA of the KEGG gene sets and found that HCL was noticeably
enriched in 2 data sets (Figures 2C,D). After fully considering
the results of GSVA and GSEA, we selected the KEGG pathway
with logFC >0.15, Enrichment Score >0.65 in GSE39582 and
logFC >0.1, Enrichment Score >0.45 in GSE14333, respectively.
Comprehensively, the results of the GSVA and GSEA showed
that genes in HCL signaling pathway might be related to m6A
modification levels in stage III CRC patients.

Development of Efficacy Evaluation
Signature From GSE39582 Set
LASSO cox regression analyses were used to screen 87 response-
related HCL genes in stage III CRC patients with ACT. The
analysis of discrepantly expressed HCL-related genes (DEHG)
between early relapse and long-term survival groups was
performed using LIMMA method. 42 HCL-related genes were
found associated with stage III CRC patients’ survival in
LASSO analyses (Supplementary Figure 2). Besides, 4 genes
(Supplementary Table 6) expressed differentially using LIMMA
method and the heatmap of those genes was displayed in
Supplementary Figure 3. Screening LASSO results by DEHG, it
was found that 7 HCL-related genes were differentially expressed
in patients with different ACT responses. The risk score formula
of the gene marker predicting the ACT response was calculated
by weighting the relative expression of each prognostic gene and
its associated expression value through the LASSO cox regression
coefficient of gene. Patients were divided into high-risk and low-
risk groups according to this specific risk score formula. The
formula was as follows: 0.64973 ∗ CD36 expression + 0.50566
∗ ITGA3 expression – 1.06119 ∗ FLT3 expression + 0.43809
∗ CR2 expression – 0.24174 ∗ IL7 expression − 0.43412 ∗

CD2 expression – 0.03472 ∗ CD55 expression. According to the
signature, stage III CRC patients were divided into low-risk and
high-risk group using the value with acceptable sensitivity and
specificity as the cutoff point. Based on the Youden’s index in
the ROC curve, a simple cutoff point of this signature could be
figured out, which is −1.193094. If the signature score exceeds
the cutoff point, patents will be classified as the high risk
and vice versa. The heatmap of the signature was displayed
in Figure 3A. The distribution of relapse after ACT related to
risk scores was shown in Figure 3B, suggesting that patients
with lower risk scores tend to have better ACT response than
others. Time-dependent ROC analysis at 1-, 3-, and 5-year RFS
after resection were conducted to distinguish how accurate the
signature was at predicting prognosis conditions. The AUC was
0.663, 0.708, and 0.708 at the survival time of 1, 3, and 5 years
in GSE39582, respectively (Figure 3C). The results reflected
our signature could predict the ACT effects among patients
with stage III CRC.

Validation of the Signature in GEO and
TCGA Datasets
We validated the HCL-related signature based on the cases from
GSE14333 and TCGA. In order to explore the effect of signature
on relapse and survival outcomes, this research subsequently
validated the results in GSE39582 OS cohorts. Risk scores were
calculated according to the HCL-related signature.

In GSE39582 OS cohorts, the clustered different expression
patterns of the seven genes between low-, high-risk and survival,
death group were analyzed and shown in Figures 4A,D.
Compared to the patients in high risk group, the death rates
after ACT for patients in the low-risk group were remarkably
lower (Figure 4B). Distribution of the survival time and status
among the 146 stage III CRC patients with ACT in GSE39582
was displayed in Figure 4C. Time-dependent ROC analyses at 1,
3, and 5 years were conducted to assess the predictive accuracy
of the seven-HCL-based classifier and AUC of ROC proved that
the classifier had excellent predictive preciseness (Figure 4E). In
GSE14333 and TCGA cohorts, patients were also divided into
low-risk and high-risk group in the same way as GSE39582.
The K-M survival analysis (Figures 4G,L) and distribution of
patients’ survival time and status (Figures 4I,N) showed that
this classifier’s performance in predicting the RFS after ACT was
consistent in external validation cohorts. The heatmap showed
that the expression patterns of seven-HCL-related genes were
the same regardless of whether they were grouped by risk or
recurrence (Figures 4F,K,H,M). Besides, the AUC of the time-
dependent ROC analysis proved that the classifier had good
predictive specificity and sensitivity in 1-, 3-, and 5-year survival
for GSE14333 and TCGA (Figures 4J,O).

Distinguishing Ability of Signature on
Chemotherapy Response and Potential
Biological Function
As shown in Figure 5A, there was a significant difference in OS
between patients with stage III CRC receiving chemotherapy and
those without chemotherapy. After that, this study used signature
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FIGURE 2 | Heatmap of GSVA results in GSE39582 (A) and GSE14333 (B). Results of GSEA on KEGG_HEMATOPOIETIC_CELL_LINEAGE pathway in GSE39582
(C) and GSE14333 (D).
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FIGURE 3 | Determination and analysis of the seven-HCL-related signature in GSE39582 cohort. The expression pattern of the seven-HCL-related signature (A).
The distribution of patients’ risk score and relapse status (B). Time dependent ROC curves at 1, 3, and 5 years (C).

to stratify the risk of stage III CRC patients and performed
K-M survival analysis and log-rank test for chemotherapy factors
in high-risk and low-risk groups, respectively (Figures 5B,C).
ACT for low-risk group could help improve the stage III CRC
patients’ OS, while ACT for high-risk groups might not have no
significance for the survival. This result supported that stage III
CRC patients with low-ACT-sensitivity were classified into high-
risk groups and those with high-ACT-sensitivity were classified
into low-risk groups. According to functional enrichment
analysis of KEGG pathway (Supplementary Figures 4B–D),
seven HCL-related biomarkers might play a role through PI3K-
Akt signaling pathway and ECM-receptor interaction pathway.
The protein-protein interaction network illustrated that these
biomarkers also had strong and complex connections with each
other (Supplementary Figure 4A).

Stratification Analysis
To determine whether the prognostic model can apply to other
clinical factors, stratification analysis was performed according
to age, sex, tumor site, pathological T stage, pathological N stage,
MMR status, TP53 mutation status, KRAS mutation status, and
BRAF mutation status. As the result of K-M analysis, seven-HCL-
related-gene signature was quite meaningful in most clinically
subgroups, although it did not reach the statistical difference
in some factors due to the limitation of the number of cases
(Figure 6 and Supplementary Figure 6).

Setting Up a Clinical Prediction Model
Taking the univariable and multivariable cox regression
model in GSE39582 cohort (Supplementary Tables 7, 8),
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FIGURE 4 | The expression pattern of the seven-HCL-related signature based on risk groups in the GSE39582 OS cohort (A), GSE14333 RFS cohorts (F), and
TCGA RFS cohorts (K). The K-M survival curves in the GSE39582 OS cohort (B), GSE14333 RFS cohorts (G), and TCGA RFS cohorts (L). The expression pattern
of the seven-HCL-related signature based on survival or relapse status in the GSE39582 OS cohort (C), GSE14333 RFS cohorts (H), and TCGA RFS cohorts (M).
The distribution of patients’ risk score and relapse status in GSE14333 (I), and TCGA (N). The distribution of patients’ risk score and survival status in GSE39582
(D). AUC values of ROC for predicting response of ACT in stage III CRC patients in the GSE39582 OS cohort (E), GSE14333 RFS cohorts (J), and TCGA RFS
cohorts (O).
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FIGURE 5 | The K-M survival analysis between chemotherapy and non-chemotherapy group on stage III (A), low-risk (B), and high-risk (C) CRC patients in
GSE39582.

this study constructed two nomograms to satisfy the needs of
clinicians to quantify the prognosis of stage III CRC patients
(Figure 7A referred to RFS and Figure 7F referred to OS). To
ensure its efficacy in predicting RFS and OS, time-dependent
ROC was applied, which suggested that the nomogram had
good prognostic accuracy (Figures 7B,G). The sensitivity of
nomogram in predicating the relapse status in the GSE39582
is 0.5787923. Calibration curves of the nomogram revealed no
deviations from the reference line (Figures 7C,H as 1-year,
Figures 7D,I as 3-year, Figures 7E,J as 5-year). To verify this
conclusion, the same protocol was duplicated in the TCGA RFS
cohort, shown in Supplementary Figure 6 and Supplementary
Table 9. The sensitivity of nomogram in predicting the relapse
status in TCGA cohort is 0.6179945. The DCA curves for
the developed nomogram and signature in GSE39582 and
TCGA cohorts were shown in Figure 8. Both DCA showed
high net benefits, so it had excellent clinical outcome values,
DCA of nomograms described that integration of clinical
and gene expression pattern was more reliable than gene
signature. Detailed standardized net benefits were listed in
Supplementary Table 10.

DISCUSSION

Radical surgery combined with ACT is the prominent treatment
to enhance the survival of patients with stage III CRC. However,
for stage III CRC patients, there is a lack of molecular markers for
predicting chemotherapy response and clinical prognosis. In this
research, we put forward the idea that m6A modifications might
be determinant in the ACT response of patients with stage III
CRC (21). Then, a novel prognostic predictive signature in view
of 7 HCL-related genes was formulated based on GSE39582 and
GSE14333 cohorts. The divergence of ACT effects between low-
risk and high-risk patient with stage III CRC was fully displayed
in several methods. The prognostic signature has also been
validated in GSE14333 and TCGA cohort. Furthermore, combing
the pathological N stage and the signature, two nomograms have
been set up to help clinician predict ACT response of stage
III CRC patients.

The genes in the signature are closely related to the cancer
and might be the potential treatment targets. Proteins in HCL

pathway, like CR2, have already become biomarkers in the
treatment and classification of hematologic tumor (22, 23).
CD2 was also reported to be highly associated with acute
promyelocytic leukemia (APL). The expression of CD2 was also
considered as a prognostic factor in the APL (24). According
to the pervious researches, the expression level of CD2 and
CR2 demonstrated the status of our immune system and other
immunological diseases. Our work indicated that CD2 and CR2
might account for the resistance and ineffectiveness of ACT. The
relationship between those two genes and ACT effects need to
be further confirmed in the molecular level. Recently, (25) also
demonstrated those proteins like IL7 may affect the formation
and metastasis of breast cancer. Based on the IL7 pathway,
signaling cytokine receptor was established to improve the effects
of the CAR-T therapy in preclinical tumor models (26). Our
work also revealed the potential of improving ACT sensitivity via
IL7 pathway. Talking about ITGA3, this gene priorly was priorly
found to predict the relapse of right-side colon cancer in stage
II (27). Statistics disclosed the relationship between the ITGA3
integrin and disease-free survival in patients with colorectal
tumors (28). Researchers also established a link between miR-124
and anoikis susceptibility and proved that a miR-124/ITGA3 axis
could be a potential target for the treatment of metastatic CRC
(29). As an important gene in AML, FLT3 mutation happened in
almost 30% AML cases and the mutation of FLT3 kept changing
in the processing of AML and also showed poor prognosis
in AML patient (30). Patients with metastatic CRC and FLT3
translocation might be sensitive to sorafenib treatment (31).
Combing the pervious study and our outcome, the value of the
FLT3 in predicting the relapse and survival of tumor patients
have been explored. Experiments for the molecular pathway of
the FLT3 and tumor progress should be set off. Researches into
the expression level of CD55 in CRC patients proved that patients
with tumors expressing high levels of CD55 had a significantly
worse survival than patients with low CD55 levels (32), which
means the expression of CD55 may serve as a marker for the CRC
patients. CD36 is a cell adhesion receptor and it was reported
that it could modulate the vascularization of tumor tissues.
CD36 expression might decrease stromal vascularization which
contributed to better prognosis of colon cancer (33). CD36 is
the upstream regulator of the PPAR signaling pathway, which
can inhibit the procession of CRC. Generally speaking, the genes,
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FIGURE 6 | The K–M survival curves of overall survival between high-risk and low-risk group of different clinicopathological features, including gender (A,B), age
(C,D), tumor site (E,F), MMR status (G), TP53 mutation status (H,I), KRAS mutation status (J,K), BRAF mutation status (L), pathological T stage (M), pathological N
stage (N,O).
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FIGURE 7 | Nomograms convey the results of prognostic models using the seven-HCL-related signature and pathology N stage to predict RFS of patients with CRC
in TCGA cohort. The AUC at 1-year prediction was 0.686 (A,B). The x-axis is nomogram-predicted probability of survival and y-axis is actual survival. The reference
line is 45◦ and indicates perfect calibration (C as 1-year, D as 3-year, and E as 5-year). Nomograms convey the results of prognostic models using the
seven-HCL-related signature and pathology N stage to predict OS of patients with CRC in TCGA cohort. The AUC at 1-year prediction was 0.729 (F,G). The x-axis is
nomogram-predicted probability of survival and y-axis is actual survival. The reference line is 45◦ and indicates perfect calibration (H as 1-year, I as 3-year, and J as
5-year).

FIGURE 8 | Decision curve analysis of the nomogram and signature for predicting ACT-response of stage III CRC patients in the GSE39582 RFS cohort (A),
GSE39582 OS cohorts (B), and TCGA RFS cohorts (C). The gray line and black line represent the assumption regarding all patients with and without risk
stratification, respectively. The red line represents the nomogram, and the blue line represents the signature.
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figured out in this research, have been proved by others to
be associated with the progress and prognosis of hematologic
tumors and other solid tumors. There are few articles in CRC
treatment and ACT sensitivity concerning genes like CR2, CD2,
and IL7. Apart from the scientific values, genes like IL7 can easily
been tested in the current examine methods. Using our signature
and biomarker doesn’t need to develop new testing method and
antibody. Low cost and high sensitivity are one of the advantages
of our research.

There are indeed some limitations in this study. On the one
hand, our study was based on the data from public datasets
without testing in vitro and in vivo. Further study is needed to
validate whether expression of HCL genes was associated with
m6A methylation. On the other hand, the sample capacity of
our research is relatively small. Besides, our external confirmation
cohorts are mainly from the same race. Thus, more patients’ data
are needed for our further research and confirmation.

CONCLUSION

In conclusion, we developed a seven-HCL-related mRNA
signature composed of various regulation mRNA that effectively
classify CRC patients into low-risk group (with high ACT
sensitivity) and high-risk groups (with low ACT sensitivity).
Application of the signature in clinical treatments should also be
further observed to verify the validity of our findings.
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Glioma is one of the most typical intracranial tumors, comprising about 80% of all brain

malignancies. Several key molecular signatures have emerged as prognostic biomarkers,

which indicate room for improvement in the current approach to glioma classification.

In order to construct a more veracious prediction model and identify the potential

prognosis-biomarker, we explore the differential expressed m6A RNA methylation

regulators in 665 gliomas from TCGA-GBM and TCGA-LGG. Consensus clustering

was applied to the m6A RNA methylation regulators, and two glioma subgroups were

identified with a poorer prognosis and a higher grade of WHO classification in cluster

1. The further chi-squared test indicated that the immune infiltration was significantly

enriched in cluster 1, indicating a close relation between m6A regulators and immune

infiltration. In order to explore the potential biomarkers, the weighted gene co-expression

network analysis (WGCNA), along with Least absolute shrinkage and selection operator

(LASSO), between high/low immune infiltration and m6A cluster 1/2 groups were utilized

for the hub genes, and four genes (TAGLN2, PDPN, TIMP1, EMP3) were identified

as prognostic biomarkers. Besides, a prognostic model was constructed based on

the four genes with a good prediction and applicability for the overall survival (OS) of

glioma patients (the area under the curve of ROC achieved 0.80 (0.76–0.83) and 0.72

(0.68–0.76) in TCGA andChinese GliomaGenome Atlas (CGGA), respectively). Moreover,

we also found PDPN and TIMP1 were highly expressed in high-grade glioma from The

Human Protein Atlas database and both of them were correlated with m6A and immune

cell marker in glioma tissue samples. In conclusion, we construct a novel prognostic

model which provides new insights into glioma prognosis. The PDPN and TIMP1 may

serve as potential biomarkers for prognosis of glioma.

Keywords: glioma, m6A, immune infiltration, WGCNA, prognostic model
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INTRODUCTION

Glioma is a common primary tumor in the central nervous
system (CNS), accounting for about 80% of brain malignancies
(1, 2). The lower-grade gliomas (LGGs) has a relatively
favorable prognosis, consisting of the diffuse low-grade and
intermediate-grade gliomas (World Health Organization
[WHO] grades II and III), whereas glioblastoma (GBM)
are generally high-grade gliomas (grade IV) (3, 4). Despite
recent medical advances, patients with high-grade GBM
are still associated with poor prognosis. Thus, identifying
the difference in various gliomas may assist oncologists in
finding the prognostic biomarkers and potential targets for
glioma patients.

N6-Methyladenosine (m6A) is the most popular internal
mRNA modification in diverse cell types and consists of
the m6A methyltransferases, reverted by the demethylases
and identified by m6A binding proteins (5–10). Generally,
m6A modification has various regulatory functions in
tumorigenesis, progression and immunity modulation
(11–15). Meanwhile, tumor immune microenvironment
also participates in tumor initiation and progression and
influences the clinical outcomes of patients (16–18). Immune
classification of cancers is crucial in therapeutic strategy
establishing and prognosis assessment of patients with tumors
(19, 20).

Several studies have revealed the correlation between
tumor microenvironment (TME) infiltrating immune cells and
m6A modification. In the gastric tumors, m6A modification
patterns could predict the stages of tumor inflammation,
TME stromal activity, genetic variation and patient prognosis.
Lower m6A score indicated an inflamed TME phenotype
and enhanced response to anti-PD-1/L1 immunotherapy (21).
The high expression of WTAP, a m6A methyltransferase,
was also associated with RNA methylation and its low
expression was related to a high T cell-related immune
response in gastric cancer (22). Additionally, m6A was reduced
in the high immunity subtype of lung adenocarcinoma,
indicating that m6A may mediate immune signatures and help
to provide potential strategies (23). However, the potential
roles of m6A modification in immune infiltration remain
obscure, especially in glioma. Therefore, identification of
immune infiltration characterizations mediated by multiple m6A
regulators might be helpful for the survival prognosis of patients
with glioma.

In this study, in order to investigate the novel prediction
model and potential biomarkers for glioma, WGCNA and
LASSO were applied to identify candidate genes that might
take part in both m6A and immune infiltration in glioma
based on TCGA database. Differentially expressed genes (DEGs)
were identified, along with their prognostic values, and further
validated by external datasets and tissue microarray. Besides,
the constructed prediction model revealed a high efficacy for
prognosis prediction. The potential predictive biomarkers were
also identified to assist oncologists in clinic treatment.

METHODS AND MATERIALS

Datasets Acquisition From TCGA Datasets
The Cancer Genome Altas (TCGA) GBMLGG datasets (n
= 665) were downloaded from the University of California
Santa Cruz (UCSC) Xena browser (https://xenabrowser.
net/datapages/). The gene expression data were presented
as FPKM values derived from TCGA level 3 data. Batch
effects were removed before analyzing (24). Clinical data
of TCGA datasets were downloaded from the UCSC Xena
browser, including clinical information (age, gender), tumor
information (subtypes) and survival information (overall
survival) for patients with gliomas (Table 1). The RNA-seq
transcriptome data and corresponding clinicopathological
information of 420 LGG patients and 237 GBM patients
were obtained from CGGA (www.cgga.org.cn) as a validation
set. The RNA-seq transcriptome data were transformed as
FPKM values. GSE16011 (25) expression data was downloaded
from GEO database. Robust multi-array average (RMA)
normalized files were used in this study. The probe was
converted into gene symbol by median gene expression. The
microarray data were estimated as log2(x+1) normalized
expression value.

Selection of m6A RNA Methylation
Regulators
We used 12 m6A RNA methylation regulators from published
literature. Then, the expression of these m6A RNA methylation
regulators in gliomas were systematically compared with
different clinical outcomes using Gliovis (http://gliovis.bioinfo.
cnio.es/) (26).

Unsupervised Analysis With
ConsensusClusterPlus
In order to investigate the function of m6A RNA methylation
regulators in glioma, we divided patients with glioma into
different groups with “ConsensusClusterPlus” (50 iterations,
resample rate of 80%). The principal component analysis was
then performed with the R package “PCA” for R v3.5.1 to
study the gene expression patterns in different glioma clusters.
In order to determine the optimal K, Average Silhouette
method and Gap Statistic method were applied, the results
showed that the two groups were the best grouping number
(Supplementary Figure 1). Wilcoxon signed rank test was used
to compare the tumor mutation burden of cluster 1 and
cluster 2.

Function Analysis of m6A Cluster
Subgroups and Immune Infiltration
Analysis Based on Single-Sample Gene Set
Enrichment Analysis (ssGSEA)
Gene Set Variation Analysis (GSVA) was performed with the
R package “gsva” to evaluate pathway enrichment for different
clusters. To investigate the immune infiltration landscape of
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TABLE 1 | Summary table of the TCGA clinical information.

Level Cluster1 Cluster2 p

N 190 475

Study (%) GBM 87 (46.8) 63 (13.4) <0.001

LGG 99 (53.2) 407 (86.6)

Grade (%) II 42 (23.9) 182 (41.8) <0.001

III 48 (27.3) 191 (43.9)

IV 87 (49.1) 63 (14.4)

Histology (%) Astrocytoma 42 (22.6) 149 (31.7) <0.001

GBM 87 (46.8) 63 (13.4)

Oligoastrocytoma 28 (15.1) 100 (21.3)

Oligodendroglioma 29 (15.6) 158 (33.6)

Recurrence (%) Primary 176 (92.6) 432 (90.9) NA

Subtype (%) Classic-like 33 (20.0) 34 (7.5) <0.001

Codel 26 (15.8) 143 (31.6)

G-CIMP-high 54 (32.7) 178 (39.4)

G-CIMP-low 8 (4.8) 7 (1.5)

LGm6-GBM 4 (2.4) 6 (1.3)

Mesenchymal-like 36 (21.8) 62 (13.7)

PA-like 4 (2.4) 22 (4.9)

survival [mean (SD)] 25.96 (31.55) 27.31 (28.24) 0.596

status [mean (SD)] 0.50 (0.50) 0.31 (0.46) <0.001

Transcriptome.Subtype (%) CL 36 (23.4) 48 (13.1) <0.001

ME 38 (24.7) 57 (15.5)

NE 13 (8.4) 96 (26.2)

PN 67 (43.5) 166 (45.2)

Pan_Glioma.RNA.Expression.Cluster

(%)

LGr1 36 (19.5) 102 (21.8) <0.001

LGr2 11 (5.9) 77 (16.5)

LGr3 59 (31.9) 174 (37.2)

LGr4 79 (42.7) 115 (24.6)

IDH_specific.RNA.Expression.Cluster (%) IDHmut-R1 15 (8.2) 89 (19.2) <0.001

IDHmut-R2 14 (7.7) 82 (17.7)

IDHmut-R3 59 (32.2) 157 (33.9)

IDHwt-R1 22 (12.0) 24 (5.2)

IDHwt-R2 34 (18.6) 44 (9.5)

IDHwt-R3 30 (16.4) 38 (8.2)

IDHwt-R4 9 (4.9) 29 (6.3)

Pan_Glioma.DNA.Methylation.Cluster (%) LGm1 19 (11.4) 30 (6.6) <0.001

LGm2 51 (30.5) 199 (43.4)

LGm3 19 (11.4) 102 (22.3)

LGm4 32 (19.2) 32 (7.0)

LGm5 37 (22.2) 67 (14.6)

LGm6 9 (5.4) 28 (6.1)

IDH_specific.DNA.Methylation.Cluster (%) IDHmut-K1 16 (9.7) 24 (5.3) <0.001

IDHmut-K2 46 (27.9) 162 (35.8)

IDHmut-K3 26 (15.8) 143 (31.6)

IDHwt-K1 33 (20.0) 34 (7.5)

IDHwt-K2 36 (21.8) 62 (13.7)

IDHwt-K3 8 (4.8) 28 (6.2)

Subtype.original (%) Classical 25 (13.5) 13 (2.8) <0.001

G-CIMP 6 (3.2) 2 (0.4)

(Continued)
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TABLE 1 | Continued

Level Cluster1 Cluster2 p

IDHmut-codel 25 (13.5) 140 (30.0)

IDHmut-non-codel 57 (30.8) 186 (39.8)

IDHwt 16 (8.6) 79 (16.9)

Mesenchymal 26 (14.1) 22 (4.7)

Neural 11 (5.9) 15 (3.2)

Proneural 19 (10.3) 10 (2.1)

Random.Forest.Sturm.Cluster (%) G34 0 (0.0) 1 (0.2) 0.175

IDH 81 (65.3) 318 (74.5)

K27 0 (0.0) 1 (0.2)

Mesenchymal 22 (17.7) 67 (15.7)

RTK I ‘PDGFRA’ 3 (2.4) 9 (2.1)

RTK II ‘Classic’ 18 (14.5) 31 (7.3)

IDH.status (%) Mutant 89 (48.4) 330 (71.0) <0.001

WT 95 (51.6) 135 (29.0)

Chr.1p_19q.codeletion (%) Codel 25 (13.7) 140 (29.9) <0.001

non-codel 158 (86.3) 328 (70.1)

IDH_codel.subtype (%) IDHmut-codel 25 (13.8) 140 (30.2) <0.001

IDHmut-non-codel 64 (35.4) 188 (40.6)

IDHwt 92 (50.8) 135 (29.2)

MGMT.promoter.status (%) Methylated 117 (70.1) 353 (77.1) 0.091

Unmethylated 50 (29.9) 105 (22.9)

Chr.7.gain_Chr.10.loss (%) Gain chr 7 & loss

chr 10

69 (37.9) 81 (17.4) <0.001

No combined can 113 (62.1) 385 (82.6)

Chr.19_20.co_gain (%) Gain chr 19/20 12 (6.6) 18 (3.9) 0.201

No chr 19/20 gain 170 (93.4) 448 (96.1)

TERT.promoter.status (%) Mutant 39 (47.0) 113 (49.1) 0.836

WT 44 (53.0) 117 (50.9)

TERT.expression.status (%) Expressed 118 (63.8) 227 (48.5) 0.001

Not expressed 67 (36.2) 241 (51.5)

ATRX.status (%) Mutant 46 (25.1) 146 (31.5) 0.132

WT 137 (74.9) 317 (68.5)

DAXX.status (%) Mutant 2 (1.1) 0 (0.0) 0.142

WT 181 (98.9) 463 (100.0)

Telomere.Maintenance (%) -/- 15 (18.1) 35 (15.5) 0.86

ATRX 29 (34.9) 82 (36.3)

TERT 39 (47.0) 109 (48.2)

BRAF.V600E.status (%) Mutant 1 (0.5) 2 (0.4) 1

WT 182 (99.5) 461 (99.6)

BRAF_KIAA1549.fusion (%) Fusion 0 (0.0) 1 (0.2) 1

WT 185 (100.0) 467 (99.8)

RPPA.cluster (%) K1 47 (49.5) 46 (20.5) <0.001

K2 48 (50.5) 178 (79.5)

glioma, ssGSEA was performed to assess the level of immune
infiltration (recorded as ssGSEA score) in a sample according
to the expression levels of immune cell-specific marker genes
with R package “gsva.” Most immune cell types related marker
genes were obtained from the article published by Bindea
et al. (27).

Cox Regression Analysis
We assessed the impact of immune cell types on clinical survival
data and survival time by Cox proportional hazards regression
analysis based on the R package “survival” and “forestplot.” Cell
types with a high hazard ratio were considered to be risk factors
to OS.
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Hub Genes Correlated With m6A RNA
Methylation Clusters and Immune
Infiltration Based on Weighted Correlation
Network Analysis (WGCNA)
We extracted all the DEGs (according to adj. p-value < 0.01,
|logFC| ≥ 2, total = 729) from limma analysis with expression
data retrieved from TCGA GBM/LGG datasets to perform
Weighted correlation network analysis (WGCNA) using R
package “limma.” We applied R package “WGCNA” to find
clinical traits-related modules and hub genes among them (28).
The adjacency matrix was then transformed into topological
overlap matrix (TOM). Genes were divided into different gene
modules according to the TOM-based dissimilarity measure. We
set soft-thresholding power as 9 (scale free R2= 0.85), cut height
as 0.2, and minimal module size as 30 to identify key modules.
Those with gene significance (GS)> 0.5 andmodulemembership
(MM) > 0.9 were defined as hub genes.

Validation of Prognostic Values of Hub
Genes
To predict the clinical outcomes of glioma patients with the hub
genes, we applied LASSO Cox regression algorithm to the 5 hub
genes in the TCGA datasets. We selected four genes to build the
risk signature based on theminimum criteria, and the coefficients
obtained from the LASSO algorithm were used to calculate the
risk score for each patient as follows:

Riskscore =

n∑

i=1

∗βi

where n was the number of prognostic genes, expi the expression
value of gene i, and βi the regression coefficient of gene i
in the LASSO algorithm. Using the median risk score as a
cutoff value, glioma patients were divided into high- and low-
risk score groups. Moreover, the relation between the prognosis
signature and OS was investigated based on the external cohort
CGGA datasets.

The Kaplan-Meier method was used to assess the differences
of overall survival (OS) between low- and high-risk score glioma
patients with R package “survival”.

The time-dependent receiver operating characteristic (ROC)
curve was used to measure the prognostic performance by
comparing the areas under the ROC curves (AUC) using R
package “pROC.” 10-fold cross method was applied for ROC
validation and AUC value calculation.

All the scripts were uploaded at Github website (https://
github.com/mvpsc30/FIO-m6A-immune).

Assessment of Immunohistochemistry
Data
The PDPN and TIMP1 immunohistochemistry results were
acquired from the Human Protein Atlas (HPA, https://www.
proteinatlas.org/) database (29). The EMP3 and TAGLN2 protein
levels of selected genes were evaluated through commercially
glioma tissue-microarrays and H-scores between Low-grade
gliomas and High-grade gliomas.

Real-Time RT-PCR
Total RNA was extracted from tissue samples and cells using
TRIzol reagent (Invitrogen) after washing with PBS. cDNA was
synthesized from purified RNA using a SuperScript III First-
Strand cDNA synthesis system (18080051, Life Technologies)
according to the manufacturer’s instruction. SYBR Green PCR
Master Mix (Applied Biosystems, CA, USA) was used for PCR
amplification and a real-time PCR machine (iQ5, Bio-Rad
Laboratories) was used to quantify the expression of mRNAs.
β-actin was used as endogenous control and the expression levels
were quantified using the methods of 2–11Ct.

Primers:
Forward Reverse

CD68 GGAAATGCCACGGTTCAT
CCA

TGGGGTTCAGTA
CAGAGATGC

YTHDC1 AACTGGTTTCTAAGCCA
CTGAGC

GGAGGCACTACT
TGATAGACGA

WTAP CATTTTGTGGCAGCGA
GACC

AATCCTCTCCAG
GCAGAAGC

TIMP1 CTTCTGCAATTCGAC
CTCGT

ACGCTGGTATAA
GGTGGTCTG

PDPN GTGTAACAGGCATTCG
CATCG

TGTGGCGCTTGG
ACTTTGT

Cell Culture and Transfection
Human glioma cell line U87 and A172 were acquired from
the American Type Culture Collection (ATCC) and cultured in
DMEM medium (Gibco, Life Technologies, Grand Island, NY)
supplemented with 10% fetal bovine serum (Gibco) and 100U/ml
penicillin/streptomycin (Gibco). According to themanufacturer’s
instructions, the Lipo 2000 transfection reagent was applied for
the transfection. The siRNAs against TIMP1 (siRNA ID: s14143,
ThermoFiher), PDPN (EHU119431, Sigma) and negative control
(SIC001, Sigma) were purchased.

Western Blotting
Western blot (WB) assays was performed as previously described
(30). Briefly, we prepared cell extracts for Western blotting in
RIPA buffer. Then, lysates were separated by SDS-PAGE and
were transferred to PVDF membranes (Millipore, Billerica, MA).
Primary antibodies PDPN (Abcam, ab236529,1:1000), TIMP1
(Abcam, ab109125,1:1000), EMP3 (Santa cruz, sc-81797, 1:100),
TAGLN2 (Proteintech, 10234-2-AP, 1:200), andGAPDH (Abcam,
ab181602, 1:10000) were used along with HRP-labeled secondary
antibody (1:10000, Sigma) in Western blot. The immune
complex was detected by chemiluminescence (GE Healthcare,
Wauwatosa, WI).

Cell Viability and Cell Death Measurement
Cell viability was measured using the CellTiter-Glo R©luminescent
cell viability assay (Promega) based on the manufacturer’s
instructions. For phosphatidylserine exposure, cells were stained
with annexin V-PE as instructed by the manufacturer (BD
Biosciences, San Jose, CA), and assayed by flow cytometry (CyAn
ADP, Beckman Coulter, Brea, CA, USA).
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Statistical Analysis
Experimental results were analyzed with a Student’s t-test and
graphed using Graphpad Prism application (GraphPad Software,
Inc., La Jolla, CA). Data are expressed as mean ± SD. A p <

0.05 was considered with statistical significance. The correlation
between the expression profiles of TIMP1 and PDPN with
immune and macrophage marker was analyzed using Spearman’s
rank test.

RESULTS

Consensus Clustering of m6A RNA
Methylation Regulators Identified Two
Clusters of Gliomas With Distinct Immune
Infiltration
A flowchart of this study is shown in Supplementary Figure 1.
Based on biological functions of each m6A RNA methylation
regulator in clinical prognosis, we performed consensus
clustering based on gene expression of 12 key m6A RNA

regulators in TCGA datasets. Due to the expression analogy
of m6A regulators, the clustering analysis would classify the
samples into different clusters. After evaluating the relative
change in the area under the cumulative distribution function
(CDF) curve and consensus heatmap, we selected a three-
cluster solution (K = 2), which has no obvious increase in the
area under the CDF curve (Supplementary Figures 2A–D).
To further determine the optimal K, two methods (Average
Silhouette method and Gap Statistic method) were applied.
Based on these methods, two subgroups clustered by k =

2, namely, cluster 1 and cluster 2 subgroups were found
(Supplementary Figures 2E,F). Most parts of m6A RNA
methylation regulators’ expressions showed clear distinction and
significant difference in two cluster subgroups (Figures 1A,B).
In order to better understand the interaction among the 12 m6A
regulators, we assessed the interaction and correlation among
these regulators (Supplementary Figure 3).

The Kaplan-Meier survival analysis revealed a significant
shorter OS in cluster 1 subgroup than the cluster 2 subgroup
(Figure 1C). Moreover, we analyzed the DEGs between cluster1

FIGURE 1 | Identification of consensus clusters by m6A RNA methylation regulators overall survival of gliomas in the cluster 1/2 subgroups. (A) Violin plot of the two

clusters (cluster1/2) defined by the m6A RNA methylation regulators consensus expression. (B) Principal component analysis of the total RNA expression profiles in

the TCGA-GBM/LGG datasets. Gliomas in the cluster1 subgroup are marked with red. (C) Kaplan–Meier overall survival (OS) curves for 665 TCGA glioma patients of

different cluster. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0. 0001.
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TABLE 2 | Differences in pathway activities scored per sample by GSVA between

cluster 1 and cluster 2, cluster 2 vs. cluster 1.

logFC adj.P.Val

HALLMARK_MYC_TARGETS_V1 −0.53 4.08E-69

HALLMARK_DNA_REPAIR −0.35 8.65E-59

HALLMARK_E2F_TARGETS −0.48 1.84E-49

HALLMARK_UNFOLDED_PROTEIN_RESPONSE −0.29 1.01E-37

HALLMARK_MTORC1_SIGNALING −0.28 1.84E-33

HALLMARK_GLYCOLYSIS −0.19 4.81E-27

* HALLMARK_TNFA_SIGNALING_VIA_NFKB −0.28 2.16E-24

HALLMARK_G2M_CHECKPOINT −0.29 8.59E-23

HALLMARK_MYC_TARGETS_V2 −0.30 1.45E-21

HALLMARK_P53_PATHWAY −0.15 1.18E-20

HALLMARK_ALLOGRAFT_REJECTION −0.25 1.18E-16

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION −0.18 1.17E-13

HALLMARK_OXIDATIVE_PHOSPHORYLATION −0.21 3.01E-13

* HALLMARK_INTERFERON_ALPHA_RESPONSE −0.29 2.45E-12

* HALLMARK_IL6_JAK_STAT3_SIGNALING −0.20 1.26E-11

* HALLMARK_TGF_BETA_SIGNALING −0.16 9.81E-11

HALLMARK_ANDROGEN_RESPONSE −0.12 7.44E-10

HALLMARK_PEROXISOME −0.11 2.67E-09

* HALLMARK_INTERFERON_GAMMA_RESPONSE −0.19 3.11E-09

HALLMARK_IL2_STAT5_SIGNALING −0.13 2.72E-08

*Pathways related to immune response are marked with asterisk.

and cluster2, and annotated their function Gene Set Variation
Analysis (GSVA) for biological processes. The results indicated
that DEGs are enriched in immune-related biological processes,
including IL2/STAT5, IL6/JAK/STAT3, and Interferon-γ
response signaling (Table 2) and the two categories identified
by consensus clustering are correlated with immune infiltration
of glioma.

Immune Landscape Was Significantly
Associated With m6A RNA Methylation
Regulators
To explore the roles of immune cells in themalignant progression
of gliomas, the RNA-seq data of 665 patients with gliomas
from TCGA-GBM/LGG datasets were analyzed to evaluate the
immune landscape. The high and low immune infiltration
were defined by Euclidean distance and the ssGSEA scores
of immune cells. The results indicated that B cells, Tcm
cells, and T helper cells were enriched in high immune
infiltration glioma. Relatively, gliomas with low infiltration were
characterized for macrophages, eosinophils, neutrophils, and
aDC cells (Figure 2A).

In order to analyze the relationship between m6A cluster
group and immune infiltration, Chi-squared test was carried
out (p < 2.2 × 10−16, Figure 2A). Moreover, we compared
the immune infiltration score between cluster 1 and cluster
2, indicating that the proportion of most immune cells
types was significantly different between clusters 1 and 2
(Supplementary Figure 4). Then Kaplan-Meier survival curve
analysis was performed to explore the roles of immune cell

infiltration on the prognosis of patients with glioma. The results
revealed that patients with low immune infiltration had worse
OS compared with patients with high immune infiltration
(Figure 2B). We also applied a univariate Cox regression analysis
on the immune cells of TCGA datasets, and found that 23/24
cell types were significantly correlated with OS (P < 0.05).
Among these 23 immune cells, aDC, DC, iDC, cytotoxic cells,
Eosinophils, Macrophages, Neutrophils, NK.CD56dim cells, NK
cells, T cells, Th17 cells, and Th2 cells are risky immune cells with
HR > 1, while CD8T cells, B cells, Mast cells, NK.CD56bright
cells, pDC, Tem, Tcm, T helper cells, TFH, Tgd, and Th1 cells
were protective immune cells with HR < 1 (Figure 2C).

To further determine the relationship between m6A
RNA methylation regulators and immune cell infiltration,
we assessed the relationships between the expressions
of m6A RNA methylation regulators and immune cells
infiltration subgroups. The results indicated that high immune
infiltration was strongly related to higher expressions of FTO,
MELLT14, METTL3, YTHDC1, YTHDC2, and ZC3H13.
Correspondingly, low immune infiltration with higher
expressions of ALKBH5, HNRNPC, WTAP, YTHDF1, and
YTHDF2 (Supplementary Figure 5). Then we calculated the
relationships between each m6A RNA methylation regulators
and immune cells, revealing that FTO, ZC3H13, and YTHDC1
had a significant positive correlation with Tcm cells. Meanwhile,
macrophages had a negative relationship with FTO and ZC3H13
(Figure 2D). These data indicated that m6A clusters were highly
associated with immune infiltration.

WGCNA and Identification of the Key
Module
In order to explore the key genes that were mostly associated
with m6A and immune cell infiltration subtypes in glioma,
we performed WGCNA on the TCGA-GBM/LGG datasets.
Glioma sample information such as age, m6A cluster subgroups,
immune infiltration subgroups, OS and OS status were
retrieved from TCGA-GBM/LGG (Supplementary Figure 6A).
Eventually identified 6 modules by setting soft-thresholding
power as 9 (scale-free R2 = 0.85) and cut height as 0.2
(Supplementary Figures 6B,C). From the heatmap of module-
trait correlations, we evaluated that the black module was the
most highly related to clinical traits (Supplementary Figure 6D),
especially the immune infiltration and outcomes (correlation
coefficient = −0.86 and 0.5, P = 4E-206 and 1E-39; respectively,
Supplementary Figures 6E–G). Lastly, we selected 5 hub genes
(TAGLN2, PDPN, TIMP1, EMP3, CHI3L1) from the black
module by setting module membership (MM) >0.9 and gene
significance (GS) >0.5. These genes were closely related to each
other Supplementary Figure 6H).

Association of Hub Genes With m6A RNA
Methylation Regulators and Immune
Infiltration
We explored the relationship between the expression levels of
five hub genes and m6A RNAmethylation regulators to elucidate
the underlyingmechanisms of abnormal up-regulation in glioma.
The correlation analysis showed that the expression of many hub
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FIGURE 2 | Immune landscape of glioma. (A) Heatmap of ssGSEA scores of TCGA-GBM/LGG and Table of cluster and immune infiltration subgroups (Chi-square

test: X-squared = 116.63, p < 2.2e−16). (B) Kaplan–Meier overall survival (OS) curves for 665 TCGA glioma patients of different immune infiltration subgroups. (C)

Forest plot for immune cells. The hazard ratios (HR), 95% confidence intervals (CI) calculated by univariate Cox regression are shown. (D) Mine plot of relationships

between 12 m6A methylation regulators and 24 immune cells (*P < 0.05, **P < 0.01).
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FIGURE 3 | Validation of hub genes highly correlated with clinical traits. In each dataset, the risk score distribution, gene expression profiles, and patients’ survival

status are displayed (A, TCGA; B, CGGA). The black-dotted line represents the median cut-off, dividing patients into high- and low-risk groups. Kaplan-Meier and

ROC curves with 95% confidence interval for the 4-gene signature in the four datasets. Patients with high risk scores had poor outcome in terms of overall survival (C,

TCGA; D, CGGA). ROC curves comparing prognostic accuracy of risk score with clinical histology, grade, IDH status, and age in internal validation, and external

validation cohorts (E, TCGA; F, CGGA).

genes was significantly correlated with m6A RNA methylation
regulators (Supplementary Figure 7). Additionally, we found
that TAGLN2, PDPN, EMP3, and CHI3L1 were positively
associated with WTAP (Supplementary Figure 7), while TIMP1
was negatively correlated with YTHDC1.

Then we utilized the Spearman method to study the
potential relationship between the expression of glioma
hub genes and infiltration of immune cells. Interestingly,
hub genes were all positively associated with Macrophages

(Supplementary Figure 8). Conversely, negative relationship
was observed between these five genes and the infiltration of
B cells, Tcm cells and Tem cells (Supplementary Figure 8).
These data indicated that the selected five hub genes were highly
correlated with m6A RNA regulators and immune infiltration.

Validation of Hub Genes in Datasets
To predict the clinical outcomes of glioma with the hub genes,
we applied the LASSO Cox regression algorithm to the five hub
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FIGURE 4 | TIMP1 and PDPN reveal its higher expression in GBM and malignant biological phenotype in vitro. (A) The translation expression level of the TIMP1 and

PDPN were positively correlated with disease status as they were upregulated in gliomas samples. (B) The relationship of TIMP1 and PDPN with macrophage marker

CD68. (C) The relationship of TIMP1 and PDPN with indicated m6A gene.

genes in the TCGA datasets (Supplementary Figures 9A,B).
Four genes were highly associated with clinical features,
such as grades, transcriptome subtype and IDH status
(Supplementary Figures 10A–C). Moreover, these four
genes were used to set up the risk signature based on the
minimum criteria. Next, to assess the differences of survival
time between low- and high-risk glioma patients, the Kaplan-
Meier method was performed. Meanwhile, the log-rank test
was also used to determine the statistical significance between
groups. The time-dependent ROC curve was employed to
measure the prognostic performance by comparing the AUC.
Compared with those in the low-risk group, we illustrated
that the glioma patients in the high-risk group had shorter
OS, (Figures 3A,B, TCGA: HR = 1.07, 95% CI = 1.06–1.08,
P < 0.01; CGGA: HR = 1.19, 95% CI = 1.16–2.23, P <

0.01). The time-dependent ROC curves revealed that the
AUC for the 4-gene signature achieved 0.80 (0.76–0.83) and
0.72 (0.68–0.76) for the OS in TCGA and CGGA datasets,
respectively (Figures 3C,D). Furthermore, the risk score
exhibited a higher prognostic accuracy for OS than clinical
histology, grade, IDH status and age (Figures 3E,F). These

findings suggested an effective performance for predicting OS
for glioma patients.

Validation the Expression and Function of
TIMP1 and PDPN
To further validate the expression of four genes in gliomas,
we next detected their expressions in The Human Protein
Atlas database, and the results revealed the PDPN and TIMP1
were higher expression in high-grade gliomas (Figure 4A). In
addition, TAGLN2 and EMP3 were performed in commercially
glioma tissue-microarrays. The H-score of both proteins was
not statistically significant between low and high-grade gliomas
(Supplementary Figure 11). Moreover, in the correlation
analysis, we uncovered that TIMP1 and PDPN were positively
correlated with marker genes of macrophage (Figure 4B, Table 3
and Supplementary Figure 8). TIMP1 was negatively related
with YHDC1, while PDPN was positively related with WTAP
(Figure 4C and Supplementary Figure 7). By knockdown
the expression of PDPN or TIMP1, the cell proliferation was
decreased, and the apoptosis and necrosis were increased in U87
and A172 (Supplementary Figure 12).
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TABLE 3 | Clinical data of patients.

Case Sex Age Tumor volume (cm3) Grade Application

1 F 56 12.1 1 PCR

2 M 46 8.42 1 PCR

3 F 44 21.1 1 PCR

4 F 64 25.2 1 PCR

5 M 41 23.1 1 PCR

6 F 67 31.8 1 PCR

7 F 45 33.4 1 PCR

8 F 66 31.6 1 PCR

9 M 70 26.1 1 PCR

10 M 54 12.9 1 PCR

11 M 70 21.1 1 PCR

12 M 33 35.4 1 PCR

13 F 55 33.1 4 PCR

14 F 76 46.1 4 PCR

15 M 33 32.7 4 PCR

16 F 71 27.8 4 PCR

17 M 62 36.0 4 PCR

18 F 59 33.5 4 PCR

19 M 59 42.1 4 PCR

20 F 60 26.9 4 PCR

DISCUSSION

As themost aggressive primary brain tumor, glioma is considered
as an enigma in neurosurgery (31, 32). Advanced knowledge of
its genomic changes has promoted the discovery of prognostic
signatures to facilitate the personalized treatment decisions
(33–35). However, no previous studies have investigated the
efficacy of the combination of m6A and immune infiltration.
Here, we developed and validated a novel 4-gene prognostic
model based on the combination of m6A RNA methylation
and landscape of immune microenvironment. The developed
4-gene signature was able to identify the glioma patients with
different risk levels for prognosis, which may compensate
the already known prognostic indicators, such as age, tumor
grade or histology. Additionally, we confirmed that PDPN and
TIMP1 were higher expressed in high-grade glioma, and the
Pearson correlation validated that PDPN and TIMP1 were
correlated with marker gene of macrophage and indicated
m6A gene.

m6A, the most prevalent intra-mRNA modification, is
required for post-transcriptional regulation of mRNA in various
cell types (11, 12, 36). Previous studies have shown that m6A
could be a signature for predicting the prognosis in different
type of cancers, such as renal cell carcinoma, hepatocellular
carcinoma, bladder cancer and head and neck squamous cell
carcinoma (37–40). We found that WTAP and HNRNPC were
significantly increased in cluster 1 than cluster 2 (Figure 2). In
the GBM, WTAP was found to be overexpressed and regulate
migration and invasion in vitro (41). Its high expression was
associated with poor postoperative survival (42). In addition,
HNRNPC could also control the aggressiveness of GBM cells

and be regarded as the potential prognostic biomarker and
therapeutic targets of GBM (43).

With the high-speed development of omics, high-throughput
tumor databases have been established, including TCGA and
CGGA, which provided a solid foundation for analyzing the RNA
modification and microenvironments of glioma (3, 44–46). One
of the emerging strategies of management is based on the roles
of immune cells in the growth and maintenance of tumors (47).
According to the recent studies, myeloid-derived suppressor cells
(MDSC) and tumor-associated macrophages (TAMs) have been
identified as promising targets for anti-cancer treatment (48,
49). Neoantigen-targeting vaccines have also increased tumor-
infiltrating T cells and altered the immune milieu of glioblastoma
(50). According to the TCGA database, Jia et al. has drawn a
list of 44 tumor microenvironment related genes and proved
them in an independent GBM cohort as potential biomarkers for
GBM (51). However, the outcomes may lead to the discordance
generally based on only one factor (51, 52). In our current study,
we integrated m6A and immune infiltration in TCGA to build a
model to improve the overall prediction of outcome for patients
with glioma. Four survival-related genes (TAGLN2, PDPN,
TIMP1, and EMP3) were identified and verified by four external
datasets. These combination of these four genes provided a more
reliable signature, relative to that extracted from a single dataset.
Furthermore, PDPN and TIMP1 were confirmed that they were
higher expression in high-grade glioma and knockdown their
expression decreased the glioma cell proliferation in vitro.

TAGLN2 is considered as a smooth muscle cytoskeletal
protein (53). It has been proposed to be associated with
growth and migration in bladder cancer (54, 55), esophageal
squamous cell carcinoma (56), and gliomas (57). Moreover,
it’s up-regulation is associated with tumorigenesis and tumor
progression (54, 58). Silence of TAGLN2 in gliomas cell lines
significantly inhibited invasion and tumor growth (57). Increased
expression of TAGLN2 was correlated with deteriorative tumor
grade, and the function and regulation made it as a candidate
prognostic biomarker (57). Jin et al. has also shown TAGLN2 as
a potential biomarker of tumor-derived lung-cancer endothelial
cells (59). Another study demonstrated that TAGLN2 could be
a prospective tumor tissue marker for diagnosis and evaluating
lymph node metastasis in bladder cancer patients (60).

EMP3 belongs to the PMP-22/EMP/MP20 family, which is
thought to be involved in cell proliferation, cell-cell interactions
and function as a tumor suppressor. Alaminos et al. have
suggested that EMP3 was associated with poor survival (61).
EMP3 overexpression in breast cancer was related to stronger
HER-2 expression that may indicate a novel therapeutic target
(62). Ma et al. have demonstrated that EMP3-mediated miR-663a
inhibits the gallbladder cancer progression via the MAPK/ERK
pathway (63). Recently, the bioinformatics analysis also found
that EMP3 was one of the validated gene panel independently
and was correlated with the GBM survival (64, 65). Another
bioinformatics analysis though significant analysis of microarray
(SAM) identified that EMP3 could be used to estimate glioma
patient prognosis (66).

TIMP metallopeptidase inhibitor 1 (TIMP1) is a glycoprotein
which antagonized mostly known MMPs. The encoded protein
can promote cell proliferation in many cell types and may also
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have an anti-apoptotic function. A high serum level was found
as a poor prognostic indicator in GBMs (67). TIMP1 has been
suggested to interact with P75NTR in metastatic carcinoma
and glioma cells (68), and silence of TIMP1 or inhibition of
NF-kappa B activity led to slower tumor growth in vivo (69).
Several studies have shown that TIMP1 was an important part
of prognosis model and could be a biomarker for diagnosis
(70–72). Furthermore, Jackson et al. have reviewed that TIMP1
overexpression is consistently correlated with cancer progression
or poor prognosis (73).

Podoplanin (PDPN) is a transmembrane receptor that
participates in various physiological and pathological processes,
such as cell motility, tumor metastasis and angiogenesis (74–76).
It regulated mammary stem cell function that reduced mammary
tumor formation in breast cancer and could be a new regulator
of Wnt/β-catenin signaling (77). PDPN receptor are upregulated
in cancer cells, immune cells, synoviocytes, and fibroblasts
that increase tissue inflammation and invasion to promote
both arthritis and cancer (78). PDPN-expressing macrophages
(PoEMs) stimulated local matrix remodeling, and macrophage-
specific PDPN knockout restrained lymphangiogenesis and
reduced lymphatic cancer spread (79). PDPN-positive cancer-
associated fibroblasts (CAFs) contributed to an essential role
in primary resistance to epidermal growth factor receptor
tyrosine kinase inhibitors (EGFR-TKI) (80). Moreover, PDPN
has been considered as a novel biomarker, chemotherapeutic
target and a target for CAR T-cell therapy that may be
a potential adoptive immunotherapy to treat GBM (81,
82).

Our finding provides a novel insight into the relationship
between m6A and immune infiltration, and we laid a solid
foundation for four genes that could be a new prognosis indicator
for gliomas patients. In addition, we also developed a user-
friendly R shiny web app (http://www.houshixu.cn:3838/sample-
apps/fio/) for easier usage. Remarkably, several limitations
should be noted. In this study, prognostic factors were found
by combining m6A and immune microenvironment. However,
we do not have large quantities of samples to verify them
and the clustering of glioma by m6A regulators is probably
skewed by the grade of glioma. Whether TAGLN2 and EMP3
modulate cell proliferation were unclear. Moreover, the signature
requires further validation in prospective studies and multicenter
clinical trials.

CONCLUSIONS

We construct a novel prognostic model that provides new
insights into glioma prognosis. The PDPN and TIMP1may serve
as potential biomarkers for prognosis of glioma.
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Supplementary Figure 3 | Spearman correlation analysis of the 12 m6A
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Supplementary Figure 4 | The immune infiltration score between cluster 1 and
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Supplementary Figure 5 | Relationship between m6A RNA methylation

regulators and immune infiltration (A–J) violin plot for 12 m6A regulators and

immune infiltration subgroups.

Supplementary Figure 6 | Identification of key modules correlated with clinical

traits in the TCGA-GBM/LGG datasets through WGCNA. (A) Clustering

dendrograms of genes. Color intensity varies positively with age, m6A cluster

subgroups, immune infiltration subgroups, overall survival and overall survival

status. Analysis of the scale-free fit index (B) and the mean connectivity (C) for

various soft-thresholding powers. (D) Heatmap of the correlation between module

eigengenes and clinical traits of diffuse gliomas. Each cell contains the correlation

coefficient and P-value. (E) Dendrogram of all DEGs clustered based on a

dissimilarity measure (1- TOM). (F) Clustering of module eigengenes. The red line

indicates cut height (0.2). (G) Scatter plot of module eigengenes in the black

module. (H) Hub genes show strong associations with each other. Red and blue

colors indicate positive and negative coefficients and labels from−1 to 1 indicate

correlation strength.
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Supplementary Figure 7 | Association of hub genes’ expression with 12 m6A

RNA methylation regulators in gliomas. (A) TAGLN2 (B) PDPN (C) TIMP1 (D)

EMP3 (E) CHI3L1.

Supplementary Figure 8 | Association of hub genes’ expression with immune

infiltration cells in gliomas. (A) TAGLN2 (B) PDPN (C) TIMP1 (D) EMP3 (E)

CHI3L1.

Supplementary Figure 9 | (A,B) The process of building the risk scores

containing 4 hub genes and the coefficients calculated by least absolute shrinkage

and selection operator (LASSO) Cox regression algorithm are shown.

Supplementary Figure 10 | Expression of 4 hub genes in gliomas with different

clinicopathological features, from right to left, TIMP1, TAGLN2, PDPN, and EMP3,

respectively. (A) The expression levels of 4 hub genes in gliomas with different

WHO grades. (B) The expression levels of 4 hub genes in gliomas with different

transcriptome subtypes. (C) The expression levels of 4 hub genes in gliomas with

different IDH status.

Supplementary Figure 11 | H-score of EMP3 (A) and TAGLN2 (B) of glioma

tissue-microarrays.

Supplementary Figure 12 | (A,D) Western blot analysis validated the knockdown

of TIPM1 or PDPN in U87 and A172 cells. (B,E) Cell proliferation was determined

by ATP assay. (C,F) Flow cytometric analysis of Annexin V/PI staining in U87 and

A172 cells after transfection with 50 nmol/L siTIMP1 or siPDPN and siCtrl

for 72 h.
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Hepatocellular carcinoma (HCC) is one of the most common malignant tumors in China.
N6−methyladenosine (m6A) plays an important role in posttranscriptional gene regulation.
METTL3 and IGF2BP2 are key genes in the m6A signal pathway and have recently been
shown to play important roles in cancer development and progression. In our work, higher
METTL3 and IGF2BP2 expression were found in HCC tissues and were associated with a
poor prognosis. In addition, IGF2BP2 overexpression promoted HCC proliferation in vitro
and in vivo. Mechanistically, IGF2BP2 directly recognized and bound to the m6A site on
FEN1 mRNA and enhanced FEN1 mRNA stability. Overall, our study revealed that
METTL3 and IGF2BP2, acting as an oncogene, maintained FEN1 expression through
an m6A-IGF2BP2-dependent mechanism in HCC cells, and indicated a potential
biomarker panel for prognostic prediction in liver cancer.

Keywords: liver cancer, N6-methyladenosine, METTL3, IGF2BP2, FEN1
INTRODUCTION

HCC is a highly lethal cancer (1). The estimated number of new patients that were diagnosed with
HCC was about 900,000 and would result in approximately 800,000 deaths all over the world in
2018 (2). In China, the mortality and morbidity rates of HCC have demonstrated an increasing
trend. Although medical treatment has been improved, the 5-year relative survival rate for HCC
patients is still unsatisfactory. Therefore, identifying novel biomarkers and therapeutic targets for
HCC diagnosis and treatment is an urgent need.

As one of the most prevalent modifications in eukaryotic messenger RNA (mRNA), N6-
methyladenosine (m6A) affects almost every step of metabolism of messenger RNA (mRNA), such as
mRNA processing, transport, translation, degradation and so on (3, 4). It is regulated by m6A
modification enzymes (methyltransferases and demethylases) in a dynamically reversible manner (5,
6). In addition, there are also m6A-binding proteins, which can specifically bind to m6A and mediate
their biological functions (7, 8). In recent years, m6A has been found to be associated with malignant
tumors by more and more studies (9, 10). It has been reported to contribute to the self-renewal of tumor
stem cells and promote the proliferation of malignant tumor cells. m6A is closely related to the
phenotype and mechanism of malignant transformation, showing the possibility of m6A targeting
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therapy for human malignant tumors (10). In other words, m6A
may become a new target for the treatment of malignant tumors.
However, the functions of m6A modification and the underlying
connections between the m6A methyltransferases, demethylases,
and m6A-binding proteins are still unexplored in HCC.

Here, we first demonstrated the function of insulin-like growth
factor 2 mRNA binding protein 2 (IGF2BP2) in facilitating HCC
progression, and identified FEN1 as the downstream target of
IGF2BP2. Overall, our study reveals that the METTL3-IGF2BP2-
FEN1 axis is a potential therapeutic target for HCC.
MATERIALS AND METHODS

Database and Bioinformatics
Level 3 gene expression profile (level 3 data) for HCC patients was
obtained from the TCGA data portal (https://tcga-data.nci.nih.
gov/tcga/). Differentially expressed genes (DEGs) were identified
by Student’s t-test (Unpaired t test, two-tailed, ****P < 0.0001).
The processed TCGA data is in supplementary material.

Patient Samples
A total of 20 HCC tissues and 20 paired nontumorous liver
samples were collected for qRT-CPR and IHC from the Affiliated
Hospital of YouJiang Medical College for Nationalities from
2018 to 2019. The histological features of all specimens were
evaluated by pathologists according to the standard criteria. The
researchers were granted approval to conduct the research by
Departmental Research Ethics Committee at the YouJiang
Medical College for Nationalities. The study protocol was
approved by the institutional review board of YouJiang
Medical College for Nationalities. All the procedures were
performed in accordance with the Declaration of Helsinki and
relevant policies in China.

m6A RNA Methylation Assay
Total RNA was extracted from samples using the Invitrogen life
technologies TRIZOL. The change in m6A level relative to total
mRNA was measured using EZ RNA Methylation Kit (ZYMO)
following the manufacturer’s protocol. Each sample was
analyzed using 200 ng of RNA isolated from different samples.
Relative antification: To determine the relative m A RNA
methylation status of two different RNA samples, a simple
calculation for the percentage of m6A in total RNA was
carried out using the following formula:

m6A% = (Sample OD−NCOD)=S� 100% (PCOD − OD)=PS :

is the amount of input sample RNA in ngP : is the amount of input positive control(PC)in ng :

Immunohistochemistry
IHC was performed as described previously (11). The tissues
were incubated with primary antibody against IGF2BP2
(ab128175, Abcam, 1:100) overnight in the refrigerator at 4°C.
For negative controls, irrelevant primary antibodies were used.
The corresponding secondary antibodies, conjugated to
horseradish peroxidase (ab6721, Abcam, 1:1000), were
Frontiers in Oncology | www.frontiersin.org 272
incubated with the sections for 1 h at room temperature. After
washing with PBS, the sections were incubated in horseradish
enzyme-labeled chain avid in solution for 30 min at 37°C and
washed again. The IHC score (0–9) was calculated by
multiplying the intensity and the percentage scores (12).

Western Blot Analysis
Tissues and cells were lysed in RIPA buffer (Beyotime, China).
The lysates were denatured at 95°C for 5 min and then
cooled down on ice. Then lysates were loaded on sodium
dodecyl sulfatepolyacrylamide gel (SDS-PAGE) (10%)
and electrotransferred onto polyvinylidene difluoride (PVDF)
membrane. After blocking with 5% BSA blocking solution
(SW3015, solarbio) for 1 h at room temperature, PVDF
membranes were blotted with primary antibody at 4°C for 12 h,
then incubated with HRP-labeled secondary antibody (CST, USA)
at room temperature for 2 h. The bands were visualized using
Tanon 5200 (Tanon, China). Primary antibodies are as follows:
mouse monoclonal antibody to IGF2BP2 (ab128175, Abcam),
rabbit monoclonal antibody to FEN1 (ab109132), and mouse
monoclonal antibody to b-actin (CST, USA).

Copy Number Variation (CNV) Detection
Using the AccuCopy® Assay
The AccuCopy assay (Shanghai, China) was used to evaluate the
CNV of IGF2BP2. The basic molecular principle of AccuCopy is
competitive PCR amplification. The primers used in this
assay were:

Chr2-84500611-84500685(Reference gene): F: 5’- TGAG
CCAAAAATTCAGAATACAAGGA -3’

R: 5’- TTGCTTGGAAGGCAGGCAAAC -3’

Chr16-25258413-25258537(Reference gene): F: 5’- GGGACA
GGCCTGAAGTGTTTC -3’

R: 5’- AGCAGCAGCAGTGGGGTTTAG -3’

Chr3-185362000-185364000: F: 5’- CCGCAGACTTCT
CATTCCTC -3’

R: 5’- GCAGCAGGAGCAGAAATACC -3’

Chr3-185367000-185369000: F: 5’- ATGGGCATTCATGT
TTTGGT -3’

R: 5’- ACCCTGTGGTGATGGGATAA -3’
Cell Culture and Transfection
HCC cell lines HepG2 and Huh-7 were gifts from obtained from
Dr. C.M.W (HongKong University). MHCC97L and PLC were
gifts from Dr. Z.Y. Tang (Fudan University). All cells were grown
in a humidified incubator at 37°C with 5% CO2. shRNA that
targets human IGF2BP2 or FEN1 (psi-LVRU6MP- IGF2BP2)
and the scrambled shRNA were purchased from GeneCopoeia
(Rockville, MD, USA). The following sequences were targeted to
human IGF2BP2 or FEN1:

IGF2BP2: 5’- GCATATACAACCCGGAAAGAA-3’.

FEN1: 5’- GATGCCTCTATGAGCATTTAT-3’
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Cell Proliferation and Colony Formation
Assay
For cell proliferation assays, CCK-8 kit (Dojindo, Kumamoto,
Japan) and EdU Apollo® 567 In Vitro Imaging Kit (Ribobio,
Guangzhou, China) were used according to the manufacturer’s
instruction. For the colony formation assay, 2×103 cells were plated
into six-well plate, and cultured in complete culture medium. After
10 days, colonies were fixed with 4% paraformaldehyde and stained
with 0.1% crystal violet (Beyotime, Beijing, China). Finally, visible
colonies were photographed (Nikon, Tokyo, Japan) and counted.
All experiments were performed in triplicate.

MeRIP-Seq and RNA-Seq
50 mg of total RNA was extracted and purified using PolyTtract
mRNA Isolation System (Promega, Hong Kong). After
fragmentation, RNA was incubated with an anti-m6A
antibody for one hour at 4°C, and then mixed with prewashed
Protein A/G Magnetic Beads (Merck Millipore, Germany) in
immunoprecipitation buffer at 4°C overnight. Enrichment of m6A
containing mRNA was purified for further MeRIP sequencing by
RiboBio (Guangzhou, China). RNA-seq was conducted in
accordance with a previously reported protocol (13). Fold change
of >1.5 and false discovery rate P < 0.05 were set as the cutoffs to
screen for differentially expressed genes (DEGs).

RIP-qPCR
RIP was conducted with the Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Merck Millipore, Germany) according to
the manufacturer’s protocol. Mouse immunoglobulin G or
IGF2BP2 (ab128175, Abcam) were coated with Magnetic beads.
Then the coated beads were incubated with prepared cell lysates
overnight at 4°C. Then, the RNA was finally extracted. The relative
interaction between FEN1 and IGF2BP2 transcripts was determined
by qPCR and normalized to the input.

Animals
The animal studies were approved by the Institutional Animal
Care and Use Committee of Affiliated Hospital of YouJiang
Medical College for Nationalities, and were carried out
according to institutional guidelines. A total of 40 BALB/c
nude mice were chosen and assigned to two groups: shCtrl
group (injected with HepG2 cells) and shIGF2BP2 group
(injected with HepG2 cells with IGF2BP2 knockdown). 200 µl
of the above cell suspension containing 2 × 105 cells was injected
into the left or right back of each mice. Tumor sizes and tumor
volume were measured as described previously (14).
RESULTS

Elevated METTL3 and IGF2BP2
Expression Correlate With Poor
Prognosis of Patients With HCC
To elucidate the functional roles of m6A modification in HCC,
we investigated the expression of 20 genes involved in m6A RNA
Frontiers in Oncology | www.frontiersin.org 373
modification in the TCGA-LIHC databases (15). The results
revealed that METTL3 and IGF2BP2 were significantly
upregulated in tumor tissues compared with those in adjacent
normal tissues (Figure 1A). Utilizing the online bioinformatics
tool GEPIA (http://gepia.cancer-pku.cn/detail.php) (16), we also
found that patients with HCC with increased METTL3 and
IGF2BP2 mRNA levels had worse overall survival (OS) (Figure
1B) (the group cutoff was set as quartile [cutoff-high (%) was
75% and cutoff-low (%) was 25%)]. This result was consistent
with previous reports that the METTL3 expression was up-
regulated in the tumor tissue of liver cancer (17). To further
validate the expression level of IGF2BP2 in the real world, we
tested the expression of IGF2BP2 protein in 20 patients’ HCC
tissues and adjacent normal tissues by IHC. The results displayed
that the high expression of IGF2BP2 was detected in 13/20 (65%)
HCC (Figure 1C). Higher expression of IGF2BP2 was also found
in HCC tissues than in the corresponding adjacent nontumor
HCC tissues by western blot analysis (Figure 1D). Furthermore,
statistical analysis of the 20 HCC patients’ tumor tissues showed
that expression of IGF2BP2 was associated with tumor size (p =
0.031) (Table 1). We then examined the m6A RNA levels in 20
HCC tissues and paired adjacent tissues by m6A RNA
methylation assay. We found that the m6A RNA levels were
significantly higher in HCC tissues than paired adjacent tissues
(Figure 1E). Thus, the above results reveal that the m6A
modification and the expression of IGF2BP2 are increased in
HCC and that IGF2BP2 might be an independent prognostic
factor for patients with HCC.

DNA Copy Number Aberrations Promote
IGF2BP2 Overexpression in HCC
Since the copy number amplification (CNA) is closely related
with gene expression. To detect whether DNA CNA contributes
to IGF2BP2 overexpression or not, we extracted the CNA and
expression data of IGF2BP2 from TCGA. After analyzing the
data, we identified that IGF2BP2 copy number in HCC tissues
was significantly higher than that in normal tissues (Figure 2A).
Then, we evaluated the correlation of the CNA with the
expression of IGF2BP2 by Pearson correlation coefficient [32].
The results showed that the expression of IGF2BP2 was
significantly associated with the CNA in TCGA-LIHC samples
(Figure 2B, P <0.01). To further verify the association between
the expression and CNA, the AccuCopy copy number assay (18)
was applied to validate 20 pairs of primary HCC tissues
compared with adjacent normal tissues. We discovered that the
copy number of IGF2BP2 in tumor tissues was higher than that
in adjacent normal tissues (Figure 2C). Additionally, the CAN
was also correlated with mRNA expression of IGF2BP2 in the
real world via qRT-PCR (Figure 2D, P <0.05). Therefore, our
results proved that CNA was one of the mechanisms that
contributed to the overexpression of IGF2BP2 in HCC.

IGF2BP2 Promotes HCC Cells
Tumorigenicity In Vitro and In Vivo
To select suitable cell lines for in vitro experiments, the IGF2BP2
expression was detected by qRT-PCR. Consistent with results in
November 2020 | Volume 10 | Article 578816
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tumor tissue, the IGF2BP2 expression was significantly up-
regulated in HCC cell lines (Figure 3A). Then, we selected
HepG2 and Hun7 cell lines to investigate the the function of
IGF2BP2 in vitro. To confirm the oncogenic function of
IGF2BP2, shRNAs specifically targeting IGF2BP2 were
transfected into HepG2 and Hun7 cells by lentivirus infection,
respectively. The silencing effect was determined by western blot
and qRT-PCR analysis, and the results showed that shRNA
specifically downregulated the expression of IGF2BP2 (Figures
Frontiers in Oncology | www.frontiersin.org 474
3B, C). The influence of IGF2BP2 knockdown on cell
proliferation was examined by using the CCK-8 and EdU
proliferation assays. CCK-8 and EdU analysis suggested that
cell proliferation in HepG2 and Hun7 cell lines was impeded
after IGF2BP2 knockdown (Figures 3D–F). Furthermore,
knockdown the expression of IGF2BP2 reduced growth ability
owing to fewer colonies formed after 10 days than the shCtrl
group in both cell lines (Figure 3G). To determine if knockdown
the IGF2BP2 expression could reduce tumor growth in vivo,
November 2020 | Volume 10 | Article 57881
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FIGURE 1 | Elevated IGF2BP2 expression correlates with poor prognosis of patients with HCC. (A) METTL3 (left) and IGF2BP2 (right) mRNA levels in the TCGA
databases. (B) Kaplan-Meier survival curves of OS based on METTL3 and IGF2BP2 expression using the online bioinformatics tool GEPIA. (C) Representative IHC
images of IGF2BP2 protein expression in HCC tissues (T) and adjacent normal tissue (N) of two patients (P1–P2). (D) IGF2BP2 protein levels were measured in HCC
tissues and paired normal tissues by western blotting. (E) An m6A RNA methylation assay revealed the m6A content in HCC tissues and adjacent normal tissues.
(****P < 0.0001, Student’s t-test).
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normal IGF2BP2 expression and knockdown HepG2 cells were
transfected into the animals, respectively. The tumor growth was
monitored. As shown in Figures 4A, B, knockdown the
IGF2BP2 expression reduced tumor growth, as evidenced by
the higher tumor volume and tumor weight; IGF2BP2 expression
could not be detected in tumor tissues of IGF2BP2 knockdown
Frontiers in Oncology | www.frontiersin.org 575
mice (Figure 4C). Tumor tissues from knockdown IGF2BP2
mice showed lower levels of KI-67, as compared to control mice
(Figure 4D). Together, the findings above suggested that the
IGF2BP2 expression promoted HCC cell proliferation in vitro
and in vivo.

FEN1 Is Regulated by METTL3-Mediated
m6A Modification and Recognized by
IGF2BP2 via an m6A-Dependent Manner
To map target transcripts by which IGF2BP2 promotes HCC
progression, we first performed immunoprecipitation
sequencing (MeRIP-seq) in HepG2 cells with stable
METTL3 knockdown. We identified 1124 m6A modified
genes in HepG2 cells (fold change of >1.2). We next
conducted RNA sequencing (RNA-seq) in IGF2BP2
knockdown HepG2 cells. In addition, we analyzed RIP–seq
data in HepG2 cells from the GEO database (19). We
categorized transcripts into three groups: non-m6A marked
transcripts, m6A-containing transcripts, and m6A-marked
transcripts bound by IGF2BP2. Knockdown of IGF2BP2
globally and preferentially inhibited the expression of RIP
targets (Figure 5A). Intriguingly, two genes were overlapped
in the RNA-seq, MeRIP-seq, and RIP-seq data, and they were
E2F1 and FEN1 (Figure 5B). Next, we validated the mRNA
A B

DC

FIGURE 2 | DNA Copy Number Aberrations Promote IGF2BP2 Overexpression in HCC. (A) IGF2BP2 copy numbers in the TCGA databases. (B) Correlation
between the DNA copy number and mRNA expression of IGF2BP2 in TCGA. (C, D) The comparison of the IGF2BP2 DNA copy number between HCC tissues (T)
and adjacent normal tissues (N) in 20 patients and the correlation between the DNA copy number and mRNA expression of IGF2BP2 in 20 HCC tissue. (****P <
0.0001, ***P < 0.001, Student’s t-test).
TABLE 1 | Relationship between IGF2BP2 expression in patients with HCC and
clinicopathologic characteristics.

Feature No. YTHDF1 expression P value

High Low

Age (years)
≥60 12 5 7 0.142
<60 8 6 2
Tumor size(cm)
≥2.0 13 9 4 0.019*
<2.0 7 1 6
Lymph node metastasis
Yes 12 6 6 0.582
No 8 5 3
Clinical Stage
I/II 6 2 4 0.202
III/IV 14 9 5
(The P value was calculated by chi-squared analysis).
*P < 0.05.
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levels of these two candidate genes in other IGF2BP2
knockdown HCC cell lines via qRT-PCR (Huh7 and PLC).
Only FEN1 but not E2F2 was consistently regulated by
IGF2BP2 in all three HCC cell lines (Figure 5C). We also
confirmed via a western blot assay that the FEN1 protein
levels were positively regulated by IGF2BP2 in different HCC
Frontiers in Oncology | www.frontiersin.org 676
cell lines (Figure 5D). Next, RIP-qPCR demonstrated a
strong binding of IGF2BP2 with FEN1 in all three HCC cell
lines (Figure 5E). We also found that the expression of
IGF2BP2 was significantly correlated with FEN1 expression
in the TCGA-LIHC database (Figure 5F). Together, our
experiments indicate that METTL3-mediated m6A modification
A B
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E

F

G

C

FIGURE 3 | IGF2BP2 Promotes HCC Cells Tumorigenicity in vitro. (A) The expression of IGF2BP2 mRNA in HCC cells was determined using qRT-PCR (The
experiment was repeated three times). (B, C) Expression level of IGF2BP2 knockdown efficiency in HepG2 and Hun7 cell lines was detected by western blot and
qRT-PCR. (D) The influences of IGF2BP2 knockdown on cell proliferation were confirmed using the CCK-8 assay (**P < 0.01, Student’s t-test). (E, F) The influences
of IGF2BP2 knockdown on cell proliferation were confirmed by EdU assay (**P < 0.01, Student’s t-test). (G) The representative picture of colony formation assay,
and the quantification of colonies per well (***P < 0.001, Student’s t-test).
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maintains FEN1 expression via IGF2BP2-dependent FEN1
mRNA stability.

FEN1 Plays an Oncogenic Role in Ovarian
Cancer Cells in HCC
To further examine the role of FEN1 in HCC, we analyzed the
cellular phenotypes in HepG2 and Hun7 cells, including
cell growth and colony formation ability upon FEN1
knockdown. shRNA specifically targeting FEN1 was transfected
into HepG2 and Hun7 cells by lentivirus infection, respectively.
The silencing effect was determined by western blot and qRT-
PCR analysis, and the results showed that shRNA specifically
downregulated the expression of FEN1 (Figure 6A). Notably, cell
growth and colony formation capacities were markedly
suppressed upon FEN1 knockdown in both HepG2 and Hun7
cells (Figures 6B, C). Based on the mechanism we identified
above, we proceeded to explore the clinical relevance of FEN1.
Utilizing the online bioinformatics tool oncomine (https://www.
oncomine.org/), we found that FEN1 was significantly
upregulated in tumor tissues compared with that in normal
tissues (Figure 6D). Moreover, we also found that patients with
HCC with increased FEN1 mRNA levels had worse overall
survival (OS) (Figure 6E) (The group cutoff was set as
Quartile [cutoff-High (%) was 75% and cutoff-Low (%)
was 25%)].
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DISCUSSION

HCC is one of the most common cancers and the leading cause
of cancer-related mortality in developing countries (20).
However, the molecular pathogenesis of HCC remains largely
unknown (21, 22). Therefore, better prognostic indicators are
needed to identify patients with poor prognosis and intervene as
early as possible.

m6A, the most abundant post-transcriptional modification,
is mainly regulated by m6A WERs (“writers”, “erasers,” and
“readers”) in diverse cell types (23, 24). m6A can affect the
stability of mRNA via the m6A-binding protein IGF2BPs
(IGF2BP1, IGF2BP2, and IGF2BP3) (19, 25). Dysregulation
of m6A pathway components could affect oncogene expression,
thereby linking m6A with tumorigenesis (26–28). In the
present work, by utilizing the TCGA database, we identified
that the expression of METTL3 and IGF2BP2 was upregulated
in HCC tissues and that the high expression was correlated with
poor prognosis. Our data with the clinical HCC samples were
similar to the online data, in which IGF2BP2 was upregulated
in HCC tissues at both the mRNA and protein levels, and the
CNA might promote the high expression of IGF2BP2 in HCC.
Moreover, the IGF2BP2 expression was found to be correlated
with tumor size. But note that the clinical HCC specimens were
just 20 pairs, further clinical trials in a multicenter are needed.
A B

DC

FIGURE 4 | IGF2BP2 Promotes HCC Cells Tumorigenicity in vivo. (A, B) Knockdown of IGF2BP2 effectively inhibited HepG2 cells subcutaneous tumor growth in
nude mice (***P < 0.001, Student’s t-test). (C) IHC analysis of IGF2BP2 in tumor tissue samples. (D) qRT-PCR analysis of KI-67 in tumor samples. (*P <0.05,
Student’s t-test).
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Flap endonuclease-1 (FEN1) is a multifunctional, structure-
specific nuclease that has a critical role in maintaining human
genome stability (28). Regulatory mechanisms of FEN1 in cells are
crucial to maintaining normal cell growth (29). He et al. compared
the expression of FEN1 in cancer tissues and normal tissues, and
found that the expression of FEN1 in lung cancer tissues was
significantly increased (30). In addition, high expression of FEN1
was also found in breast cancer and gastric cancer (31, 32).
However, the mechanism of FEN1 up regulation is still unclear.
In our study, m6A-seq and RNA-seq revealed that FEN1 was the
Frontiers in Oncology | www.frontiersin.org 878
downstream gene of IGF2BP2 and confirmed the oncogenic effect
of FEN1 and revealed an m6A-dependent regulatory mechanism
to partially explain the common upregulation of FEN1 in cancer.

In conclusion, our study identified that CAN was the major
mechanism that promoted the high expression of IGF2BP2 in HCC.
Additionally, the panoramic network of “writer”METTL3, “reader”
IGF2BP2, and “target” FEN1 emphasized a novel m6A-dependent
gene regulatory biological process. Our study suggests that targeting
METTL3-IGF2BP2-FEN1may be a novel and efficient strategy for a
tumor-targeting therapy for HCC.
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FIGURE 5 | FEN1 is regulated by METTL3-mediated m6A modification and recognized by IGF2BP2 via an m6Adependent manner. (A) Volcano plots displaying
enrichment of dysregulated target genes in IGF2BP-knockdown (shIGF2BP) versus control (shNS) HepG2 cells. The numbers of significantly downregulated or
upregulated genes (|log2 FC| > 1, P < 0.01, two-tailed Student’s t-test) in the RIP-seq target group. (B) RNA-seq, MeRIP-seq and RIP-seq identified differentially
expressed genes in HepG2 cells when compared with their corresponding controls. (C) Relative changes in FEN1 and E2F1 mRNA levels upon IGF2BP2 silencing in
other HCC cell lines (***P < 0.001, Student’s t-test). (D) The protein levels of FEN1 in other HCC cell lines were measured by western blotting. (E) RIP–qPCR
showing the binding of IGF2BP2 to FEN1 (***P < 0.001, Student’s t-test). (F) IGF2BP2 expression was positively correlated with FEN1 expression in HCC in TCGA
database.
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FIGURE 6 | FEN1 plays an oncogenic role in ovarian cancer cells in HCC. (A) Expression level of FEN1 knockdown efficiency in HepG2 and Hun7 cell lines was
detected by western blot and qRT-PCR (***P < 0.001, **P < 0.01, Student’s t-test). (B) The influences of FEN1 knockdown on cell proliferation were confirmed using
the CCK-8 assay. (C) The influences of FEN1 knockdown on the quantification of colonies per well. (D) FEN1 mRNA levels in the oncomine databases. (E) Kaplan-
Meier survival curves of OS based on FEN1 expression using the online bioinformatics tool GEPIA.
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Although N6-methyladenosine (m6A) mRNA methylation is known to be closely related
to tumor events, its role in carcinogenesis and the development of gastric cancer
(GC) is not yet clear. The aim of this study was to identify common m6A features
and novel aberrant expression of m6A modified genes in GC and to further explore
their potential impact on risk and prognosis. Three paired GC and paracancerous
(PCa) tissues were collected to perform an m6A sequencing by MeRIP-seq and
microarray assays. The expression profile of m6A and mRNA were determined. Gene
function note and enrichment analysis were performed, and protein–protein interaction
networks of differentially m6A methylated genes (DMGs) were generated using the
DAVID and STRING databases, respectively. Validation of the m6A related differentially
expressed genes by matching TCGA and GTEx data and human tissues. Clinical and
pathological correlation and survival analysis were performed by TCGA data. The m6A
motif sequence GGACAR (R = U or A) C was the consensus in both GC and PCa
tissues. m6A peaks were significantly related to different coordinates, however, for most
samples, the end of the coding sequence (CDS) was more prominent than the start
of CDS. The genes with higher levels of m6A in their mRNAs were mainly enriched
in transcriptional misregulation in carcinogenesis pathways, whereas the genes with
decreased methylation mainly regulated digestion and absorption of protein. There are
genes with differential m6A modifications in GC and paired PCa tissues, and these
genes are mainly enriched in transcriptional misregulation and digestion/absorption
pathways. m6A-GC with the down- and up-regulated genes may play an important
role in gastric carcinogenesis, which can affect the risk and prognosis in GC.
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INTRODUCTION

The identification of RNA modifications that regulate gene
expression has resulted in the advance of the novel field of
“RNA epigenetics” (He, 2010). To date, in multiple RNA species,
more than 160 RNA modifications have been identified as
post-transcriptional regulatory marks (Boccaletto et al., 2018;
Yang et al., 2018). N6-methyladenosine (m6A) is the most
prevalent form of mRNA modification in higher eukaryotes, and
it plays a significant role in gene expression and metabolism
(Wei et al., 1975; Dominissini et al., 2012; Meyer et al., 2012;
Huang et al., 2020). m6A was discovered with a canonical
RNA motif of RRACH (R = A or G; H = A, U, or C) and
was found to be mainly enriched near stop codons and 3′
untranslated regions (3′ UTRs) (Linder et al., 2015). Because
of the involvement of methyltransferases and demethylases,
m6A methylation is regulated and reversible in nearly each
step of mRNA metabolism, stem cell self-renewal, and cancer
progression (Dai et al., 2018; Yang et al., 2018; Chen et al., 2019;
Hu et al., 2019; Wang X. et al., 2020).

Recent studies have shown that the methylation of m6A
mRNA plays a key role in the occurrence and development of
cancers (Lan et al., 2019), such as glioblastoma (Cui et al., 2017;
Du et al., 2020), hematologic malignancies (Bansal et al., 2014;
Kwok et al., 2017), breast cancer (Zhang et al., 2016a,b), cervical
cancer (Wang et al., 2017), hepatocellular carcinoma (HCC) (Ma
et al., 2017), renal clear cell carcinoma (Wang J. et al., 2020),
and pancreatic cancer (Geng et al., 2020). These studies show
that phenotypes could be altered as a result of changes in the
expression of key genes related to the function of the m6A
modulator. However, for gastric cancer (GC), there are only a
few studies on m6A methylation regulators (Xu et al., 2017; Li
et al., 2019; Su et al., 2019; Yue et al., 2019). The gene expression
effects, the target genes modified with m6A in GC, the extent
of such modifications, and the functions and pathways of genes
differentially modified with m6A, as well as the potential impacts
of the modifications on mRNA expression, all remain elusive.

In this study, we collected three paired GC and paracancerous
(PCa) tissues to obtain the first transcriptome-mRNA m6A
profiles. Moreover, we investigated the genes with m6A
modifications and performed functional annotations and
pathway analyses of differentially m6A methylated genes using
online tools. Subsequently, we performed a combined data
analysis on the genes with differential m6A methylation and
expression that were obtained from the sequence and array using
GC and PCa tissues, and we explored whether m6A modification
could affect mRNA expression, which could be related to the risk
and prognosis in GC. Thus, we expected to find common features
of m6A and novel aberrantly methylated pathways in GC and
key m6A-related genes that might regulate gene expression to
play a vital role in gastric carcinogenesis.

MATERIALS AND METHODS

Tissue Specimen Collection
Cancerous tissue and normal tissue (>3 cm adjacent to the
cancer) were taken from three surgically removed GC specimens

at the First Hospital of China Medical University. Fresh samples
were immediately frozen in liquid nitrogen and maintained
at −80◦C. This study was conducted with the approval of
the institutional ethics board of the First Hospital of China
Medical University.

High-Throughput m6A Sequencing
MeRIP-Seq was executed by Cloudseq Biotech Inc. (Shanghai,
China) in line with the printed procedure (Meyer et al., 2012)
with minor adjustments. In brief, RNA was fragmented and
incubated for 2 h with an anti-m6A polyclonal antibody (Synaptic
Systems, 202003) in IPP buffer at 4◦C. The mixture was then
immunoprecipitated by incubation for an extra 2 h at 4◦C
with protein-A beads (Thermo Fisher). Next, the bound RNA
was eluted from the beads with m6A (Berry and Associates,
PR3732) in IPP buffer and was then collected with TRIzol reagent
(Thermo Fisher) according to the manufacturer’s instructions.
The RNA sequence library was generated from purified RNA with
a NEBNext R© UltraTM RNA Library Prep Kit (NEB). The m6A IP
samples and input samples without immunoprecipitation were
both subjected to 150-bp paired-end sequencing on an Illumina
HiSeq sequencer.

mRNA Expression Assay by Microarray
The experiment used NanoDrop ND-2000 (Thermo Scientific)
to quantify total RNA and Agilent Bioanalyzer 2100 (Agilent
Technologies) to assess RNA integrity. Sample labeling,
microarray hybridization, and washing were performed in
accordance with the manufacturer’s instructions. In short, total
RNA was transcribed into double-stranded cDNA, and then
cRNA was manufactured and tagged with cyanine-3-CTP. The
tagged cRNAs were hybridized to the microarray. Finally, the
array was scanned using an Agilent Scanner G2505C (Agilent
Technologies) after washing.

Data Analysis
Analysis of N6-Methyladenosine Features of
Differentially Methylated Genes Between GC and
Paired PCa Issues
First, quality control was performed by Q30 after obtaining
paired-end reads from Illumina HiSeq 4000 sequencer, and
then low-quality and 3′ adaptor-trimming reads were deleted
by cutadapt software (v1.9.3). Next, HISAT2 software (v2.0.4)
was used to align all clean reads of libraries with the reference
genome (UCSC HG19). MACS software was used to identify
the methylated sites of RNAs (peaks). In addition, diffReps was
used to discover differentially methylated sites. In this study, we
used P < 1e-05 and | fold change| > 2 as the cutoff criteria
for differentially methylated genes (DMGs). The conserved m6A
motif in GC tissues was constructed by MEME software using
100-nt RNA fragments, including methylation sites.

DMGs Related Enrichment Analysis and
Protein–Protein Interaction Network Construction
Gene Ontology and pathway enrichment analyses were
performed for DMGs using the DAVID database. A protein–
protein interaction (PPI) network of genes with increased or
decreased m6A levels was built through the STRING (Search
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Tool for the Retrieval of Interacting Genes/Proteins)1database.
An interaction score (median confidence) of 0.4 was adopted as
the cutoff standard.

Effect Analysis of Differential m6A Methylated Genes
on the Related mRNA Expression Levels
Differentially expressed genes were recognized from microarray
and TCGA and GTEx data by fold change and P value together
analyzed with t test. Consequently, we performed a combined
analysis of differently m6A methylated genes and differently
expressed genes by the standard of P < 0.05 and | fold
change| > 2.

Validation of m6A Modified Gene Expression Levels
From Microarray by Matching TCGA and GTEx Data
To confirm the results, we validated the levels of m6A modified
gene expression in stomach adenocarcinoma (STAD) by using
the TCGA and GTEx data. | logFC| > 1 and P < 0.05
were considered to indicate statistically significant differences.
A boxplot graph was produced for the visualization of the results.

Validation of m6A Modified Gene Expression Levels
From Microarray in Human Tissues
We further verified the hub genes using 10 pairs of tumor and
adjacent non-tumor tissues in GC that were matched according
to age and sex (this validation was approved by the Human
Ethics Review Committee of the First Hospital of China Medical
University). Quantitative real-time polymerase chain reaction
(PCR) was performed to profile the mRNA expression levels.
Differences between the groups were compared by the use of
a Mann–Whitney U test, and P < 0.05 was considered to be
statistically significant. All of the primers that were used are
shown in Table 1.

Clinical and Pathological Correlation and Survival
Analysis of m6A Modified Genes by TCGA Data
We considered the differentially m6A modified genes as hub
genes, and we performed clinical and pathological correlation
and survival analyses of the TCGA data that were based on gene
expression. A boxplot graph was produced for the visualization of
the relationships. Overall survival was assessed by using Kaplan–
Meier survival curves, and the hazard ratio with 95% confidence
interval information and log-rank P values were calculated and
included in the survival plots. Values of P < 0.05 were considered
to indicate significant differences.

RESULTS

Common Features of the m6A
Modification of mRNA in GC and PCa
Tissues
After removing low-quality data, approximately 9,700,000 to
21,200,000 high-quality reads were obtained from every PCa
IP sample, as well as approximately 14,800,000 to 24,200,000

1http://string-db.org/

TABLE 1 | Real-time PCR primer sequence.

Name Sequence

SCD F CTTTCTGATCATTGCCAACACA

R TGTTTCTGAAAACTTGTGGTGG

MTHFD1L F GAGGAAGTGAGTAAATTTGCCC

R GCCCGATGGTTATTTTTCGTAG

IGF2 F CTGGAGACGTACTGTGCTAC

R CATATTGGAAGAACTTGCCCAC

ORM1 F TAACACCACCTACCTGAATGTC

R AAAAGCAAGCATGTAGGTCTTG

FGA F GGATCGTCTGCCTGGTCCTA

R CCTTCAGCTAGAAAGTCACCTTCA

GC F AAATGATGAAATCTGTGAGGCG

R AGCTTGTCCGTAATTAGTGGAA

GIF F GCCCTCTACCTCCTGAGCCTTC

R GCTGATGAAGTCACCGAGTTCTCC

MT1E F CATTCTGCTTTCCAACTGCCTG

R GCAGCTCTTCTTGCAGGAGG

GALNT1 F ATGGCCCAGTTACAATGCTC

R ATATTTCTGGCAGGGTGACG

beta-actin F ATGTGGCCGAGGACTTTGATT

R AGTGGGGTGGCTTTTAGGATG

reads from every GC IP sample, and they were mapped to
the reference genome with an efficiency of greater than 66%.
Moreover, we found the consensus sequence GGACAR (R = U or
A) C by analyzing the top 100 most significant peaks from every
sample using MEME software (Machanick and Bailey, 2011); this
sequence resembles the common m6A motif described in human
diseases. Furthermore, the results showed that m6A peaks were
significantly related to different gene locations in both GC and
paired PCa tissues: near the middle of the 5’ UTRs, start of the
coding sequence (CDS), near the end of the CDS, and 3′ UTRs.
Moreover, for most samples, the peaks at the end of CDS were
more pronounced than those at the start, and to further confirm
the preferential locations of m6A on transcripts, we investigated
the metagene profiles of m6A peaks (Figures 1A–C).

DMGs Between GC and Paired PCa
Tissues
We detected 1,487 genes with 2,103 m6A sites in GC tissues and
1,230 genes with 1,688 m6A sites in PCa tissues. On average,
1.41 and 1.37 m6A sites occurred per gene mutation in GC and
PCa tissues, respectively. A total of 365 genes were comethylated
in GC and PCa tissues, accounting for 15.52% of the total
methylated genes. A total of 1,122 and 865 genes were only
methylated in GC and PCa tissues, respectively. Statistics for m6A
genes of each sample are shown in a Venn diagram (Figure 2),
and the heatmap of intersecting m6A signals for the represent
group is shown in Figure 3. We searched for differential m6A
modifications in mRNAs by analyzing GC and PCa tissues, and
we identified 81 up-regulated and 62 down-regulated methylated
protein coding genes (Supplementary Table S1). The top 10
up- and down-regulated genes and their related information are
shown in Table 2.
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FIGURE 1 | Distribution of m6A peaks along transcripts. (A) Each transcript is divided into three parts: 5’ untranslated regions (5’ UTRs), coding sequence (CDS),
and 3′ untranslated region (3′ UTRs). (B) The m6A peak distribution within different gene contexts. (C) The m6A peak distribution along a metagene.

FIGURE 2 | Statistics for genes with m6A modifications in each sample. (A) Number of genes with m6A sites in three GC samples; (B) number of genes with m6A
sites in three PCa samples; (C) number of genes in GC and PCa tissues. We detected 1,487 m6A genes in GC tissues and 1,230 genes in PCa tissues, respectively,
365 genes were comethylated in GC and PCa tissues, accounting for 15.52% of the total methylated genes; 1,122 and 865 genes were only methylated in GC and
PCa tissues, respectively.

DMGs Related Pathway and PPI Network
Between GC and PCa Tissues
GO analysis demonstrated that the up-methylated genes of
m6A are chiefly enriched in the histone deacetylase complex,
ionotropic glutamate receptor complex, and transcription factor
complex. Further, these genes are engaged in various molecular
functions, such as sequence-specific DNA binding, transcription
factor–binding, and complement binding, and they are involved
in biological progresses, such as forebrain regionalization and
positive regulation of transcription from the RNA polymerase III
promoter (Figure 4).

The down-methylated genes of m6A modifications are
mainly enriched in the ribonucleoprotein complex, extracellular
region part, and cytosolic ribosome; further, the gene products
are engaged in various molecular functions, such as poly(A)
RNA binding, RNA binding, aspartic-type endopeptidase,
and peptidase activity, and they are involved in biological
progresses, such as nuclear-transcribed mRNA catabolic
process, translational elongation, and mRNA catabolic
process (Figure 5).

Furthermore, we investigated the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways of m6A methylated
mRNAs. From the results, we found that the up-methylated
mRNAs were mostly enriched in pathways including
complement and coagulation cascades, transcriptional
misregulation in cancer, and viral carcinogenesis. However,
the down-methylated mRNAs were mostly involved in pathways

including ribosome, vitamin digestion and absorption, antigen
processing and presentation, protein digestion, and absorption.

Differentially m6A methylated genes were investigated using
STRING. In total, 81 nodes and 44 edges were discovered in
the up-regulated genes, and the PPI networks displayed even
more interactions with a PPI enrichment P value of 9.08e-07
(Figure 6A). In addition, 62 nodes and 74 edges were discovered
in down-regulated methylated genes, and the PPI networks
displayed even more interactions with a PPI enrichment P value
of 3.32e-12 (Figure 6B).

The Effect Analysis of Differential m6A
Modification of Genes on the Related
mRNA Expression
We identified 472 up-regulated genes and 346 down-regulated
genes among three paired GC and PCa tissues, respectively
(Supplementary Table S2). In addition, we analyzed 415
tumors and 262 normal control tissues in TCGA + GTEX
database. A total of 3,017 differentially expressed genes were
obtained, including 1,226 up-regulated genes and 1,791 down-
regulated genes (Supplementary Table S3). We performed a
combination analysis of 1,487 m6A methylation genes with the
above mRNAs that were differentially expressed in GC. We
found 120 up-regulated genes and 92 down-regulated genes
related to m6A methylation (Figure 7). Further, we analyzed
the differentially expressed genes related to differential m6A
methylation. We finally identified 18 genes with increased
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FIGURE 3 | The heatmap of intersecting m6A signals for the represent group.

m6A levels and 9 genes with decreased m6A levels that had
differential m6A methylation between GC and PCa tissues.
Among these genes, 15 genes revealed a positive correlation

between m6A methylation and gene expression, whereas 12 genes
had a negative correlation that may affect their expression in
GC (Table 3).
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TABLE 2 | Top 10 up- and down-regulated differential methylated genes in GC tissues.

Catalog Gene name Chrom txStart txEnd Peak ID Fold change P value

Up F13A1 chr6 6152045 6152182 diffreps_peak_958 167 1.11E-16

GOLPH3L chr1 150620621 150620880 diffreps_peak_87 136 6.73E-14

BDKRB2 chr14 96709521 96709720 diffreps_peak_355 131 1.78E-13

BTNL9 chr5 180480468 180480620 diffreps_peak_947 114 0

ZFHX3 chr16 72991561 72991820 diffreps_peak_492 91 1.02E-09

PGP chr16 2264561 2264822 diffreps_peak_449 81 8.92E-09

PROC chr2 128180681 128180984 diffreps_peak_677 70 0

TLCD1 chr17 27053221 27053230 diffreps_peak_531 65 2.35E-07

TSPAN9 chr12 3186520 3186560 diffreps_peak_253 64 0

PANX2 chr22 50616361 50616740 diffreps_peak_794 57 0

Down IST1 chr16 71929395 71929492 diffreps_peak_490 125 7.59E-13

GIF chr11 59612733 59612972 diffreps_peak_214 80 0

PGA4 chr11 60989817 60989928 diffreps_peak_215 62 0

PGA5 chr11 61008647 61008754 diffreps_peak_218 57 0

SCOC chr4 141264681 141264862 diffreps_peak_884 56 1.6E-06

HES1 chr3 193853930 193854080 diffreps_peak_854 52 3.94E-06

ATP5B chr12 57038601 57038739 diffreps_peak_273 36 0

PGC chr6 41704448 41704580 diffreps_peak_1009 35 0

LSS chr21 47648401 47648738 diffreps_peak_776 31 5.17E-09

RPL3 chr22 39715032 39715116 diffreps_peak_788 26 0

FIGURE 4 | GO terms for mRNAs with increased m6A levels. (A) Cellular component, (B) biological process, (C) molecular function. The genes are mainly enriched
in the histone deacetylase complex, ionotropic glutamate receptor complex, and transcription factor complex and are involved in a variety of molecular functions
including transcription factor binding, complement binding, sequence-specific DNA binding, and biological progresses referred to forebrain regionalization and
positive regulation of transcription from RNA polymerase III promoter.

The Differential Expression of m6A
Modified Genes From Microarray
Validated by Matching TCGA and GTEx
Data and in Human Tissues
We selected the hub m6A modified genes from microarray to
validate the expression in STAD by matching 408 tumor tissues
and 211 normal tissues. The results demonstrated that nine hub
genes, (MTHFD1L, IGF2, SCD, GC, ORM1, FGA, GALNT1,
MT1E, and GIF) exhibited significant differences between the
cancer and normal tissues. A boxplot graph was produced for
the visualization of these differences (Figure 8). Next, we sought
to verify the nine identified hub genes in human tissues and
demonstrated that MT1E, GC, FGA, GALNT1, ORM1, and
GIF exhibited statistical difference (P < 0.05); additionally,

IGF2, MTHFD1L, and SCD exhibited no significant differences
(P > 0.05), which may be related to the small sample size
that we verified.

Clinical and Pathological Correlation and
Survival Analyses of Hub m6A Modified
Genes by the Use of TCGA Data
Using TCGA data, we analyzed the correlation between
the expression levels of hub m6A modified genes and
clinicopathological parameters and prognoses. We observed
that IGF2, SCD, GALNT1, TLCD1, SHISA9, NLGN1, and
F13A1 expression levels were related to the T stage; IGF2,
NLGN1, ADAMTS8, and F13A1 expression levels were related
to the pathological stage; SCD, GALNT1, GIF, TLCD1, SHISA9,
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FIGURE 5 | GO terms of mRNAs with decreased m6A levels. (A) Cellular component, (B) biological process, (C) molecular function. The genes are mainly enriched
in the ribonucleoprotein complex, extracellular region part, and cytosolic ribosome and are involved in a variety of molecular functions including poly(A) RNA binding,
RNA binding, aspartic-type endopeptidase and peptidase activity, and biological progresses referred to nuclear-transcribed mRNA catabolic process, translational
elongation, and mRNA catabolic process.

FIGURE 6 | Protein–protein interaction network of DMGs. Disconnected nodes are not shown in the network. (A) total of 81 nodes and 44 edges were established
in genes with increased methylation, and (B) 62 nodes and 74 edges were established in genes with decreased methylation. PPI networks both revealed a
significantly more interactions.

NLGN1, PLD5, ADAMTS8, F13A1, and SLC13A3 expression
levels were related to the histological grade; ORM1, GIF,
TLCD1, SHISA9, BTNL9, PGA5, PGA4, and RPL5 expression
levels were related to anatomical subdivisions; ORM1 and
F13A1 expression levels were consistently associated with
metastasis; FGA expression levels were related to gender;
NLGN1 expression levels were related to lymph node metastasis;
PLD5 expression levels were related to reflux history; and
EBF4 expression levels were related to Barrett esophagus
(Supplementary Table S4). In addition, the survival analysis of

the hub genes demonstrated that GNLAT1, EBF4, F13A1, and
NLGN1 expression levels were related to the overall survival.
The visualization of the survival analysis is displayed on the
plots (Figure 9).

DISCUSSION

In this study, we first outlined the patterns and characteristics
of m6A in GC, such as m6A modification of specific genes,
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FIGURE 7 | m6A methylation genes with the related mRNA differentially
expressed genes in GC. We performed a combination analysis of 1,487 m6A
methylation genes with related mRNA differently expression genes in GC and
found 120 up-regulation genes and 92 down-regulation genes were related
m6A methylation.

distribution in transcripts, and the consensus m6A motif.
In addition, we identified the DMGs between GC and PCa
tissues and further analyzed their functions and enrichment
pathways using bioinformatics tools. Finally, by combining
analysis of differently m6A methylated and expression genes, we
discovered some key genes that may exhibit dynamic expression
because of m6A methylation and that are associated with GC
risk and prognoses.

Previous studies have proven that the consensus motif
sequence RRACH is the characterized in the m6A motif (Wei
and Moss, 1977; Harper et al., 1990), and this has further
been confirmed in many high-throughput m6A RNA sequencing
databases (Dominissini et al., 2012; Luo et al., 2014). In our
study, we found the consensus sequence GGACAR (R = U
or A) C, which resembles the common m6A motif described
in human diseases. The consistent sequence detected in the
present study suggested that m6A methylation was conserved
among various organs and tissues. Although, as mentioned
before, m6A is mainly enriched in the vicinity of stop codons
and 3′ UTRs in most mRNAs from different mammalian
organs (Batista et al., 2014; Li et al., 2014), the distribution
of m6A could be affected by the origin of tissue and genetic
backgrounds of organisms, and the modified sites could remain
unchanged, while the modified segments of each site may
vary based on environmental factors (Luo et al., 2014). We
found that m6A in both GC and PCa tissues was enriched
around the CDS and at 3′ UTRs, as had been found in
mammals. The m6A methylation peaks for most GC tissues
were higher at the end of a CDS than they were at the start.
According to our results, we speculate that when the stomach
tissue evolves from a normal lesion to a cancerous lesion,
changes in genetic and microenvironment factors are most
focused on the end of the CDS. Moreover, the expansively
abundant m6A modifications at the CDS or 3′ UTRs may be in
charge of RNA stability, transport, and translocation signals or
protein synthesis (Niu et al., 2013); these observations may also
demonstrate a molecular mechanism, but further study is needed
to verify these findings.

TABLE 3 | Gene and relationship between differential m6A methylation and gene
expression levels.

Category Up-methylated Down-methylated

Hyperexpression MTHFD1L GALNT1

IGF2

SCD

BMP8B

TSPAN9

TLCD1

CEBPA

Hypoexpression GC

ORM1

FGA

HS3ST4 MT1E

SHISA9 GIF

NLGN1 CPEB2

BTNL9 PGA5

PLD5 PGA4

ADAMTS8 SLC13A3

EBF4 RPL5

F13A1 PGC

N6-methyladenosine RNA modifications show population-
specific regulation at the cellular or species level in response to
environmental changes (Luo et al., 2014; Tao et al., 2017). Some
present studies have shown that m6A differs between cancers
and adjacent tissues, such as HCC, cervical cancer, and breast
cancer (Zhang et al., 2016b; Ma et al., 2017; Wang et al., 2017).
Here, we detected an average of 1.41 and 1.37 m6A sites per gene
mutation in GC and PCa tissues, respectively. In addition, we
found that approximately 15.52% of genes were comethylated,
but most of them were methylated separately in the GC and
PCa tissues. In total, we identified 81 up-regulated and 62 down-
regulated differentially methylated protein coding genes in GC,
such as MTHFD1L, IGF2, SCD, BMP8B, TSPAN9, GC, ORM1,
FGA, HS3ST4, GALNT1, MT1E, GIF, and CPEB2, suggesting that
the epigenetic mechanism of mRNA may lead to the development
of GC through m6A modifications.

Regarding the function and pathway of DMGs, we performed
GO, KEGG enrichment analysis, and PPI construction for DMGs.
The genes with increased m6A levels in their mRNAs are mainly
enriched in transcriptional misregulation in the carcinogenesis
pathway and are engaged in various transcription factor–
binding functions. In accordance with previous observations,
hypermethylation of transcription factors may give signal
recognition and change the stability of the target transcripts
related to carcinogenesis (Dominissini et al., 2012; Niu
et al., 2013; Wang et al., 2014). The genes with fewer
m6A modifications in their mRNAs mainly regulate ribosome,
digestion and absorption of vitamin and protein, antigen
processing, and presentation signal pathways; further, they are
engaged in various molecular functions, such as RNA binding,
aspartic-type endopeptidase, and peptidase activity. According
to the PPI network produced by the identified DMGs, more
interactions that were expected to be found were observed. These
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FIGURE 8 | Validation of the differentially m6A related expressed genes. MTHFD1L, IGF2, SCD, GC, ORM1, FGA, GALNT1, MT1E, and GIF had significant
differences (P < 0.05).

findings indicated that m6A methylation affected metabolic
processes that reflected the specific functions and activities of the
cancerous progression in GC.

The significance of m6A in many biological processes has
mainly been studied in relation to the regulation of expression
of m6A-related genes (Liu and Pan, 2016; Zhao et al., 2020). For
the first time, we performed a combination analysis among the
m6A methylated genes and their expression. Further validation of
the differential expressed genes by matching TCGA normal and
GTEx data, we identified six genes with increased methylation
(MTHFD1L, IGF2, SCD, GC, ORM1, and FGA) and three
genes with decreased methylation (GALNT1, MT1E, and GIF),
which may be key m6A-related genes that play a role in
gastric carcinogenesis as indicated by their regulated expression

levels. We further performed quantitative real-time PCR to
profile mRNA expression levels. The results showed that MT1E,
GC, FGA, GALNT1, ORM1, and GIF had statistical difference
(P < 0.05), and IGF2, MTHFD1L, and SCD had no statistical
difference (P > 0.05). Previous studies discovered that one of
the main functions of m6A is to mediate mRNA degradation
(Liu et al., 2014; Wang et al., 2014), suggesting that there may
be a negative correlation between the degree of m6A methylation
and the level of transcription. However, in our results, four
genes revealed a negative relationship between m6A methylation
and gene expression, whereas five genes showed a positive
correlation. According to our pathway analysis, increased m6A
levels are mainly enriched during transcriptional misregulation
in carcinogenesis, while decreased m6A mainly functions with
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FIGURE 9 | Survival analyses of hub genes by TCGA data. GNLAT1, EBF4, F13A1, and NLGN1 expression levels were related to the overall survival (P < 0.05).

digestion and absorption of protein. We speculate that m6A is
related to the degradation of some genes in GC patients and is
more likely to promote their protein translation and transcription
factor–binding functions. Although these findings may play a

significant guiding role in the progression of GC caused by m6A
modification-related special genes, it needs to be confirmed by
further studies on the mechanism and functional regions of
these key genes.
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In this study, we analyzed the correlation between the
expression of m6A modified genes and clinicopathological
parameters and prognoses. We demonstrated the hub genes
(IGF2, SCD, GALNT1, TLCD1, SHISA9, NLGN1, F13A1,
ADAMTS8, GIF, PLD5, SLC13A3, ORM1, BTNL9, PGA5,
and PGA4, and RPL5, FGA, and EBF4) were related to
clinical and pathological indices, including gender, anatomical
subdivisions, reflux history and Barrett esophagus, histological
grade, pathological stages, and TNM stages. In addition,
GNLAT1, EBF4, F13A1, and NLGN1 expression levels were
related to the overall survival. High expression levels were
consistently associated with worse overall survival for 5-year
survival rate, and the relative risk of death in patients with
high expression levels was 1.4 or 1.5 times higher than that
in patients with low expression levels. Briefly, the m6A related
differently expressed genes may have potential predictive and
prognostic values and can be used as m6A methylation-based
biomarkers for precise GC diagnoses and treatments. However,
a long-term follow-up of a large sample of clinical data is needed
for further verification.

In conclusion, we first comprehensively analyzed the different
m6A features of mRNA methylation between GC and paired
PCa tissues and their potential impact on the related mRNA
expression. We confirmed that the consensus m6A motif
sequence was GGACAR (R = U or A) C and that the m6A
peaks at the end of the CDS were more pronounced than they
were at the start. Through the analysis of differential m6A
methylated and expressed genes, we confirmed that m6A may
play a role mainly through transcriptional misregulation in
carcinogenesis or digestion and absorption of protein pathway,
which then affects the expression of specific genes related to
GC progression. The key genes IGF2, SCD, GALNT1, TLCD1,
SHISA9, NLGN1, F13A1, ADAMTS8, GIF, PLD5, SLC13A3,
ORM1, BTNL9, PGA5, and PGA4 and RPL5, FGA, and EBF4
were related to clinicopathological parameters and prognoses,
which may be used as novel m6A methylation-based molecular
markers that can provide accurate targets for the diagnosis and
treatment of GC.
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Epigenetic modifications including histone modifications and DNA and RNAmodifications are
involved in multiple biological processes and human diseases. One disease, kidney cancer,
includes a common type of tumor, accounts for about 2% of all cancers, and usually has poor
prognosis. The molecular mechanisms and therapeutic strategy of kidney cancer are still
under intensive study. Understanding the roles of epigenetic modifications and underlying
mechanisms in kidney cancer is critical to its diagnosis and clinical therapy. Recently, the
function of DNA and RNA modifications has been uncovered in kidney tumor. In the present
review, we summarize recent findings about the roles of epigenetic modifications (particularly
DNA and RNA modifications) in the incidence, progression, and metastasis of kidney cancer,
especially the renal cell carcinomas.

Keywords: DNA methylation, DNA hydroxymethylation, RNA methylation, ten-eleven translocases, tumor
INTRODUCTION

Kidney cancer presents about 2% of all cancers and is the seventh most common cancer worldwide
with 295,000 new cases being diagnosed annually (1). The most prevalent solid tumor of the kidney
in adults is renal cell carcinoma (RCC), which accounts for about 90% of adult kidney cancer (2–4).
RCC is a heterogeneous malignant tumor with more than ten histological subtypes, although it
mainly stems from renal tubular epithelial cells. In addition to the high prevalence of kidney cancer
in adults, this disease can also be diagnosed in children, where the main form is Wilms tumor (5).
Because of the high malignancy rate and the unclear mechanisms of kidney cancer, current
treatments, which include surgery, chemotherapy and radiation, cannot significantly inhibit tumor
progression. In the past few years, targeted therapy has been shown to prolong survival of patients,
but the overall survival rate still remains very low (4).

Epigenetic modifications including histone modifications, DNA and RNA modifications, and
non-coding RNAs regulate gene expression at transcriptional, translational and posttranslational
levels and therefore are involved in human diseases (6). DNA methylation at the 5’ position of
cytosine (5-methylcytosine, 5mC) is an intensively studied type of epigenetic modification, and it
plays a critical role in development and diseases (7). In addition, more than one hundred types of
RNA modifications have been identified on mRNA, tRNA, etc. Among all RNA modifications, N6-
methyladenosine (m6A) is the most common modification in eukaryotic mRNAs (8). RNA
modification has been shown to play important roles in multiple biological processes and in
diseases, as well as in DNA methylation (9). The dysfunction of epigenetic modifications leads to
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global changes in genomic structure and thus affects the
expression of genes involved in cancer progression (10, 11).

During the past decade the important roles of epigenetic
modifications have been revealed in kidney cancer (especially in
RCC). Epigenetic alterations have been suggested as promising
biomarkers for RCC diagnosis and potential therapeutic targets
(3, 4, 11–14). In this review we summarize the landscape of main
epigenetic modifications with a focus on DNA methylation and
RNA methylation. We then discuss the function and underlying
mechanisms of aberrant DNA and RNA modifications in
kidney cancer.
DNA Modifications and Kidney Cancer
Diverse Modifications of DNA
DNA methylation mainly occurs at the fifth carbon atom of
cytosine (5mC) in mammalian DNA and is catalyzed by DNA
methyltransferases (DNMTs), which use S-adenosyl methionine
(SAM) as a methyl group donor. Currently, there are five members
of the DNMT family, which includes DNMT1, DNMT3a, and
DNMT3b. DNMT1 displays a preference for hemi-methylated
DNA at the CpG islands during DNA replication, whereas
DNMT3a and DNMT3b are de novo methyltransferases. DNA
methylation exhibits dynamic features of expression during
embryonic and postnatal development, and the dysregulation of
DNA methylation has been shown to result in changes in gene
expression (15). In general, hypomethylation activates or increases
gene expression, whereas hypermethylation leads to gene silencing
or decreased gene expression (Figure 1).
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For quite some time, 5mC has been considered as a stable
epigenetic marker of DNA that cannot be further modified.
However, in 2009 researchers found that 5mC can be oxidized to
5-hydroxymethylcytosine (5hmC) under the catalysis of ten-eleven-
translocation (TET) family proteins (16–18). The TET family
proteins consist of three members, TET1, TET2, and TET3,
which share common typical characteristics of 2-oxoglutarate
(2OG)- and Fell(II)-dependent dioxygenases (2OGFeDO) (19–
21). TET enzymes can further oxidize 5-hmC to 5-
carboxylcytosine (5caC) and 5-formylcytosine (5fC) (22, 23).
Thymine-DNA glycosylase (TDG) is in charge of recognition and
excision of 5caC and 5fC in mammals (22, 23). Under the catalysis
of activation-induced cytidine deaminase (AID), 5mC can be
transformed to 5-hydroxymethyluracil (5hmU) with a
deamination reaction. In addition, previous studies have
demonstrated that IDH1/2 can catalyze isocitrate to a-KG and
can participate in the regulation of TETs and 5hmC (24). However,
mutant IDH1/2 has been found to catalyze isocitrate to 2-
hydroxyglutarate (2-HG), which is a competitive inhibitor of a-
KG. IDH1/2 also can inhibit the transformation of 5mC to 5hmC by
TETs; therefore, it plays a pivotal role in the regulation of
5hmC (24).

Current findings indicate that 5-hmC modification not only
serves as an intermediate product, but also plays a pivotal role in
development, aging, and diseases. Tissue/cell-specific distribution
features and the content of 5hmC have been observed among
varied tissues and organs. 5hmC is the most abundant in neuronal
cells compared to other types of cells. In addition, 5hmC is mainly
enriched at gene bodies, promoters, and distal regulatory regions
A B

FIGURE 1 | Dynamic modifications in kidney cancer. (A) Dynamic DNA and RNA modifications. DNA methyltransferases (DNMTs) including de novo
methyltransferases DNMT3A, DNMT3B and maintenance methyltransferase DNMT1 convert unmodified cytosine (C) to 5‑methylcytosine (5mC). 5mC can be
converted to 5‑hydroxymethylcytosine (5hmC) by ten-eleven translocation (TET) proteins‑mediated oxidation. TET proteins also catalyze the oxidation of 5hmC to
5‑formylcytosine (5fC) and 5‑carboxylcytosine (5caC). 5fC and 5caC can be further excised by thymine DNA glycosylase (TDG) coupled with base excision repair
(BER) to generate unmodified cytosine. N6-methyladenosine (m6A) in mRNA is installed by methyltransferase-like protein 3 (METTL3) and METTL14, and erased by
fat mass and obesity-associated protein (FTO) and a‑ketoglutarate-dependent dioxygenase alkB homologue 5 (ALKBH5). m6A can be further oxidized to N6-
hydroxymethyladenosine (hm6A) and N6-formyladenosine (f6A) sequentially by FTO. (B) Epigenetic modifications involve in kidney cancer. Epigenetic modifications
regulate diverse signaling pathways including HIF and PI3K-AKT and involve in kidney cancer.
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of the genome. The enrichment of 5hmC at distinct genomic
regions is correlated with gene expression, which can also be
regulated by histone modifications (25). Abnormal distribution
and/or level of 5hmCmodification can induce disease. All of these
findings suggest several important functions for dynamic
DNA modifications.

The Function of DNA Methylation in Kidney Cancer
The aberrant level and distribution of DNA methylation have been
revealed in various types of cancer including liver, colon, lung, and
prostate cancer. These cancers are associated with the severity and
metastatic potential of diseases (26). For example, DNA
hypermethylation in cancer cells may be an alternative
complementary mechanism, which triggers the silence of tumor-
inhibiting genes and consequently results in tumorigenesis and
metastasis (10, 27). In general, the global level of DNA methylation
is decreased, while the acquisition of DNA methylation is observed
at the promoter regions of some specific genes.

In studies of kidney cancer, Chen et al. applied the bisulfite
sequencing method to map 5mC and found that the global level
of 5mC is not changed (28). However, Mendoza-Pérez J et al.
performed the analysis of 899 RCC cases and found that a low
level of genomic DNA methylation (measured as 5mC%) in
peripheral blood could significantly increase the risk of RCC
(29). One possibility for these inconsistent results could be the
ability of the methods used to distinguish DNA methylation
and demethylation.

The Function of DNA Demethylation in
Kidney Cancer
Mounting evidence has demonstrated that 5hmC plays an
important function in a variety of tumors, such as acute
myeloid leukemia, liver cancer, and melanoma (30, 31).
Although the level of global 5mC is not altered, Chen et al.
observed the decreased level of global 5hmC as well as the
hypermethylation at gene body regions in kidney tumors (28).
Their results also suggested that decreased 5hmC is correlated
with the prognosis and survival. It has also been found that
5hmC is closely related with capsule invasion, vein invasion and
clinical progress of RCC (32). RCC patients with high level of
5hmC show increased survival; therefore, 5hmC may serve as an
independent prognostic and progression marker for RCC (32).
Consistently, 5hmC hydroxymethylase TET1 can promote cell
apoptosis and can inhibit cell proliferation and invasion,
therefore inhibiting tumor growth in RCC (33). The inhibited
expression of TET1 reduces 5hmC level at the promoter region
of CCNY/CDK16 and consequently results in cell cycle arrest
and inhibits self-renewal of renal cancer stem cells (34)
(Figure 1).

The oxidation reaction of 5mC to 5hmC requires 2-
ketoglutarate (2-KG) as co-substrates, which is generated by
isocitrate dehydrogenase 1 (IDHs) during the tricarboxylic acid
cycle (TCA). The down-regulated expression of IDH1 in kidney
cancer contributes to the global loss of 5hmC in RCC (28).
Consistently, ectopic expression of IDH1 and pharmacologically
increasing intracellular 2-KG can restore the global levels of
5hmC, and consequently, can inhibit tumor growth (28, 35).
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IDH1 mutation leads to the increase of 2-hydroxyglutarate (2-
HG), and the loss of 5hmC is partly mediated by the decrease 2-
HG dehydrogenase (L2-HGDH), which has tumor inhibitory
effects (36). The loss of L2HGDH is correlated with a worse
prognosis, whereas the restoration of L2HGDH can increase 2-
HG and can promote the accumulation of 5hmC in RCC cells
(37). Ascorbic acid (AA), a cofactor for TET, can enhance the
activities of TET enzymes and can restore the level of genomic
5hmC, thus reversing epigenetic aberrancy (38, 39). These
findings suggest an interplay between DNA demethylation and
metabolites that has an important role in kidney cancer (39, 40).
RNA METHYLATION AND
KIDNEY CANCER

Diverse Modifications of RNA and
Molecular Mechanism of m6A Modification
To date, more than 110 types of RNA modifications have been
identified, such asN1-methyladenosine (m1A),N6-methyladenosine
(m6A), N6-methyl-2′-O-methyladenosine (m6Am), 5-
methylcytosine (m5C), 5-hydroxymethylcytosine (hm5C) in
messenger RNA (mRNA), transfer RNA (tRNA), ribosomal RNA
(rRNA), long non-coding RNAs (lncRNAs), etc (41). Among these
modifications, m6A is the most abundant internal chemical
modification in eukaryotic mRNA. In mammals, 0.1%–0.4% of
adenosines (~3–5 m6A sites per mRNA) are modified by m6A,
accounting for nearly half of total methylated ribonucleotides (42).
m6A mainly enriches at the 3′ untranslated regions (3′UTRs),
around the termination codons and the internal long exons (43).

m6A modification is mediated by three key elements called
“writers”, “erasers”, and “readers” (44, 45). m6A modification is
mainly catalyzed by the RNA methyltransferase complex (writers),
including methyltransferase-like 3 and 4 (METTL3 and METTL14)
and Wilms’ tumor 1-associated protein (WTAP) (46). METTL3 is
in charge of m6A installation, while METTL14 participates in the
interacting with target mRNA, and WTAP is responsible for the
localization in the nuclear speckle (47). m6A modifications can be
removed by RNA demethylases (erasers), including alkB homolog 5
(ALKBH5) and fat mass and obesity-associated protein (FTO,
alpha-ketoglutarate dependent dioxygenase) (48). Both ALKBH5
and FTO belong to the alpha-ketoglutarate dependent dioxygenase
family, which catalyze m6A demethylation in a Fe(II)-and alpha-
ketoglutarate dependent manner. Similar to ALKBH5, alkB
homolog 3 (ALKBH3) has been shown the demethylase activity
for 1-methyladenine and 5-methylcytosine (49). m6A readers
include the YTH domain family (YTHDF), insulin-like growth
factor 2 mRNA binding protein 2 (IGF2BP), and HNRNPA2B1
(50). YTHDF proteins act as m6A readers, which can maintain the
stability of m6A transcripts (51, 52) (Figure 1).

The dynamic and reversible m6A modification regulates
various aspects of RNAs fate, such as nuclear exit, splicing,
stability, efficiency of translation (41, 53); therefore, this
modification has crucial roles in embryonic development, sex
determination, neurogenesis, stress responses, and tumorigenesis
in mammals (54, 55). Previous studies have shown that the
November 2020 | Volume 10 | Article 580018

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Feng et al. Base Modification in Cancer
dysregulation of m6A was induced, but was not limited to, the
aberrant expression of its writers, erasers and readers. These
result in profound outcomes in multiple biological processes,
such as cell proliferation and fate determination, DNA damage
response, embryogenesis, and heat shock responses, and
therefore are involved in diseases (56–59). In addition,
emerging evidence indicates that m6A modification plays a
significant role in tumorigenesis and progression of a variety of
cancers including breast cancer, gastric cancer, and pancreatic
cancer (49, 55, 60–62).

The Function of m6A in Renal
Cell Carcinoma
Although the function of m6A has been shown in several types of
tumors, the important roles of m6A in RCC are still not
completely known. Recent findings show that the level of
global m6A decreases in RCC compared with adjacent non-
tumor tissues (63), suggesting that the expression of m6A
regulatory genes may be a biomarker for RCC. The protein
level of m6A eraser FTO displays a significant decrease in RCC
compared with normal tissues (64). Lower levels of m6A
modification eraser FTO are usually associated with malignant
prognosis whereas higher levels of FTO are associated with
benign prognosis, suggesting that FTO may serve as a
protective factor in RCC (65). Published findings about the
role of ALKBH5 in RCC are controversial. Both increased and
decreased expression of ALKBH5 in RCC have been reported
(64, 66). In a retrospective study using TCGA database, Zhou
et al. examined the alteration of m6A regulatory genes in clear
cell renal cell carcinoma (ccRCC) and found that these m6A
regulatory genes are significantly correlated with von Hippel-
Lindau (VHL) and TP53, two key suppressors for RCC. This
result suggests a relationship between m6A regulatory genes and
the pathologic stage (63); however, it still lacks solid evidence
about the roles of m6A writers METTL3 and METTL14 in RCC
(Figure 1).

In human RCC t i s sues , mi tochondr ia l enzyme
methylenetetrahydrofolate dehydrogenase 2 (MTHFD2) is highly
expressed, and the knockdown of MTHFD2 inhibits cell migration
and invasion (67). High level of MTHFD2 is positively correlated
with RCC grade, clinical stage, progression, and poor prognosis
(68). Interestingly, MTHFD2 knockdown leads to a decrease of
global m6A, and a hypomethylation of HIF-2amRNA increases the
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translation of HIF-2a (67, 69), which in turn promotes the aerobic
glycolysis (67). These findings establish a connection between m6A
modification and MTHFD2-mediated one-carbon metabolism
in RCC.
CONCLUSIONS

During the past several decades, significant progress has been
made in understanding the function of epigenetic modifications
in kidney cancer. However, the detailed molecular mechanisms
underlying the kidney cancer carcinogenesis are still not
completely known, and it has been challenging to explore the
accurate diagnosis and effective treatment of kidney cancer. First,
the interactions between DNA modifications, RNA
modifications, and histone modifications in regulating gene
expression in kidney cancer need to be determined. How these
interactions cooperate to regulate diverse signaling pathways
involved in kidney cancer requires further clarification. Second,
the precise map of DNA and RNA modifications should be
established in kidney cancer with high-throughput sequencing
technologies. The identification of therapeutic targets relies on
the analysis of high-throughput sequencing data. The therapeutic
implications of epigenetic hallmarks are to be expected in kidney
cancer considering the successful application of these hallmarks
in other types of cancers.
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In recent years, the prevalence of obesity and cancer have been rising. Since this poses
a serious threat to human health, the relationship between the two has attracted much
attention. This study examined whether fat mass and obesity-associated (FTO) genes
are linked, taking into account a Genome-wide Association Study (GWAS) that revealed
multiple single nucleotide polymorphism sites (SNPs) of the FTO gene, indicating an
association between obesity and cancer in different populations. FTO proteins have
been proved to participate in adipogenesis and tumorigenesis with post-transcriptional
regulation of downstream molecular expression or through the target of the mammalian
target protein rapamycin (mTOR). FTO inhibitors have also been found to share anti-
obesity and anti-cancer effects in vivo. In this review, we comprehensively discuss the
correlation between obesity and cancer by measuring FTO gene polymorphism, as
well as the molecular mechanism involved in these diseases, emphasizing FTO as the
common genetic basis of obesity and cancer.

Keywords: obesity, cancer, FTO, SNP, M6A modification, mTOR, FTO inhibitors

INTRODUCTION

The morbidity of obesity and cancer is increasing year by year in most countries around the world
and represents a threat to human health (Ng et al., 2014; Siegel et al., 2018). Obesity causes changes
in the body’s physiological and hormonal environments that promote many diseases, including
diabetes and cardiovascular diseases. Obesity has been proven to increase the risks of at least 13
different types of cancers, such as esophageal adenocarcinoma, colon cancer, endometrial cancer,
postmenopausal breast cancer, kidney cancer, and hematopoietic cancers (Calle and Kaaks, 2004;
Goodwin and Stambolic, 2015). Of all Americans diagnosed with cancer in 2014, the overweight
and obese population account for 40% (Steele et al., 2017). Furthermore, another prospective study
of large samples of Americans confirmed that 14% of cancer deaths in males and 20% of females
are due to them being overweight or having obesity (Calle et al., 2003). The biological mechanism
of obesity and cancer are complex, including obesity-related hormones, growth factors, multiple
signaling pathways, and chronic inflammation (Chen, 2011; Vucenik and Stains, 2012). In recent
years, FTO SNPs have been firmly associated with increased body mass index (BMI) and higher risks
of various types of cancers in people of multiple races, and the role of FTO SNPs in the development
of obesity and cancer has been gradually revealed (Loos and Yeo, 2014; Hernández-Caballero and
Sierra-Ramírez, 2015; Deng et al., 2018a; Chen and Du, 2019). This review details this role and the
molecular mechanisms of FTO in obesity and cancer, as well as its potential clinical applications as
a therapeutic target.
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FTO GENE AND FUNCTIONS

In 1999, FTO was first cloned by exon trapping analysis in
Fused toes (Ft) mutation mice (Peters et al., 1999). Initially,
FTO was expected to be associated with programmed cell death
because scientists observed that heterozygous mice with Ft
mutation developed syndactyly in the forelimb part and thymus
hyperplasia (Van Der Hoeven et al., 1994). In 2007, the GWAS
study identified FTO as an obesity sensitivity gene, and multiple
SNPs in the intron 1 region were strongly associated with BMI,
body fat rate, waist circumference, hip circumference, and energy
intake (Dina et al., 2007; Frayling et al., 2007; Scuteri et al., 2007).
As a result, the gene was named as the fat mass and obesity-
associated (FTO) gene and has received extensive attention.

According to current genomics research, the FTO gene only
exists in vertebrates and a few kinds of marine algae with highly
conserved nucleotide and amino acid sequences (Robbens et al.,
2008). The human FTO gene is located on chromosome 16q12.2,
encoding a 2-oxoglutarate (2-OG) Fe(II)-dependent AlkB family
dioxygenase, with a total length of 410.50 kb including 9
exons and 8 introns. About 3.4 kb upstream of FTO gene was
Merkel’s diverticulum syndrome-associated gene (RPGRIP1L),
and its downstream was close to Iroquois gene family (including
IRX3, IRX5, IRX6) (Supplementary Figure). FTO is extensively
expressed in adipose tissues and the skeletal muscles of human
tissues, with the highest expression in the hypothalamus in the
region that controls energy balance, namely the arcuate nucleus,
which indicates that it may play a critical role in regulating
appetite and energy metabolism (Frayling et al., 2007).

In 2007, Thomas et al. revealed that the FTO gene encodes
Fe(II)/2-OG dependent demethylase, which is the ninth AlkB
family protein found in mammals (also called ALKBH9) (Gerken
et al., 2007). They also used purified FTO protein from
recombinant mice or humans that can catalyze the demethylation
of 3-methylthymine(3-meT) and 3-methyluracil (3-meU) with
the help of Fe(II)/2-OG (Gerken et al., 2007; Jia et al., 2008). Later,
He et al. found that N6-methyladenosine (m6A) in nuclear RNA
was a main substrate of the FTO (Jia et al., 2011). Therefore, the
FTO was identified as the first RNA demethylase, thus initiating
a wave of research on epigenetic modifications of RNA. Since
then, the complex and diverse functions of FTO proteins have
been gradually revealed. FTO can bind to multiple types of
RNAs, including mRNA, snRNA, and tRNA, and can demethylate
m6A and N6,2′-O-dimethyladenosine (m6Am) in mRNA, m6A in
U6RNA, m6Am in snRNAs, and N1-methyladenosine (m1A) in
tRNA (Wei J. et al., 2018; Figure 1A). However, m6A is the most
favorable nucleobase substrate of FTO (Zhang X. et al., 2019).

M6A, methylation modification on the sixth nitrogen atom
of adenine (Wei et al., 1975) is the most common mRNA
methylation enriched in the 3′-untranslated region (3′-UTRs),
between the stop codon and the start codon (Roundtree et al.,
2017). M6A modifications were subjected to reversible and
dynamic regulations including writers (METTL3, METTL14, and
WTAP), erasers (FTO and ALKBH5), and readers (YTH domain
family and IGF2BPs) (Aik et al., 2014; Liu et al., 2014; Ping
et al., 2014; Schwartz et al., 2014; Wang et al., 2014, 2015,
2016; Huang et al., 2018; Liao et al., 2018; Figure 1B). Based

on this extensive existence and dynamic regulation, m6A plays
an important role in post-transcriptional regulatory processes
such as RNA splicing, nuclear production, degradation, and
translation (Fustin et al., 2013; Wang et al., 2014, 2015; Bartosovic
et al., 2017; Huang et al., 2018).

ASSOCIATION OF FTO SNPS WITH
OBESITY OR CANCER

Since FTO has been identified as the first obesity-related gene.
By conducting GWAS analysis, researchers have found that FTO
SNPs are associated with obesity and higher risks of various
cancers in multiracial populations (Supplementary Figure).

Association of FTO SNPs With Obesity
The connection between FTO SNPs and BMI was first found
in European people with diabetes. The classic BMI-related
FTO SNPs were rs9939609 (T/A), and compared with those
who did not carry the risk allele, 16% of adults who carried
the homozygous risk allele gained nearly 3 kg in weight, and
the risk of obesity increased by 1.67 times (Frayling et al.,
2007). Serial GWAS studies on obesity-related traits in people
of European descent have confirmed the important role of
the FTO locus, and many other FTO SNPs in the intron
1 region have been reported, such as rs9930506, rs1421085,
rs8050136, rs1121980, and so forth (Dina et al., 2007; Scuteri
et al., 2007; Haupt et al., 2008; Cauchi et al., 2009). The
obesity-associated FTO SNPs in East Asian populations are
comparable to that of people of European descent. The risk
allele A of FTO SNP rs9939609 was closely related to obesity
and BMI in Chinese, ethnic Chinese, Malaysian, Singaporean,
East, and South Asian people (Chang et al., 2008; Tan et al.,
2008; Li et al., 2012). A large-scale meta-analysis targeting
GWAS analysis of East Asian populations found that FTO
SNPs rs17817449 have the most significant correlation with BMI
in people of Chinese descent (Wen et al., 2012). In recent
years, global studies have associated the rs9939609 variant with
higher obesity risks in other populations (including Brazilian
people, early adolescence in China, and adults in Shiraz, Iran)
(Fonseca et al., 2019; Jiang et al., 2019; Mehrdad et al.,
2020b). It is also associated with increased BMI and waist
circumference (in Brazilian youths) (Reuter et al., 2016), adipose
tissue distribution (in Italian people), and increased metabolic
syndrome susceptibility (in Chinese populations) (Merra et al.,
2020; Wang et al., 2020). In terms of the potential mechanisms
between mutations in FTO and increased risks of obesity,
studies have proven the role of FTO in the influence of food
intake. People carrying FTO risk alleles and are inclined to
higher energy intake foods like fat or proteins, reduced satiety,
resulting in overeating, and many even lose control when eating
(Cecil et al., 2008; Sonestedt et al., 2009; Tanofsky-Kraff et al.,
2009; Ahmad et al., 2011). Another large-scale meta-analysis
showed that the homozygous FTO risk allele was associated
with a 27% lower risk of obesity in physically active adults
(Kilpeläinen et al., 2011).
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FIGURE 1 | The demethylases activity of FTO. (A) The nucleobase substrates of FTO. (B) m6A modification is induced by METTL3, METTL14, and their
cofactors(writers), reversed by FTO and ALKBH5 (erasers), and functionally facilitated by m6A binding proteins including YTHDF1-3, YTHDC1-2, and
IGF2BP1-3(readers).

Association of FTO SNPs With Cancer
To date, it has been studied that variants of FTO rs9939609,
rs8050136, rs1477196, rs6499640, rs1121980, rs17817449,
rs11075995, rs8047395, and rs7206790 have an association
with a higher risk of cancers (Hernández-Caballero and Sierra-
Ramírez, 2015). The most typical FTO SNP rs9939609 was
associated with lung cancer, renal cancer, breast cancer, prostate
cancer, pancreatic cancer, endometrial cancer (Delahanty et al.,
2011; Kaklamani et al., 2011; Lin et al., 2013; Huang et al., 2017).
Multiple SNPs in the intron 1 region of the FTO (including
rs9939609, rs1477196, rs7206790, rs8047395) have been
correlated with the risk of breast cancer, with rs1477196 strongly
associated (Kaklamani et al., 2011). Interestingly, Da et al.
observed that the interaction of FTO and MC4R polymorphisms
showed a strong association with breast cancer: there was a 4.59-
fold increased risks for women who have the allele combination
C/T/C (FTO rs1121980/FTO rs9939609/MC4R rs17782313)
(Da Cunha et al., 2013). In addition, in 2013, Iles et al. found
an association between FTO rs16953002 and rs12596638 and
melanoma susceptibility. However, these two SNPs are located in
intron 8 of the FTO gene rather than intron 1 (the BMI-related
region). This suggests that the association between the FTO
variant and a wide range of diseases may play a role beyond BMI
(Iles et al., 2013).

FTO IS INVOLVED IN THE
PATHOGENESIS OF OBESITY AND
CANCER

FTO, as the RNA m6A Demethylase, Is
Involved in the Development of Obesity
and Cancer
FTO proteins are widely involved in both adipogenesis and
tumorigenesis by m6A-dependent demethylase activity which
influences several mRNA processing events (Table 1).

FTO, as the RNA m6A Demethylase, Is Involved in the
Development of Obesity
FTO proteins are involved in the development of obesity
by affecting the m6A level of hormones related to eating
or molecules related to adipogenesis (Figure 2A). In 2013,
Efthimia et al. found that FTO over-expression limited the m6A
modification of ghrelin mRNA in cell models and increased
ghrelin mRNA and peptide levels concomitantly. This article
provided insights into how FTO predisposes to stimulated energy
intake and obesity in humans (Karra et al., 2013). Simultaneously,
substantial evidence has proved that FTO participates in the
process of adipogenesis (Ben-Haim et al., 2015). Zhao et al.
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TABLE 1 | FTO proteins are widely involved in both adipogenesis and tumorigenesis by m6A-dependent demethylase activity.

Disease FTO biological function Target RNA References

Obesity FTO overexpression increased energy intake through reduce ghrelin
mRNA m6A.

Ghrelin Karra et al., 2013

Obesity FTO regulates pre-adipocyte differentiation by regulating m6A levels
around splice sites to control the splicing of the exon of adipogenic
regulatory factor RUNX1T1.

SRSF2 Zhao et al., 2014

Obesity FTO regulated adipogenesis by regulating cell cycle protein by
m6A-YTHDF2 dependent pathway.

CCNA2, CDK2 Wu et al., 2018a,b

Acute myeloid leukemia
(AML)

FTO enhanced leukemic cell transformation and leukemogenesis and
limited all-trans-retinoic acid (ATRA)-induced AML cell differentiation.

ASB2, RARA Li et al., 2017

Glioblastoma FTO induced Glioblastoma Stem Cells (GSC)growth, self-renewal,
tumor progression, and prolonged mouse lifespan by regulating m6A of
cancer-associated genes.

ADAM19, EPHA3,
KLF4, CDKN2A,
BRCA2, TP53I11

Cui et al., 2017

Breast cancer FTO promoted breast cancer cells malignant phenotypes such as
proliferation, colony formation, and metastasis.

BNIP3 Niu et al., 2019

Gastric cancer (GC) FTO knockdown increased m6A level promoting GC cell proliferation
and invasion by activating Wnt and PI3K-Akt signaling.

Wnt/PI3K-Akt pathway Zhang C. et al., 2019

Lung squamous cell
carcinoma (LUSC)

FTO effectively promoted cell proliferation and invasiveness and
inhibited cell apoptosis of lung squamous cells.

MZF1 Liu et al., 2018

Non-small cell lung
cancer (NSCLC)

FTO promoted the proliferation, colony formation ability of lung cancer
cells in vitro, and promoted lung cancer cell growth in vivo.

USP7 Li et al., 2019a

Hepatocellular
carcinoma (HCC)

Knockdown of FTO suppressed the proliferation and in vivo tumor
growth, and induced the G0/G1 phase arrest.

PKM2 Li et al., 2019b

Cervical squamous cell
carcinoma (CSCC)

FTO increased β-catenin mRNA expression, increased DNA repair
activity, and induced resistance to chemoradiotherapy.

β-catenin Zhou et al., 2018

Leukemia The demethylation mediated by FTO promoted the stability of
proliferation-related genes.

MERTK, BCL-2 Yan et al., 2018

Melanoma FTO accelerated melanoma tumorigenesis and anti-PD-1 resistance by
regulating the expression of critical cell-intrinsic genes in an
m6A-YTHDF2 dependent manner.

PD-1 (PDCD1),
CXCR4, SOX10

Yang et al., 2019

found that FTO regulates the exonic splicing of the adipogenic
regulator RUNX1T1 by influencing the level of m6A around
the splice site, thereby modulating cell differentiation (Zhao
et al., 2014). Moreover, FTO affects adipogenesis by regulating
the process of mitotic clonal expansion (MCE), which is a
prerequisite for adipocyte differentiation that occurs within
48 h of adipogenic stimulation (Merkestein et al., 2015). The
overexpression of FTO can induce MCE and regulate the
differentiation of preadipocytes by influencing the expression
of m6A-dependent transcription factors (Tang et al., 2003;
Merkestein et al., 2015; Zhang et al., 2015). Furthermore, Wu
et al. found that FTO regulated adipogenesis by dominating cell
cycle proteins such as CCNA2 and CDK2 by m6A-YTHDF2
dependent pathway, revealing a new mechanism about anti-
obesity and anti-adipogenesis activity of Epigallocatechin gallate
(EGCG) (Wu et al., 2018a,b).

FTO, as the RNA m6A Demethylase, Regulates the
Malignant Phenotype and Therapeutic Response of
Cancer Cells
FTO is highly expressed in many cancer tissues, which plays the
role of an oncogene in an m6A-dependent way and participates
in the regulation of the malignant phenotype of cancer cells
(Figure 2A). In 2017, Li et al. found that FTO enhanced leukemia
oncogene-mediated cell transformation and leukemogenesis
and inhibited all-trans-retinoic acid (ATRA)-induced AML cell

differentiation by affecting the expression of targets mRNAs
such as ASB2 and RARA, through reducing the level of m6A
(Li et al., 2017). Moreover, the elevated level of m6A was
found to promote the growth, self-renewal, and tumorigenesis of
Glioblastoma Stem Cells (GSC) as well as prolong the lifespan
of GSC-grafted mice (Cui et al., 2017). In 2018, Niu et al.
showed that FTO can promote breast cancer cell malignant
phenotype through epigenetically demethylated m6A in BNIP3
mRNA 3′UTR (Niu et al., 2019). Similarly, the overexpression
level of FTO was also found in gastric cancer, advanced non-
small cell lung cancer, and hepatocellular carcinoma, which can
regulate cell proliferation and/or migration/invasion through
targeting demethylation for the m6A of Wnt/PI3K-Akt, USP7,
MZF1, or PKM2, respectively (Liu et al., 2018; Li et al., 2019a,b;
Zhang C. et al., 2019).

FTO may also have an impact on the therapeutic response
of cancer (Figure 2A). In 2018, Zhou et al. found that
FTO enhanced the chemo-radiotherapy resistance of cervical
squamous cell carcinoma both in vitro and in vivo through
influencing the expression of ß-catenin by reducing m6A levels
(Zhou et al., 2018). The overexpression of FTO in leukemia cells
can promote its expression by catalyzing the demethylation of cell
proliferation-related genes such as m6A of MERTL and BCL-2
mRNA and affecting the generation of resistance phenotypes in
the treatment with tyrosine kinase inhibitors (TKI) (Yan et al.,
2018). Recently, He et al. found that the down-regulation of FTO
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FIGURE 2 | Schematic illustration of the roles of FTO in obesity and tumorigenesis/drug response. (A) As the m6A demethylase, FTO post-transcriptionally regulates
expression of its critical target genes and thereby contributes to obesity (through affecting adipogenesis and food intake) and cancers (including tumorigenesis,
cancer cell growth, migration, and drug response). MA, meclofenamic acid; R-2HG, 2-hydroxyglutarate; EGCG, Epigallocatechin gallate; (B) FTO regulates the
development and progression of obesity and cancer through the mTOR or adipofactor-mTOR pathway.

made melanoma cells sensitive to interferon-gamma (IFN-γ) and
anti-PD-1. FTO played a crucial role by promoting melanoma
tumorigenesis and anti-PD-1 resistance (Yang et al., 2019).

FTO-mTOR Axis Affects Obesity and
Cancer
The mammalian target protein rapamycin (mTOR) is an
atypical serine/threonine kinase, which is the core component
of regulating mRNA translation and can promote cell growth
according to environmental signals (Laplante and David,
2012). mTOR binds to a variety of chaperone proteins to
form two different kinase complexes, i.e., mTOR complex 1
(mTORC1) and mTORC2.

In 2013, in vivo experiments demonstrated that FTO played
a role in the coupling of amino acid level and mTORC1
signaling pathway. FTO deficient cells showed reduced activation
of the mTORC1 pathway, decreased mRNA translation rate,
and increased autophagy (Cheung et al., 2013; Gulati et al.,
2013). mTORC1 is a negative regulator of autophagy, which
is a major cellular digestion process. In response to nutrition
and environmental stress, autophagy plays a critical role in
the occurrence and progression of obesity and cancer (White

and Dipaola, 2009; Kim and Guan, 2015; Zhang Y. et al.,
2018). Furthermore, mTOR activates the Warburg effect by
inducing PKM2 and other glycolytic enzymes under normoxic
conditions (Sun et al., 2011). In summary, mTORC1 can
regulate the development of obesity and cancer through
autophagy or direct activation of downstream signaling pathways
(Laplante and David, 2012).

Mutations in the FTO gene raise blood levels of leptin, a
known mediator or growth factor between obesity and colon
cancer, which activates a variety of pathways associated with
colon cancer (Drew, 2012; Mehrdad et al., 2020a). In addition,
leptin has been suggested as an intermediate link between
obesity and breast or prostate cancer (Stattin et al., 2001; Barone
et al., 2020). Intriguingly, mTOR is also one of the signal
mediators of obesity related factors, such as leptin, adiponectin,
and inflammatory cytokines, through the Akt/PI3K or AMPK
pathways (Maya-Monteiro and Bozza, 2008; Wang et al., 2012;
Mauro et al., 2018). This seems to coincide with the FTO-mTOR
pathway, discussed in the previous paragraph. In summary,
FTO can directly or indirectly target mTOR, thus regulating
the occurrence and progress of obesity and cancer in a broad
manner (Figure 2B).
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EFFECTS OF FTO INHIBITORS IN
OBESITY AND CANCER

With the gradual disclosure of the important functions of
FTO as mRNA demethylase in many diseases, the crystal
structure of FTO has been resolved since 2010, and the
development and applications of its specific inhibitors
have attracted extensive attention (Han et al., 2010). FTO
inhibitors that have been shown to have anti-obesity or

anti-cancer effects in vitro or in vivo are summarized
in Table 2.

Effects of FTO Inhibitors in Obesity
In 2012, Yang et al. reported natural product Rhein as an inhibitor
of human FTO demethylase, which can competitively bind to
the FTO catalytic site (Chen et al., 2012). Before this study,
Rhein was thought to prevent or even reverse weight gain and
obesity caused by high-fat diets (Liu et al., 2011; Zhang et al.,

TABLE 2 | Summary of the effects and application of FTO inhibitors in obesity and cancer.

Inhibitor Mechanisms for
inhibiting FTO

Specific inhibition? The mechanisms of
anti-cancer effect

Anti-obesity? References

Rhein Rhein reversibly binds to
the FTO enzyme,
competitively preventing
the recognition of the m6A
substrate.

No Rhein can be used in
combination with nilotinib to
inhibit the progression of
leukemia in mice; Rhein
inhibited subcutaneous
breast tumor growth in
mice.

Rhein has anti-obesity
effect, but it needs to be
further clarified whether by
inhibiting FTO.

Liu et al., 2011; Chen
et al., 2012; Zhang
et al., 2012; Yan et al.,
2018; Niu et al., 2019

MA/MA2 MA/MA2 competed with
FTO to bind with m6A.

Yes MA2 inhibited the
progression of glioblastoma
and extended the life span
of GSC transplanted
animals.

Unknown Huang et al., 2015; Cui
et al., 2017

FB23/FB23-2 FB23/FB23-2 binds to FTO
and selectively inhibits the
m6A demethylase activity of
FTO.

Yes FB23 and FB23-2
significantly increased the
abundance of ASB2 and
RARA and inhibited MYC
and CEBPA expression in
AML cells.

Unknown Huang et al., 2019

R-2HG R-2HG is structurally close
to 2-OG so that it can
competitively inhibit FTO.

No R-2HG can inhibit leukemia
and glioma through the
regulation of
R-2HG-FTO-m6A axis to
MYC/CEBPA expression
and downstream pathways.

Unknown Su et al., 2018

CS1/CS2 Direct interaction between
CS1/CS2 and intracellular
FTO protein inhibits its
demethylase activity.

Unknown CS1 and CS2 play an
anti-leukemic role by
manipulating FTO-related
signaling pathways, such
as the MYC pathway.

Unknown Su et al., 2019

MO-I-500 MO-I-500 is a mimic of
2-OG, which can inhibit the
RNA demethylase activity
of FTO and increase the
content of m6A in the total
RNA of cells.

Yes As a pharmacological
inhibitor of FTO, MO-I-500
plays an important role in
the cell survival of refractory
triple-negative inflammatory
breast cancer.

Unknown Zheng et al., 2014;
Singh et al., 2016

Epigallocatechin
gallate (EGCG)

EGCG will reduce the
protein stability of FTO and
affect its protein expression.

No EGCG has an anti-cancer
effect, but it needs to be
further clarified if it through
inhibiting FTO.

EGCG prevents mitotic
cloning amplification (MCE)
at the early stage of
adipocyte differentiation by
inhibiting FTO expression.

Stuart et al., 2006;
Forester and Lambert,
2014; Negri et al.,
2018; Wei R. et al.,
2018; Wu et al., 2018b;
La et al., 2019; Wei
et al., 2019; Zhang L.
et al., 2019

Entacapone Entacapone can directly
combine with FTO and
inhibit the activity of FTO.

Yes Entacapone has an
anti-cancer effect, but it
needs to be further clarified
if it through inhibiting FTO.

Entacapone has an effect
on gluconeogenesis and
adipose tissue heat
production in mouse liver
by acting on the
FTO-FOXO1 axis.

Forester and Lambert,
2014; Peng et al., 2019
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2012). The catechin EGCG, another natural compound rich in
green tea, was found to play anti-obesity and anti-adipogenesis
roles through the FTO-m6A-YTHDF2 axis (Wu et al., 2018b).
Recently, Peng et al. identified Entacapone as a potential FTO
inhibitor, which has the effect of reducing weight and lowering
blood glucose (Peng et al., 2019). It was initially approved as an
adjunctive therapy combined with levodopa and carbidopa for
the treatment of Parkinson’s disease. Entacapone had an effect on
gluconeogenesis and adipogenesis in the liver of mice by acting
on an FTO-FOXO1 regulatory axis (Peng et al., 2019).

Effects of FTO Inhibitors in Cancer
As for cancers, there are more studies on the application of FTO
inhibitors, especially in the treatment of leukemia, glioblastoma,
and breast cancer. Compared with single drug therapy, Rhein
combined with nilotinib is a more effective treatment for
leukemia in mice (Yan et al., 2018). Recently, Yang et al. identified
meclofenamic acid (MA) as a highly selective inhibitor of FTO,
which can compete with FTO binding for the m6A-containing
nucleic acids (Huang et al., 2015). The inhibitor FB23 was
designed and synthesized from the chemical scaffold of MA,
which exhibited a more potent inhibition for FTO demethylation
in vitro (Huang et al., 2019). Its bioisostere FB23-2 can inhibit the
leukemogenesis in cells and in the patient-derived xenografted
(PDX) mouse model (Huang et al., 2019). Su et al. found
that R-2HG (oncometabolite produced by mutant isocitrate
dehydrogenase 1/2 (IDH1/2) enzymes), compounds CS1 and
CS2 were also targeted inhibitors of FTO. By inhibiting its
demethylation function, they affected related signaling pathways
(such as the MYC pathway) and played an active role in inhibiting
the proliferation of AML cells in vivo and in vitro (Su et al., 2018,
2019). Compounds CS1 and CS2 extended the overall survival
of transplanted mice with primary MLL-AF16 cells and made
AML cells sensitive to other curative drugs, such as decitabine,
a tyrosine kinase inhibitor, and IDH2mut inhibitor (Su et al.,
2019). Comparing the anti-leukemic activities of the four FTO
inhibitors, CS1 and CS2 showed higher activity in inhibiting cell
viability, and their IC50 values were 10–30 times lower than
FB23-2 or MO-I-500 (Su et al., 2019). MO-I-500 is another FTO
inhibitor, which selectively inhibits the demethylation of FTO
and increases the m6A levels in cells (Zheng et al., 2014). In
addition, among the above-mentioned FTO inhibitors, Rhein
and MO-I-500 have been reported to significantly inhibit the
growth ability of breast cancer cells in vivo and in vitro (Singh
et al., 2016; Niu et al., 2019). MA2 (the ethyl ester form of
MA) and R-2HG had inhibitory effects on glioma (Cui et al.,
2017; Su et al., 2018; Deng et al., 2018b). Compared with MA,
MA2 has a better cell penetration, significantly increased m6A
methylation in cells, suppresses glioblastoma progression, and
prolongs the lifespan of GSC-grafted animals (Huang et al., 2015;
Cui et al., 2017). Interestingly, the previous anti-obesity EGCG,
Entacapone, also had an inhibitory effect on cancer. For example,
EGCG had an inhibitory effect on lung cancer, breast cancer,
colon cancer, metastatic pancreatic cancer, and prostate cancer or
had a sensitivity to chemotherapy. It was noted that it can be used
as an adjuvant drug in cancer treatments (Negri et al., 2018; Wei
R. et al., 2018; La et al., 2019; Wei et al., 2019). The combination

of Entacapone and EGCG can synergistically enhance the growth
inhibitor of lung cancer cell lines (Forester and Lambert, 2014).

In summary, more FTO inhibitors are displaying positive
therapeutic effects in animal disease models, and represent
promising therapeutic targets for obesity and cancer (Figure 2A).

CONTROVERSY ON THE MECHANISM
OF ASSOCIATION BETWEEN FTO RISK
ALLELES AND DISEASES

Single nucleotide polymorphism sites are the main form of
human genome DNA sequence variation and can regulate gene
expression. From FTO polymorphisms which have a risk for
obesity and cancer to the specific mechanisms regulating these
diseases through nucleic acid demethylation of FTO proteins,
FTO SNPs seem to regulate the expression level of FTO and
affect its enzymatic function, playing an important role in obesity
and cancer. Some studies support this hypothesis. For example,
In 2008, a study of a Mexican population revealed that in
obese patients, the FTO risk allele was significantly correlated
with high FTO expression (Villalobos-Comparán et al., 2008).
Subsequently, Tea et al. and Efthimia et al. revealed that FTO
mRNA caused by the risk allele was more abundant than non-
risk alleles at least in blood cells (Berulava and Horsthemke,
2010; Karra et al., 2013). Unfortunately, the mechanism for the
correlation between FTO SNPs and obesity or cancer has been
elusive. So far, there are no studies that provide indisputable
evidence for these associations.

Moreover, some studies have suggested that FTO SNPs
may be associated with obesity by regulating the expression
of adjacent genes (Tung et al., 2014; Figure 3A). The Leibel
group found that the rs8050136 of the intron 1 region of FTO
overlapped with the binding site of transcription factor Cut
Like Homeobox 1 (CUX1). This SNP nucleotide type can affect
the transcriptional activation of FTO and retinitis pigmentosa
GTPase regulator interacting protein 1 like (RPGRIP1L) by
CUX1 P110 (Stratigopoulos et al., 2008, 2011). For individuals
with the obesity risk allele at rs8050136, the expression of
RPGRIP1L and FTO in the hypothalamus were decreased
due to the low binding affinity of CUX1 P110 to DNA,
RPGRIP1L can affect the location of leptin receptors and
leptin signaling in neurons and lead to increased food intake
and obesity (Stratigopoulos et al., 2011). In addition, Jowett
et al. found that in combination with gene variation and
expression data from the human cohort, the A allele of rs8050136
was positively associated with the expression level of RBL2,
and an increase in RBL2 level might help to restrict the
clonal expansion of A population of precursor adipose cells
during development (Jowett et al., 2010). Moreover, Smemo
et al. found that these sites also contained an enhancer
sequence that can bind to the promoter of IRX3. Using
expression quantitative trait loci (eQTL), they found that
obesity-related SNPs such as rs9930506 were correlated with
the expression of IRX3 in human brain samples. Mice lacking
IRX3 lost 25–30% of their body weight through increasing
basal metabolic rate and browning of white adipose tissues
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FIGURE 3 | Increasing functional complexity around the FTO Locus. (A) SNPs in the intron 1 of FTO can regulate the expression of FTO itself and adjacent genes
(including RBL2, RPGRIP1L, IRX3, and IRX5). (B) The FTO SNPs are involved in the development of obesity and cancer by affecting the demethylation function of
FTO or by regulating the expression of adjacent genes.

(Smemo et al., 2014). The study of Claussnitzer et al. also
supported the regulatory relationships between FTO SNPs and
IRX3 expression. They suggested that changes in the rs1421085
risk allele led to a double expression of IRX3 and IRX5
through disruption of the conservative motif of the ARID5B
repressor in the early stage of adipocyte differentiation. In
this case, brown fat cells transform automatically into white
fat cells and lower down the mitochondrial thermogenesis by
five times (Claussnitzer et al., 2015). This study explained
the correlation between FTO SNPs and obesity by using
the effect of the autonomous transformation of fat cells on
thermogenesis. These studies provided a plausible mechanism
for the correlation between SNP variation of FTO intron 1 and
obesity (Figure 3B).

Adjacent genes (RPGRIP1L, RBL2, IRX3, IRX5) regulated by
FTO SNPs are also involved in the occurrence and progression
of cancer in various ways (Figure 3B). For example, studies
have shown that RPGRIP1L was one of the tumor suppressor
genes of human hepatocellular carcinoma (Lin et al., 2009). RBL2,
a member of the retinoblastoma (Rb) family, was inactivated
by cell cycle kinases and was the basis of various cancer
types (Pentimalli et al., 2015). The emerging role of RBL2 in
aging and apoptosis also appeared to play an active part in
tumor inhibition (Pentimalli et al., 2015). IRX3 was highly
expressed in approximately 30% of patients with AML, and
high expression of IRX3 alone can perpetuate hematopoietic
stem cells and progenitor cells (HSPC) in bone marrow cultures

and induce lymphoid leukemia in vivo (Somerville et al., 2018).
In addition, IRX3 and IRX5 have been reported to participate
in the transition from intestinal adenoma to colorectal cancer
by negatively regulating the Dpp/TGF-ß pathway (Martorell
et al., 2014). IRX5 alone has also been reported to be an
oncogenic gene in hepatocellular carcinoma, colorectal cancer,
prostate cancer, and non-small cell lung cancer by regulating
cancer cell cycle and apoptosis (Myrthue et al., 2008; Zhang
D.L. et al., 2018; Zhu et al., 2019, 2020). Although there is no
direct evidence that FTO SNPs are associated with cancer by
affecting the expression of adjacent genes, we cannot rule it out
as a possibility.

Based on these findings, the correlation between FTO SNPs
and obesity and cancer may be due to the regulation of FTO
enzyme activity or expression of adjacent genes. However,
more convincing and systematic research studies are needed
to decipher the causal mechanism between FTO non-coding
variants and obesity or cancer. A healthy lifestyle such as proper
diet and moderate exercise is recommended to minimize the
negative effects of obesity susceptibility genes before we can fully
understand the underlying mechanisms.

CONCLUSION

Although the specific mechanisms for FTO polymorphism and
high risk of obesity and cancer are elusive, the correlation is
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definite. As for FTO, it can participate in the disease progression
of obesity and cancer in m6A-dependent post-transcriptional
regulation, or by targeting mTOR. More importantly, some drugs
have been shown to inhibit obesity, and some cancers such as
leukemia, glioblastoma, and breast cancer by targeting FTO. In
particular, FB23, R-2HG, and CS1/CS2 have shown anti-leukemia
effects through in vivo experiments, and MA2 can also inhibit the
activities of glioblastoma cells in vivo. This evidence suggests FTO
as the common genetic basis of obesity and cancer and a potential
target for obesity and some cancers.
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N6-methyladenosine (m6A) is a common transcriptomic modification in cancer. Recently,
it has been found to be involved in the regulation of non-small cell lung cancer (NSCLC)
formation and metastasis. Interleukin 37 (IL-37) plays a crucial protective role in lung
cancer. In our previous studies, we found that IL-37 is a potential novel tumor suppressor
by inhibiting IL-6 expression to suppress STAT3 activation and decreasing epithelial-to-
mesenchymal transition. Moreover, we found that treatment of IL-37 in lung cancer cells
induced widespread and dynamic RNA m6A methylation. The effects of RNA m6A
methylation of IL-37 treatment require further study. However, the functions of RNA
m6A methylation of IL-37 treatment still await elucidation. Using MeRIP-seq and RNA-
seq, we uncovered a unique m6A methylation profile in the treatment of IL-37 on the A549
cell line. We also showed the expression of m6A writers METTL3, METTL14, and WTAP
and erasers ALKBH5 and FTO in A549 cells and lung cancer tissues after the treatment of
IL-37. This study showed that IL-37 could lead to changes in m6A methylation level and
related molecule expression level in A546 cells and may downregulate the proliferation by
inhibiting Wnt5a/5b pathway in A549 cells. We conclude that IL-37 suppresses tumor
growth through regulation of RNA m6A methylation in lung cancer cells.

Keywords: N6-methyladenosine, RNA methylation, interleukin 37, lung cancer, A549 cells
INTRODUCTION

N6-methyladenosine (m6A) is a common RNA modification and has been shown to be critically
important in the regulation of tumorigenesis of alternative splicing, stability, and translation (1). m6A
profiling experiments in various species revealed that its enrichment not only in ribosome-associated
mRNAbut alsonear stop codonsor long internal exons (2–4).Regulationbym6Aisdeterminedbym6A
methyltransferases (writers, includingMETTL3/4/14) (5),m6A-bindingproteins [readers, including fat
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mass and obesity-associated protein (FTO), and AlkB homolog 5
(ALKBH5)] (6, 7) and m6A demethylases (erasers, including
YTHDC1 and YTHDF1) (8, 9). The role of m6A methylation is
essential in various important biological processes, such as cellular
differentiation, pluripotency, and stress response (10–12),
particularly in cancer stem cell self-renewal and differentiation.
Therefore, m6A may serve as an important pathway regulating
initiation and progression in cancers (13, 14).

Interleukin (IL)-37 has been reported to have antitumor effects
in hepatocellular carcinoma (HCC) (15), fibrosarcoma (16), breast
cancer (17), and so on. IL-37 isolated in silico in 2000 (18), belongs
to the IL-1 family and is also named IL-1F7. The IL-37 gene was
mapped to chromosome 2, and the six exons of the IL-37 gene
encode five isoforms (IL-37a–e). IL-37b is the largest isoform and
has been best characterized so far (19). The N-terminus of IL-37
encloses a caspase-1 cleavage site (20) and must be cleaved by
caspase-1 to be activated (21). IL-37 acts as an anti-inflammatory
cytokine by inhibiting innate responses (22) and plays a pivotal role
in acute and chronic inflammation inflammation by balancing the
cytokine expression (23). Therefore, IL-37 may serve as a potential
key factor in restoring inflammatorybalance in cancerdevelopment
and treatment. Inourprevious study,we found IL-37can inhibit cell
invasion andmetastasis through the IL-6/STAT3 signaling in non-
small cell lung cancer (NSCLC) (24). However, how IL-37 affects
cell growth and its underlying mechanisms have not been
fully elucidated.

How IL-37 suppresses human lung adenocarcinoma growth is
not completelyunderstood.Givenbroad regulatory roles of IL-37 in
cell growth, we hypothesized that IL-37 confers anti-tumor activity
throughregulationofm6Amethylation.Westudied them6Astatus
of IL-37–treated human lung adenocarcinoma A549 cells and
investigated the differences between the m6A modification
patterns of untreated controls and the IL-37 treated model. To
explore the protective role of IL-37 in lung cancer, we performed an
m6A-specific RNA immunoprecipitation assay coupled with high
throughput sequencing (MeRIP-seq).We also tested the expression
of m6A writers METTL3, METTL14, and WTAP and of erasers
ALKBH5 and FTO after the treatment of IL-37 in A549 cells and
lung cancer tissues. This study showed that IL-37 could lead to
changes in m6Amethylation level and related molecule expression
level in A546 cells, and may downregulate the proliferation by
inhibiting Wnt5a/5b pathway in A549 cells.
MATERIAL AND METHODS

Cell Culture and Treatment
The human NSCLC A549 cell line was obtained from the
Shanghai Institute of Cell Biology of the Chinese Academy of
Sciences (Shanghai, China) and preserved in the biotechnology
therapeutic center at our hospital. Cells were cultured at 37°C in
90% Dulbecco’s modified Eagle medium (DMEM) (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) plus 10% fetal
bovine serum (FBS) (Life Technologies, Gaithersburg, MD,
USA) supplemented with 1% penicillin/streptomycin. Cells were
Frontiers in Oncology | www.frontiersin.org 2112
treated with lentivirus (Lv)-expressing IL-37 (HanBio, Shanghai,
China) for at least 72 h. Lv-expressing green fluorescent protein
(GFP) served as a control.
Global m6A/m Measurements
The global m6A/m in total RNA was detected with the EpiQuik
m6A/m RNA Methylation Quantification Kit (Epigentek Group,
Farmingdale, NY, USA) following manufacturers’ specifications
with 100–300 ng input RNA (in triplicate).
RNA Preparation, RNA MeRIP-Seq Library
Construction and Sequencing
For Lv-IL-37 or Lv-GFP treated cells, three biological replicates
were selected. Total RNA was extracted from A549 cells using an
RNeasy®MiniKit (QIAGEN,Valencia, CA, USA) according to the
manufacturer’s directions. To eliminate the ribosomal RNA from
total RNAs, we used the Ribo-Zero rRNA Removal Kit (Illumina,
Inc., CA, USA), and the RNA was then fragmented into pieces of
about 100 nt nucleotides using the M220 Focused-ultrasonicator
(Covaris. Woburn, MA, USA). Fragmented RNA was incubated
with anti-m6A antibody 202,003 (Synaptic Systems, Göttingen,
Germany) for 2 h in IP buffer (50mMTris-HCl, 750mMNaCl and
0.5% Igepal CA-630) in accordance with a previously referenced
study (25). Themixture was then purifiedwith Protein A beads and
precipitated by 75%ethanol. PurifiedRNAwas used forNEBNext®

Ultra™ Directional RNA Library Prep Kit (New England Biolabs,
MA, USA) according to a published protocol (26). Sequencing was
performed on an Illumina HiSeq 4000 sequencer (Illumina, Inc.)
with 2 × 100 100 cycles Solexa paired-end sequencing.
Data Analysis
Sequence analyses were performed using the procedure
described by Luo, Zhang et al. (27). The Q30 was used as
quality control of the paired-end reads, the 3′ adaptors were
trimmed, and cutadapt software (v1.9.3) was used to remove the
low-quality reads. HISAT2 software (v2.0.4) was used to align
the clean reads of all libraries to the reference genome (hg18)
(28). MACS software was used to detect the peaks with a score
(−10*log10, p-value) of >3 (29). Differentially methylated sites
with a fold change cutoff of ≥2 and a false discovery rate cutoff of
≤0.0001 were identified using the diffReps differential analysis
package (30). Gene expression was calculated with Cufflinks (31)
using the input-sequencing reads, and Cuffdiff software was used
to find the different expression genes of IL-37 treated and
untreated cells. DAVID tool and Kyoto Encyclopedia of Genes
and Genomes (KEGG) were used for gene function analysis (GO
enrichment) pathway enrichment analysis. The p-value denotes
significant pathway correlated to the conditions.

Western Blotting
Lv-IL-37 treated and untreated A549 cells were collected and
ruptured with RIPA lysis buffer (Sigma-Aldrich, St. Louis, MO,
USA) containing 5 mM of EDTA, PMSF, cocktail inhibitor,
January 2021 | Volume 10 | Article 526866
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and phosphatase inhibitor cocktail. Cell extracts were resolved
by SDS-polyacrylamide gel electrophoresis and transferred
onto polyvinylidene difluoride (PVDF) membranes.
Membranes were blocked with 5% BSA in tris-buffered saline
containing 0.1% Tween 20 (TBST buffer) and incubated with
anti-Wnt5a antibody (ab179824) and anti-Wnt5b antibody
(ab124818, Cambridge, UK). The membranes were then
incubated with secondary antibodies and appropriate
chemiluminescent substrates.

Proliferation Assay
Lv-IL-37 treated and untreated A549 cells (5 × 103) were
seeded into 96 well plates, and proliferation assay was
performed with the MTT (3-(4, 5-dimethyl thiazol-2-yl) 2, 5-
diphenyltetrazolium bromide) method. Four, 24, 48, 72, and
96 h later, 10 ml MTT (final concentration, 5 mg/ml) was
added, and the purple formazan crystals were then dissolved
by adding 100 ml acid-isopropanol (0.04 N HCl in isopropanol)
into each well. The absorbance was determined at 550 nm
against a reference wavelength of 630 nm and stimulation
index (SI).
Transwell Cell Migration
and Invasion Assay
Transwell cell migration and invasion assay were analyzed
according to the procedure described by Justus CR (32).
Statistical Analysis
Two-tailed t-test was used to identify significantly different
expression level between two groups (p < =0.05) in western
blotting. Data are presented as the mean ± SEM.
RESULTS

Expression of m6A Methylation Related
Proteins in IL-37 Treated A549 Cells
Firstly, we tested the expression of methylation related proteins
by western blot. As shown in Figure 1A, the protein level of
METTL3 and YTHDF3 were much higher in IL-37 treated A549
cells than in non-treated control. The protein expression of
METTL14, WTAP, and ALKBH5 decreased in IL-37 treated
A549 cells, compared with that in non-treated control. However,
there were no significant differences of FTO and YTHDF2
between IL-37 treated A549 cells and control. From these
results, the downregulation of ALKBH5 maybe one of the
potential reasons for the significant decrease in the overall
methylation of RNA after IL-37 treatment of A549 cells. As
shown in Figure 1B, survival analysis of functional genes related
to m6A modification shows that YTHDF2 significantly affects
the survival of lung cancer patients, and the low expression of
YTHDF2 is a visible risk factor, which indicates that the
expression level of m6A reader is related to the prognosis of
lung cancer patients.
Frontiers in Oncology | www.frontiersin.org 3113
The Expression of IL-37 Is Downregulated
in Human Lung Adenocarcinoma
Data on mRNA expression from lung adenocarcinoma and
matched adjacent, non-cancerous tissues were downloaded from
the Cancer Genome Atlas (TCGA) data portal (https://tcga-data.
nci.nih.gov/tcga/) that represent a total of 48 lung adenocarcinoma
samples without metastases. The differential expression analysis of
IL-37 between the lung adenocarcinoma and matched tumor
normal tissues showed that the expression of IL-37 was lower in
lung adenocarcinoma tissues than in adjacent, non-cancerous
tissues (Figure 2A). Compared with normal human lung
epithelial cell line BEAS-2b, a similar downregulation of IL-37
was also observed in human LAD A549, SPC-A-1, Calu-3, NCI-
H1395, NCI-H1975 cell lines (Figure 2B). In primary tumors, the
degree of IL-37 downregulation was greater in stages I and II than
in stages 0 (Figure 2C). Based on the data of 445 cases from
cbioportal (https://www.cbioportal.org/), and the analysis of
Kaplan–Meier (http://kmplot.com/analysis/), IL-37 might have
an effect on overall patient survival, which suggesting IL-37 can
be potentially used as an independent prognostic marker
(Figure 2D).
General Features of m6A Methylation in
IL-37 Treated and Untreated A549 Cells
To identify the role of IL-37 on the alteration of m6Amodification
in A549 cells, we compared the m6A distribution in control and
IL-37 treated cells using the colorimetric m6A quantification
assay. We found higher global m6A modification sites in IL-37
treated cells than in IL-37 untreated cells (Figure 3A).

To explore the mechanism underlying IL-37’s inhibition of cell
invasion andmetastasis through alteration of m6Amodification, we
mapped the m6A methylome in IL-37 treated and untreated A549
cells by methylated RNA immunoprecipitation coupled with next
generation sequencing (MeRIP-seq or m6A-seq). The results
revealed significantly different m6A methylome profiles. There
were 2005 non-overlapping m6A peaks in IL-37 untreated cells
within 1647 coding gene transcripts (mRNAs) and 231 non-
overlapping m6A peaks within 220 long non-coding RNAs
(lncRNAs) in two biological replicates. In IL-37 treated cells, there
were 1,498 non-overlapping m6A peaks within 1,300 mRNAs and
180 non-overlapping m6A peaks within 175 lncRNAs in two
biological replicates. Of these, 35 peaks within mRNAs were
overlapped between the IL-37 treated and untreated cells (Figure
3B) and only one peak within lncRNAs was overlapped (Figure S1).

The results of the motif analysis of 1,000 peaks within mRNAs
with the highest scores (−10*log10, p-value) showed that IL-37
binding sites have abundant conserved m6A motif (Figure 3C).

We also found that, for mRNA assay, 81.2% of the m6A-
methylated coding genes in the control group (85.5% in the IL-37
treated cells) contained only one m6A peak, and 14.9% of the
m6A-methylated coding genes in the control group (12.2% in
the IL-37 treated cells) contained two m6A peaks (Figure 2D).
For lncRNA assay, 96.0% of the m6A-methylated coding genes in
the control group (96.6% in the IL-37 treated cells) contained
only one m6A peak, and 3.19% of the m6A-methylated coding
January 2021 | Volume 10 | Article 526866
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FIGURE 1 | (A) Expression of m6A methylation related proteins in IL-37 treated A549 cells. Data are mean ± SEM. *P < 0.05. (B) T
cancer data from TCGA database.
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genes in the control group (3.43% in the IL-37 treated cells)
contained two m6A peaks (Figure 3D).

We further investigated the m6A distribution patterns of
total peaks within mRNAs. Peaks were categorized into seven
transcript segments: the 5′ untranslated region (UTR), the start
codon segment (400 nucleotides centered on the start codon), the
stop codon segment (400 nucleotides centered on the stop
codon), the 3′ UTR, the intron region, the exon region, and
the unknown region (other). The results show a similar pattern
of total m6A distribution in the control and in IL-37 treated cells.
In the control group, the total m6A peaks included 1,021 peaks
from exon (50.05%), 480 peaks from 3′UTR (23.53%), 218 peaks
from intron (10.69%), and 158 peaks from 5′ UTR (7.75%). In
IL-37 treated cells, the total m6A peaks included 758 peaks from
exon (49.45%), 352 peaks from 3 UTR (22.96%), 182 peaks from
intron (11.87%), and 102 peaks from 5– UTR (6.65%) (Figure
3E). We also found that m6A peaks had a higher fold enrichment
in stop codon segments both in the control group and IL-37
treated cells (Figure 3F). The profiling of the m6A peaks or
Frontiers in Oncology | www.frontiersin.org 5115
signals compared between the IL-37 and control samples is
shown in Tables S1 and S2.
M6A Distribution of Differentially
Methylated m6A Sites
We next analyzed the distribution of m6A for both IL-37 treated
and untreated cells. In total, we identified 604 differentially
hypermethylated sites within 567 coding genes and 451
differentially hypomethylated sites within 430 coding genes
(IL-37 treated cells vs untreated cells) (Table 1). Also, 198
DMMSs within 192 lncRNA genes were hypermethylated sites,
and 165 DMMSs within 160 lncRNA genes were hypomethylated
sites (IL-37 treated cells vs untreated cells) (Table 1). Tables 2
and 3 show the top ten hypomethylated m6A sites within
mRNAs with the highest fold change values.

To access the distribution profile, we mapped all DMMSs
within mRNAs and lncRNAs to chromosomes, as shown in –
When the number of DMMSs harbored by chromosomes was
A

B

D

C

FIGURE 2 | The expression of IL-37 is downregulated in human lung adenocarcinoma (LAD). (A) The results of differential expression analysis of IL-37 between the
lung adenocarcinoma and matched tumor normal tissues. Data are mean ± SEM (n = 48 per group); (B) The expression of IL-37 in different LAD cell lines. Data are
mean ± SEM (n = 6 per group); (C) The degree of IL-37 downregulation was greater in stages I and II than in stages 0 in primary LAC tumors. Data are mean ± SEM
(n = 10 per group); (D) Results of analysis from starBase. Data are mean ± SEM. *P < 0.05.
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FIGURE 3 | General features of m6A methylation in IL-37 treated and untreated A549 cells. (A) Higher global m6A modification sites in IL-37 treated cells than in
IL-37 untreated cells. Data are mean ± SEM (n = 6 per group) (*** means P < 0.001); (B) Venn diagram showing the overlap of m6A peaks within mRNAs in two
groups; (C) Proportion of mRNAs harboring different numbers of m6A peaks in two groups. The majority of genes harboring only one m6A peak; (D) Proportion of
lncRNAs harboring different numbers of m6A peaks in two groups. The majority of genes harboring also only one m6A peak; (E) Pie charts showing the percentage
of m6A peaks in nonoverlapping segments of transcripts; (F) Distributions of fold enrichment of m6A peaks. Data are mean ± SEM.
TABLE 1 | General numbers of differentially methylated peaks and associated genes.

Item Upmethylated peak Upmethylated gene Downmethylated peak Downmethylated gene

mRNA 604 567 451 430
lncRNA 198 192 165 160
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normalized by the length of the respective chromosomes, the
altered m6A peaks were transcribed from chromosomes 19, 17,
16, and 12 (Figure S2B). Further analysis showed that most
identified DMMSs within mRNAs were mainly enriched in
coding sequence (CDS) (Figure S2C). Of both the
hypermethylated and hypomethylated sites, those within the 3′
UTR had the highest fold change (Figure S2D).
GO and KEGG Pathway Analysis
To reveal the functions of m6A methylation in IL-37 treated
A549 cells, protein coding genes containing DMMSs were tested
by GO and KEGG pathway analysis. For the biological process
(BP) category, genes with up-methylated m6A sites were
significantly (p < 0.05) enriched in regulation of RNA exported
from the nucleus, nucleobase-containing compound transports,
protein–DNA complex subunit organization, and positive
regulation of nucleobase-containing compound metabolic
process (Figure 4A1), while genes with down-methylated m6A
sites were highly enriched in regulation of protein imported into
the nucleus, regulation of protein imports, regulation of
nucleobase-containing compound metabolic process, and
regulation of cellular macromolecule biosynthetic process
(Figure 4A2). The results of the cellular component (CC) and
molecular function (MF) are shown in Figure S3. The results of
the KEGG pathway analysis of DMMS- containing lncRNA-
Frontiers in Oncology | www.frontiersin.org 7117
associated genes demonstrated that hypermethylated genes were
significantly associated with regulation of the NOD-like receptor
signaling pathway and arginine and proline metabolism (Figure
5A). Hypomethylated genes were significantly associated with
regulation of the actin cytoskeleton pathway, oxytocin signaling
pathway, and cell adhesion molecules (CAMs) pathway (Figures
4B1, 4B2). These results suggest that differentially methylated
RNAs are involved in important biological pathways of IL-37
treated A549 cells, such as Wnt-5a, within which m6A was
hypermethylated (IL-37 treated A549 cells vs untreated control)
near the start codon (Figure 5A), and Wnt-5b, within which
m6A was hypomethylated upstream of the 5′ UTR (Figure 5B).
Next, the protein expression of Wnt5a and Wnt5b was also
down-regulated after IL-37 treatment (Figure 5C). Whereas, the
correlation between down-regulation of ALKBH5 and Wnt5a or
Wnt5b should be investigated further.
Analysis of RBPs of Differentially
Methylated mRNAs
To investigate how the above DMMSs act on the genes, we
analyzed the RBPs of differentially methylated mRNAs through
the RMBase v2.0 database (33). From this database, we obtained
the modification sites and related RBP-binding regions.
A total of 22 proteins were predicted to be RBPs (Figure 6A).
The RBPs were highly distributed with a fold change
(log2) = approximately −2. Then, GO enrichment analysis was
performed to determine the function of the RBP genes. For the
BP category, RBP genes were mainly enriched in processes
associated with regulation of the mRNA metabolic process and
cytokine-mediated signaling pathway (Figure 6B). For the CC
category, RBP genes were enriched in the cytoplasmic
ribonucleoprotein granule (Figure 6C). For the MF category, those
genes were mainly related to N6-methyladenosine-containing RNA
binding, mRNA 3′ UTR binding, and ribonucleoprotein complex
binding (Figure 6D).
DISCUSSION

In the tumor microenvironment, production and secretion of
multiple cytokines are disordered, and the immune function of
the body is dysfunctional, which reduces the body’s anti-tumor
ability (34, 35). In recent years, changes in the expression levels
of various cytokines have become a hot topic in tumor
immunology research.

IL-37 is not only an inflammatory inhibitor but also an
inhibitor of inherent inflammatory and immune responses
(36), and it may play a role in inhibiting tumor growth in the
tumor microenvironment (37). It was reported the elevated
serum levels of interleukin-37 was correlated with poor
prognosis in gastric cancer (38). The level of IL-37 in the
serum of renal cell carcinoma patients was significantly lower
than that in a healthy control group and was negatively
correlated with the TNM Classification of Malignant Tumors
January 2021 | Volume 10 | Article 526866
TABLE 2 | Top 10 upmethylated peaks.

Chromosome txStart txEnd Gene
name

Fold change

chr2 131414301 131414500 POTEJ 117.5
chr21 39671701 39671920 KCNJ15 93.1
chr19 54720201 54720500 LILRB3 74.7
chr1 53074221 53074420 GPX7 73.7
chr4 73148821 73149120 ADAMTS3 70.9
chr6 117710661 117710860 ROS1 66.5
chr11 64513981 64514180 PYGM 53.9
chr18 65177321 65177540 DSEL 50.3
chr19 46916541 46916780 CCDC8 49.1
chr1 31887221 31887420 SERINC2 49.1
txStart/txEnd, Start/end position of the differentially methylated RNA peaks.
TABLE 3 | Top 10 downmethylated peaks.

Chromosome txStart txEnd Gene
name

Fold change

chr2 231281470 231281596 SP100 103.2
chr3 156763561 156763780 LEKR1 84.1
chr2 207041181 207041460 GPR1 81.6
chr9 684421 684574 KANK1 75.3
chr3 52715761 52715836 PBRM1 48.3
chr16 3293321 3293540 MEFV 48.3
chr11 129733530 129733640 NFRKB 47.1
chr21 30925961 30926025 GRIK1 45.8
chr2 61404552 61404560 AHSA2 45.8
chr9 113312128 113312340 SVEP1 44.5
txStart/txEnd, Start/end position of the differentially methylated RNA peaks.
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(TNM) stage of the tumor (39). When IL-37 levels are normal,
non-hepatocellular carcinoma tissues are minimal and negatively
correlated with the tumor size, microvascular metastasis, and
BCLC staging of hepatocellular carcinoma (40). Our previous
research showed the plasma IL-37 level in an NSCLC group was
significantly lower than that in a healthy control group and that a
more advanced TNM stage was associated with a more
precipitous drop in IL-37 (24). We found that a decrease in IL-
37 expression level is closely related to the occurrence and
development of NSCLC and that increased tumor malignancy
is associated with a more significant decrease in IL-37 expression.
In this study, we found that the expression of IL-37 in lung
adenocarcinoma tissue was significantly reduced compared to
adjacent controls. After IL-37 was overexpressed in lung cancer
cell line A549 cells, the overall methylation level of RNA
increased significantly, suggesting that the inhibitory effect of
IL-37 on the proliferation of lung adenocarcinoma cells may be
caused by RNA methylation.

The most common RNA methylation modifications are
m6A (N6-methyladenosine , 6-methyl adenine) and
uridylation (U-tail) (25). m6A modification occurs in the
methylation modification of the adenine (A) of RNA, such as
mRNA and lncRNA, and U-tail occurs in the uracil
modification of RNA, which is usually related to the RNA
degradation. RNA modification can regulate the stability,
localization, transport, splicing, and translation of RNA at the
post-transcriptional level, such as the translation and
alternative splicing of mRNA and the maturation of
microRNA (41). Reversible RNA methylation regulates gene
expression mainly at the post-transcriptional level.

Before its identification as an RNA demethylase, ALKBH5 is a
dioxygenase that uses a-ketoglutarate and O2 as substrates in the
m6A demethylation reaction (7). It was reported that hypoxia
induces the breast cancer stem cell phenotype by HIF-dependent
and ALKBH5-mediated m6A-demethylation of NANOGmRNA
(42). ALKBH5 also maintains tumorigenicity of glioblastoma
stem-like cells by sustaining FOXM1 expression and cell
proliferation program (14). In the present study, we found the
expression of ALKDH5 decreased significantly after IL-37
overexpression, which is potentially a reason for the significant
decrease in the overall methylation of RNA.

The Wnt signaling pathways are a group of signal
transduction pathways which begin with proteins that pass
signals into a cell through cell surface receptors (43). It directly
controls the expression levels of a large number of genes related
to growth and metabolism and is involved in the regulation of a
variety of biological processes, including embryonic growth and
morphological development, tissue stability, the balance of
energy metabolism, and stem cell maintenance. The excessive
activation of theWnt pathway is closely related to the occurrence
of a variety of cancers (including colon cancer, gastric cancer,
and breast cancer) (44). In this study, we found the expression of
Wnt5a/5b decreased significantly, which prompted us to
speculate that Wnt5a/5b may be affected by IL-37 methylation.
However, the mechanisms of how IL-37 affected Wnt5a/5b
pathway need to be further studied.
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SUPPLEMENTARY FIGURE 1 | In IL-37 treated cells, there were 1,498 non-
overlapping m6A peaks within 1,300 mRNAs and 180 non-overlapping m6A peaks
within 175 lncRNAs in two biological replicates. Of these, 35 peaks within mRNAs
were overlapped between the IL-37 treated and untreated cells (Figure 3B) and
only one peak within lncRNAs was overlapped.

SUPPLEMENTARY FIGURE 2 | m6A distribution of differentially methylated m6A
sites for both IL-37 treated and untreated cells. (A) Chromosomal distribution of all
differentiallymethylatedm6AsiteswithinmRNAs and lncRNAs; (B)Relative occupancy
ofdifferentiallymethylatedm6Asites inchromosome; (C)Thepercentageofdifferentially
methylated m6A sites; (D) Fold change of differentially methylated m6A sites.

SUPPLEMENTARY FIGURE 3 | Results of the cellular component (CC) and
molecular function (MF) analysis.
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Glioma is characterized by rapid cell proliferation and extensive infiltration among brain
tissues, but the molecular pathology has been still poorly understood. Previous studies
found that DNA methylation modifications play a key role in contributing to the
pathogenesis of glioma. On the other hand, long noncoding RNAs (lncRNAs) has been
discovered to be associated with some key tumorigenic processes of glioma. Moreover,
genomic methylation can influence expression and functions of lncRNAs, which
contributes to the pathogenesis of many complex diseases. However, to date, no
systematic study has been performed to detect the methylation of lncRNAs and its
influences in glioma on a genome-wide scale. Here, we selected the methylation data,
clinical information, expression of lncRNAs, and DNA methylation regulatory proteins of
537 glioma patients from TCGA and TANRIC databases. Then, we performed a differential
analysis of lncRNA expression and methylated regions between low-grade glioma (LGG)
and glioblastoma multiform (GBM) subjects, respectively. Next, we further identified and
verified potential key lncRNAs contributing the pathogenesis of glioma involved in
methylation modifications by an annotation and correlation analysis, respectively. In
total, 18 such lncRNAs were identified, and 7 of them have been demonstrated to be
functionally linked to the pathogenesis of glioma by previous studies. Finally, by the
univariate Cox regression, LASSO regression, clinical correlation, and survival analysis, we
found that all these 18 lncRNAs are high-risk factors for clinical prognosis of glioma. In
summary, this study provided a strategy to explore the influence of lncRNA methylation on
glioma, and our findings will be benefit to improve understanding of its pathogenesis.

Keywords: glioma, methylation modification, long non-coding RNAs, clinical prognosis, the cancer genome
atlas (TCGA)
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INTRODUCTION

Glioma is the most common and highly malignant tumor in the
intraparenchymal central nervous system (CNS) tumors (1). It is
characterized by the rapid and extensive proliferation among
brain tissues (2, 3). The high grade glioma subtype, glioblastoma
multiform (GBM), could cause the significant mortality that are
disproportionate to their relatively rare incidence (4). Even
under the best treatment, the median survival time is just over
a year, and the few GBM patients survive more than 3 years (1).
The etiology and pathogenesis of GBM have been extensively
investigated, but the epigenetic mechanisms contributing to its
pathogenesis were much less understood (2, 3, 5).

To date, DNA methylation is the most widely studied
epigenetic mechanisms (6). Tremendous evidences shows that
the DNA methylation is involved in tumorigenesis and
development of the GBM (1, 7). For example, the promoter
DNA methylation pattern of genes involved in RB1 and TP53
signaling pathways were identified in GBM patients (7). The
promoter methylation of the DNA repair enzyme (O6-
methylguanine-DNA methyltransferase) was discovered as a
significant prognostic factor for temozolomide resistance in
GBM patients (8).

The long non-coding RNAs (lncRNAs), a kind of non-protein
coding transcripts of >200 nucleotides (9–11), has been reported
to be a key regulator in a broad range of biological and cellular
processes of GBM, including cell proliferation, motility, hypoxia
response, and apoptosis (12–14). The expression levels and
functions of lncRNAs could be significantly affected by the
genomic methylation in many complex diseases (15–18).
Moreover, there is increasing evidences that the methyltransferase,
demethylase, and binding protein dynamically regulate the
methylation level of the lncRNAs, which influences their
expression in specific biological processes (18, 19). However, to
date, no systematic study has been conducted to discovery the
methylation of lncRNAs and its influences in the glioma on a
genome-wide scale.

Herein, to address this lack of knowledge, we used a cohort of
low-grade glioma (LGG) and GBM from The Cancer Genome
Atlas (TCGA) database to investigate the contribution of
lncRNA methylation to tumorigenesis and development in
glioma. Specifically, we first downloaded the expression data of
lncRNAs from The Atlas of Noncoding RNAs in Cancer
(TANRIC) database, and then implemented a differential
expression analysis between the LGG and GBM subjects.
Second, we obtained the glioma-related methylation array data
and the protein-coding gene expression data of the same samples
from TCGA database, and then identified the differentially
methylated regions of the differentially expressed lncRNAs
according the GENCODE reference annotation for human
genomes. Third, we conducted a correlation analysis between
methylation level and expression of the lncRNAs and the genes
involving in the three kinds of methylation regulatory proteins,
and identified the potential key lncRNAs contributing the
pathogenesis of glioma. Finally, we conducted the univariate
Cox regression, least absolute shrinkage and selection operator
Frontiers in Oncology | www.frontiersin.org 2124
(LASSO) regression, clinical correlation, and survival analysis
based on the clinical data of these samples to explore the
influence of these methylated and potentially disease-related
lncRNAs on clinical prognosis of glioma. The flow chart was
shown in Figure 1.
MATERIALS AND METHODS

Data Collection and Preprocessing
The clinical information and the methylation information of
patients with glioma were downloaded from the TCGA
database (http://cancergenome.nih.gov), a comprehensive
resource for investigating the molecular basis in various
cancers. According to TCGA annotation, glioma is classified
as the LGG and the GBM. The Genomic Data Commons
(GDC) Data Portal (https://portal.gdc.cancer.gov/) was used
to access these TCGA data. Particularly, we selected “DNA
methylation” in the Data Category, “Illumina human
methylation 450” in the Platform, “brain” in the Primary Site,
and “gliomas” in the Disease Type to screen out the
methylation information of patients. Then, we selected
“clinical” in the Data Category, “brain” in the Primary Site,
and “gliomas” in the Disease Type to screen out the clinical
information of patients. Next, we removed the samples
which lack the methylation or clinical information. Finally,
the lncRNA expression data of the same patients was
downloaded from the TANRIC database, which quantified
the expression profiles of lncRNAs in Ensembl using the
TCGA data (20).

Moreover, we further searched all the possible studies in
PubMed database (http://www.ncbi.nlm.nih.gov/pubmed)
using the keywords to “methylase gene,” “methyltransferase
gene,” “binding protein gene,” “demethylase gene” to identify
the DNA methylation regulatory proteins. The search was
performed before the last update of this database on May 13,
2020. The gene expression of the methylation regulatory proteins
was obtained from TCGA database. The expression data of
lncRNAs and methylation regulatory proteins have been
normalized as reads per kilobase of exon model per million
mapped reads (RPKM) and RNA-Seq by Expectation-
Maximization (RSEM), respectively. The DNA methylation
values were normalized using the “betaqn” function of the R
package “wateRmelon” (http://bioconductor.org/packages/
release/bioc/html/wateRmelon.html) (21).

Differential Expression Analysis
of lncRNAs Between Low-Grade Glioma
and Glioblastoma Multiform
To identify the key lncRNAs which are potentially associated
with the gliomas progression, we performed a differential
expression analysis of all the lncRNAs obtained from TANRIC
database between LGG and GBM subjects using the R package
“lncDIFF” with its default parameter settings (i.e. link.function =
“log,” simulated.pvalue = FALSE, permutation = 100) (https://
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CRAN.R-project.org/package=lncDIFF). It is a powerful
differential analysis tool by the normalized expression data (e.g.
RPKM values) as the input, and has high sensitivity to identify
the low abundant differentially expressed genes, as commonly
observed in lncRNAs. This package adopts the generalized linear
model with zero-inflated exponential quasi-likelihood to
estimate group effect on normalized counts, and employs the
likelihood ratio test to detect differential expressed genes. The
proposed method and tool are applicable to data processed with
standard RNA-seq preprocessing and normalization pipelines
(22). We first removed 21 lncRNAs whose expression is zero in
all the LGG or GBM subjects. Then, we set significance level
according to the common threshold of the absolute value of fold
change (FC) ≥ 2 and false discovery rate (FDR) p < 0.05. The p
values are corrected for multiple testing by Benjamini–Hochberg
method. Finally, we used a volcano plot to describe the profile of
whole lncRNA expression by the R package “ggplot2” (https://
Frontiers in Oncology | www.frontiersin.org 3125
CRAN.R-project.org/package=ggplot2), and used a heatmap to
visualize the cluster pattern of the differentially expressed
lncRNAs based on Manhattan distance by the R package
“gplots” (https://CRAN.R-project.org/package=gplots).

Differential Methylation Analysis and
lncRNA Annotation
To identify the glioma-related methylation positions and regions,
and the differentially expressed lncRNAs located in these regions,
we performed a differential methylation analysis and lncRNA
annotation. The differential methylation analysis was conducted
by the R package “minfi” which is a specialized tool designed to
process the Illumina methylation 450 array data (http://
bioconductor.org/packages/release/bioc/html/minfi.html). It
used the Subset-quantile Within Array Normalization method
to preprocess data and the bump-hunting algorithm to discover
the differential methylation information (23). Firstly, we used the
FIGURE 1 | The flow chart of the study design for exploring the potential key lncRNAs contributing the pathogenesis of glioma involved in methylation modifications
and their impact on disease prognosis.
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“densityBeanPlot” function of this package to conduct the
quality control for each array. The qualified samples should
have the characteristic that the methylation levels (beta values) of
CpG positions are distributed around 0 and 1, respectively. Then,
we used the “dmpFinder” function (type = “categorical”) of this
package to identify the differentially methylated positions
between LGG and GBM subjects based on the methylation
array. The significance level was set according to a common
threshold of the absolute intercept ≥ 0.2 (i.e. 20% difference on
the beta values) and p < 1×10−3 (24). Next, based on these
differentially methylated positions, we further used the
“bumphunter” function (B = 10, type = “Beta”) of this package
to look for the differentially methylated regions between LGG
and GBM subjects with the common threshold of average
methylation level difference ≥ 0.2 (25, 26). The differentially
methylated regions are the consecutive genomic locations
containing a battery of differentially methylated positions in
the same direction. Finally, we download the ensGene
annotation file (hg19) from the Ensembl (release 75) which
stores the location information of lncRNA transcripts and
exons in human genome. Based on this file, the ANNOVAR
software was used to perform an lncRNA annotation and
identify the differentially expressed lncRNAs located in the
differentially methylated regions. ANNOVAR is a Perl
command-line tool for rapidly and efficiently annotating the
genomic variants, including gene-based, region-based and filter-
based annotations on a variant call format (VCF) file generated
from human genomes (27).
Correlation Analysis Between Methylation
and Expression of lncRNAs
To explore the influence of methylation on the corresponding
lncRNAs, and identify the potential key lncRNAs contributing
the pathogenesis of glioma, we performed a correlation analysis
between methylation and expression of lncRNAs. Particularly,
we first selected the differentially methylated positions to be
included in each of the identified lncRNAs in the previous step,
and calculated the average values of these methylation positions
for each lncRNAs, respectively. Then, we calculated the
Pearson’s correlation coefficient between the expression of
these lncRNAs and their average methylation level using the
R function “cor.test.” The threshold of significance was set at
the absolute value of r > 0.6 and FDR p < 0.05. The p values
are corrected for multiple testing by Benjamini–Hochberg
method. Finally, it is reported that the methylation regulatory
proteins (including methyltransferase, demethylase, and
binding protein) dynamically regulate the methylation level
of lncRNAs, which influences their expression in specific
biological processes (18, 19). Therefore, to explore which
methylation regulatory proteins are involved in the methylation
modification of the potential key lncRNAs and further increase
the reliability of our findings, we selected the known methylation
regulatory proteins and calculated the Pearson’s correlation
coefficient between their expression and the average methylation
level of these lncRNAs using the same significance threshold.
Frontiers in Oncology | www.frontiersin.org 4126
Influence of the Methylated lncRNAs
on Clinical Prognosis of Glioma
We further analyzed the Influence of these identified methylated
lncRNAspotentially contributing the pathogenesis of gliomaon the
clinical prognosis of glioma. First, we calculated the average
expression of the key lncRNAs obtained above in each patient
and get the median of these average expressions. According to the
median, the patients were separated into the lncRNAs low and high
expression groups. We compared prognosis between the high
expression and low expression subjects using a Kaplan-Meier
overall survival curves. Then, we performed a univariate Cox
regression analysis to assess the association between these
methylated lncRNAs and the prognosis of glioma. The threshold
of significance was set at 95% confidence interval (CI) of hazard
ratio (HR) ⊉ 1 and p < 0.05. The R package “survival” (https://
CRAN.R-project.org/package=survival) was used for these
analyses. Next, based on the results of univariate Cox regression
analysis,we furtherused theLASSOregressionalgorithmto identify
the key lncRNAs whose methylation and expression impact on the
prognosis of glioma by R package “glmnet.” It is a pathwise
algorithm for the Cox proportional hazards model, regularized by
convex combinations of ℓ1 and ℓ2 penalties (elastic net). The
algorithm fits via cyclical coordinate descent, and employs warm
starts to find a solution along a regularization path (28). The
parameter familiy, maxit, and alpha were set to Cox, 1000 and 1,
respectively (others were set by their default values). And then we
calculated the risk score of each subject using them through the
“survival” package. Finally, we used a receiver operator
characteristic (ROC) curve to verify the reliability of the risk score
by the R package “survivalROC” (https://CRAN.R-project.org/
package=survivalROC). In addition, we also assessed the
association between these lncRNA expressions and other clinical
features of the patients (including age at initial pathologic diagnosis,
vital status, and gender) using the chi-square test. The threshold of
significance was set at p < 0.05.
RESULTS AND DISCUSSION

Methylation, Expression, and Clinical
Information of 537 Glioma Samples
After the data collection, we found a total of 537 glioma samples
(including 486 LGG and 51 GBM patients from TCGA) with the
DNA methylation values, expression levels of protein-coding
genes, and clinical information. Particularly, according to the
annotation of Illumina human methylation 450 array, a total of
369,531 CpGs methylation positions were quantified after
removing the missing values. We normalized the CpGs
methylation values for the subsequent analyses. The results
were shown in Supplementary Figure S1. The lncRNA
expression data of the 537 glioma samples were obtained from
TANRIC database. A total of 12,727 lncRNAs of these samples
were quantified as RPKM values. Through the keyword search
and the title/abstract screening, 23 articles containing genes for
methylation-related enzymes were obtained from PubMed.
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In total, we identified 32 DNA methylation regulatory proteins
(including methyltransferase, demethylase, and binding protein)
from the 23 articles (Table 1). We extracted the expression data
of these 32 methylation regulatory proteins for each sample
(quantified as RSEM values) from the TCGA database. The
clinical information of these samples contains age, gender,
survival time, and vital status. The summary of these glioma
samples was listed in Table 2.
Differential Expression Analysis
of lncRNAs Between Low-Grade Glioma
and Glioblastoma Multiforme
We used the R package “lncDIFF” to perform the differential
expression analysis of lncRNAs between LGG and GBM subjects
according to the significance threshold of |FC|≥ 2 andFDR p<0.05.
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In total, we identified 1,988 significantly differentially expressed
lncRNAs,which include1,284highly expressed (i.e.FC≥2) and704
lowly expressed lncRNAs (FC ≤ −2) in the GBM subjects. The
details are described in Supplementary Table S1. We used a
volcano plot to describe the profile of whole lncRNA expression
(Figure 2A). Then, to verify these findings, we contrasted these
identified differentially expressed lncRNAs with another
independent study. This study used 19 glioblastoma and 9 control
brain samples to perform the differential expression analysis of
30,586 lncRNA transcripts (Arraystar Human lncRNAMicroarray
V3.0, nearly 30% of them overlap with our study). According to its
results, about 71.5% differentially expressed lncRNAs overlapped
with our findings (52). Further, we selected the top most 100
differentially expressed lncRNAs to visualize the cluster pattern of
their expression by a heatmap. As Figure 2B shows, the GBM and
LGG subjects aremainly grouped under a cluster according to high
TABLE 1 | The information of the 32 DNA methylation regulatory proteins.

Gene ID Description Type Reference

DNMT3A 1788 DNA methyltransferase 3 alpha Methyltransferase (29, 30, 31)
DNMT3B 1789 DNA methyltransferase 3 beta Methyltransferase (29, 30, 31)
DNMT3L 29947 DNA methyltransferase 3 like Methyltransferase (30)
DNMT1 1786 DNA methyltransferase 1 Methyltransferase (31–33)
DMAP1 55929 DNA methyltransferase 1 associated protein 1 Binding protein (33)
SUV39H1 6839 Suppressor of variegation 3-9 homolog 1 Methyltransferase (34)
MECP2 4204 Methyl-CpG binding protein 2 Binding protein (35)
MBD1 4152 Methyl-CpG binding domain protein 1 Binding protein (35)
MBD2 8932 Methyl-CpG binding domain protein 2 Binding protein (35)
MBD3 53615 Methyl-CpG binding domain protein 3 Binding protein (35)
MBD4 8930 Methyl-CpG binding domain 4, DNA glycosylase Binding protein (35)
SETDB1 9869 SET domain bifurcated histone lysine methyltransferase 1 Methyltransferase (31, 35)
MGMT 4255 O-6-methylguanine-DNA methyltransferase Methyltransferase (36)
TET1 80312 tet methylcytosine dioxygenase 1 Demethylase (37)
TET2 54790 Tet methylcytosine dioxygenase 2 Demethylase (37)
TET3 200424 Tet methylcytosine dioxygenase 3 Demethylase (37)
JMJD6 23210 Jumonji domain containing 6, arginine demethylase and lysine hydroxylase Demethylase (38)
KDM3A 55818 Lysine demethylase 3a Demethylase (39)
KDM5C 8242 Lysine demethylase 5c Demethylase (39)
KDM1A 23028 Lysine demethylase 1a Demethylase (40)
KDM5B 10765 Lysine demethylase 5b Demethylase (41)
KDM5A 5927 Lysine demethylase 5a Demethylase (42)
KDM5D 8284 Lysine demethylase 5d Demethylase (42)
KDM3B 51780 Lysine demethylase 3b Demethylase (43)
KDM4A 9682 Lysine demethylase 4a Demethylase (44, 45)
KDM4B 23030 Lysine demethylase 4b Demethylase (46)
KDM4C 23081 Lysine demethylase 4c Demethylase (47)
KDM4D 55693 Lysine demethylase 4d Demethylase (48)
KDM6A 7403 Lysine demethylase 6a Demethylase (42, 49)
KDM6B 23135 Lysine demethylase 6b Demethylase (42, 49)
KDM2A 22992 Lysine demethylase 2a Demethylase (48)
KDM2B 84678 Lysine demethylase 2b Demethylase (50, 51)
Ja
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TABLE 2 | Summary of the 537 individuals studied in this work.

Individuals Sample Type Sample Size Mean Age (SD) Male/Female (%) Death Rates (%)

GBM subjects Primary Tumor 51 61.54 (13.41) 56.00/44.00 66.00
LGG subjects Primary Tumor 486 42.91 (13.42) 54.64/45.36 25.15
Total 　 537 44.66 (14.48) 54.77/45.23 28.97
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and low expression of the lncRNAs, respectively, andmost of these
lncRNAs (83%) are significantly highly expressed in the GBM than
LGG subjects. These differentially expressed lncRNAs may
Frontiers in Oncology | www.frontiersin.org 6128
contribute to the progress of glioma. Thus, we used these
significantly differentially expressed lncRNAs to conduct the
subsequent analysis.
A

B

FIGURE 2 | The differential expression analysis of lncRNAs. (A) The volcano plot shows a profile of the expression of all these lncRNAs in this study. There are
1,284 highly expressed (i.e. and FDR p < 0.05) and 704 lowly expressed lncRNAs (and FDR p < 0.05) in the GBM subjects. (B) The clustered heatmap of the top
100 most differentially expressed lncRNAs between LGG and GBM subjects. Most of these lncRNAs (83%) are significantly highly expressed in the GBM than LGG
subjects. There are 50 GBM subjects (about 98.04%) grouped into a cluster base on the lncRNA expression.
January 2021 | Volume 10 | Article 607047
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Differential Methylation Analysis
and lncRNA Annotation
We performed a differential methylation analysis and lncRNA
annotation to identify the glioma-related DNA methylation and
the differentially expressed lncRNAs located in the regions. The
results of array quality control showed that the beta values of DNA
methylation positions are mainly distributed around 0 and 1,
respectively, for each sample (Supplementary Figure S2). Then,
we used these arrays to identify the differentially methylated
positions and regions, respectively. The results showed that there
are a total of 208,138 positions and 13,227 corresponding regions
with a significantly differential methylation level between LGG and
GBM subjects (Supplementary Tables S2, S3). The methylation
array GSE90496 (contains 347 GBM and 301 LGG subjusts) was
used to verify these findings. The results showed that about 71.1%
differential methylation positions are consistent with our findings
(53). Finally, based on these differentially methylated regions, we
performed the location annotation of the differentially expressed
lncRNAs. In total, we identified 744 lncRNAs which are located in
the differentially methylated regions. According to the results of
annotation, these differentially methylated regions are at five
categories of different genomic locations, i.e. intergenic,
ncRNA_exonic, ncRNA_intronic, upstream and downstream, and
the proportion of intergenic areas is significantly increased
compared with other types (Supplementary Table S4). We
further calculated the proportion of them in the different
genomic locations. We found that these lncRNAs are mainly
distributed in chromosome 1, 2, 7, and 12 (11.42, 10.48, 8.06, and
8.06%, respectively) (Supplementary Table S5). Moreover, as the
Supplementary Table S1 shown, these identified lncRNAs include
1,284 highly and 704 lowly expressed ones in the GBM subjects. But
not all of these highly and lowly expressed lncRNAs have
significantly reduced and increased methylation levels in the
GBM subjects, respectively, which imply that not all of DNA
methylation changes can affect the expression of lncRNAs in the
corresponding genomic regions.

Correlation Analysis Between Methylation
and Expression of lncRNAs
We first conducted a Shapiro-Wilk normality test for each vector
by the R function “shapiro.test.” According to the threshold P >
0.05, 11 lncRNAs that do not obey the normal distribution were
removed. Then, to identify the differentially expressed lncRNAs
affected by the glioma-relatedDNAmethylation,we performed a
Pearson’s correlation analysis between methylation and
expression of lncRNAs. The results revealed that there are a
total of 18 lncRNAs (including 16 highly and 2 lowly expressed
ones) whose expression is significantly associated with their
DNA methylation level, and all of them show a significant
negative correlation (r < −0.6 and FDR p < 0.05) (Table 3). It
is consistent with the common understanding that DNA
methylation inhibits the corresponding gene expression in a
variety of tissues and cell lines (54, 55). Next, we further
measured the association between the expression of the 32
methylation regulatory proteins and methylation level of
these lncRNAs. The results showed that there is a significantly
negative correlation between TET1 expression and most of the
Frontiers in Oncology | www.frontiersin.org 7129
18 lncRNAs’ methylation level. TET1 is a demethylase
which can catalyze the conversion of 5-methylcytosine to 5-
hydroxymethylcytosine and maintains hypomethylation status
of the corresponding regions (37). Besides this gene, the
expression of KDM4B and MBD2 also show a significantly
negative and positive correlation (r > 0.6 and FDR p < 0.05)
with a part of the 18 lncRNAs’ methylation level, respectively.
KDM4B is also a demethylase of histone lysine by a hypoxia-
induced pathway, and an important epigenetic modifier in
cancer (46). MBD2 is a methyl-CpG binding protein which
binds and maintains methylated gene promoter to repress its
transcriptional activity (35). However, this significant
correlation is not observed in the other 29 genes, which imply
that the DNA methylation of lncRNAs in glioma may be
influenced predominantly by some specific methylation
regulatory proteins (Table 3 and Supplementary Table S5).
Moreover, the mean differential methylation of the 18 lncRNAs
was calculated.We found that all of the lowly expressed lncRNAs
have significantly reduced methylation levels and most of them
have significantly reduced methylation levels in the GBM
subjects. It is also consistent with the understanding that DNA
methylation inhibits gene expression (56, 57). Therefore, we
considered them as the potential key lncRNAs contributing the
pathogenesis of glioma involved in methylation modifications.
Finally, we further queried PubMed for the functions of the 18
potential key lncRNAs contributing the pathogenesis of glioma. We
found that seven of them have been demonstrated to be functionally
linked to the pathogenesis of glioma by the previous studies. For
example, the overexpression of the ENSG00000222041 (CYTOR)
partially reversed the inhibitory effects of UPF1 on proliferation and
invasion abilities in glioma (58, 59). Themore details were described
in the Supplementary Table S6.

Influence of the Methylated lncRNAs on
Clinical Prognosis of Glioma
We further analyzed the influence of the 18 identified lncRNAs,
which potentially contribute the glioma pathogenesis by
methylation modifications, on the clinical prognosis of
glioma. For the 16 lncRNAs highly expressed in GBM
patients, we found that the overall survival curve of the
subjects with high lncRNA expression is significantly longer
than the subjects with low lncRNA expression (p = 1.38 ×
10−10) (Figure 3A). On the contrary, the overall survival curve
of the subjects with low lncRNA expression is significantly
longer than the subjects with high lncRNA expression for the
two lowly expressed lncRNAs (p = 3.11 × 10−10) (Figure 3B). It
reflects an association between the dysregulation of lncRNA
expression and a bad prognosis of glioma patients. To avoid
dependence on the tumor grade, we performed the univariate
Cox regression analysis of the 18 lncRNAs in GBM and LGG
subjects, respectively. We did not find a significant association
between lncRNA expression and poor patient outcomes in
GBM subjects. However, the results showed that all of the 18
identified methylated lncRNAs are high-risk factors for the
prognosis of glioma in LGG subjects (i.e. 95% CI HR ⊉ 1 and
p < 0.001) (Figure 3C). This suggests that both over-expression
of those 16 lncRNAs and under-expression of other 2 ones can
January 2021 | Volume 10 | Article 607047
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lead to a poor prognosis in LGG patients, which is also
consistent with common sense, given that GBM patients are
in advanced stages of the disease and their survival may be
affected by other complications or factors. In addition, the
univariate Cox regression analysis was further performed for all
the 1,988 significantly differentially expressed lncRNAs in LGG
patients. We found that only about 39% of the lncRNAs
unlikely affected by methylation modifications are associated
with poor patient outcomes (Supplementary Table S7). We
further applied LASSO regression algorithm to the 18 lncRNAs
to identify the key ones for glioma prognosis and calculate the
risk score of each subject. As Figures 3D, 3E show, there are
four key lncRNAs (i.e. ENSG00000256802, ENSG00000232533,
ENSG00000227372, ENSG00000222041) selected when the
cross-validated partial likelihood deviance reaches its
minimum value, and the coefficients of all these lncRNAs are
positive (i.e. increase risk of disease). The area under the curve
(AUC) of the ROC is 0.903, which shows the reliability of the
risk score (Figure 3F). According to the median of risk scores,
the patients were separated into the low and high-risk groups.
We found that the GBM subjects are mainly distributed in
high-risk group, while the LGG subjects are mainly distributed
in low-risk group. This demonstrates the consistency between
the sample risk score by the key lncRNAs and the severity of
glioma. Moreover, as Figure 4A shows, the risk classification by
the key lncRNAs is significantly associated with the age at
initial pathologic diagnosis (p = 1.32 × 10−2) and vital status
(p = 1.72 × 10−8). But we observed no association with the
gender of the patients (p = 1.97 × 10−1). The similar results were
also observed for all the 18 identified methylated lncRNAs (p
value of age, vital status and gender is 2.87 × 10−14, 2.01 × 10−9,
and 1.45 × 10−1, respectively) (Figure 4B).
CONCLUSIONS

In this study, we used the TCGA data to identify potential key
lncRNAs contributing the pathogenesis of glioma involved in
methylation modifications and further explore influence of them
on the clinical prognosis of glioma. In total, we identified 18 such
lncRNAs which has the following four characteristics: 1) they are
significantly differentially expressed between the LGG and GBM
subjects; 2) at least one of the differentially methylated regions,
which cover the contiguous differentially methylated positions, is
located in these lncRNA sequences; 3) there is a strong correlation
between the methylation level of these lncRNAs and the expression
of methylation regulatory proteins; 4) the expression of these
lncRNAs is significantly associated with their methylation level.
Further, the results of clinical data analysis show that all these 18
lncRNAs are high-risk factors for the clinical prognosis of glioma,
and four of them (i.e. ENSG00000256802, ENSG00000232533,
ENSG00000227372 and ENSG00000222041) are most important
for the severity of glioma. All in all, we performed a strategy to
explore the influence of the lncRNA methylation on the
pathogenesis of glioma, and these findings will be benefit to
further glioma research in the future.
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FIGURE 3 | The influence of the methylated lncRNAs on the prognosis of glioma. (A) For the 16 lncRNAs highly expressed in GBM patients, the Kaplan-Meier overall survival
curve of the subjects with high lncRNA expression is significantly longer than the subjects with low lncRNA expression. (B) For the two lncRNAs lowly expressed in GBM
patients, the Kaplan-Meier overall survival curve of the subjects with low lncRNA expression is significantly longer than the subjects with high lncRNA expression. (C) The forest
plot for the results of univariate Cox regression analysis in LGG. (D) The relationship between the partial likelihood deviance and the penalty coefficient l value. The log (l) is
equal to about 2.5 when the partial likelihood deviance reaches its minimum value. (E) The LASSO regression for calculating the coefficient of each lncRNA. There are four
lncRNAs with non-zero coefficients when the log (l) is equal to 2.5. (F) The ROC curve shows the reliability of the risk score.
A B

FIGURE 4 | The association between the methylated lncRNAs and the clinical features of glioma patients. (A) The risk classification by the four key methylated lncRNAs is
significantly associated with the age at initial pathologic diagnosis and vital status, but not with the gender of the patients. (B) The 18 glioma-related lncRNAs are significantly
differentially expressed between GBM and LGG groups, which are also significantly associated with the age and vital status, but not with the gender.
Frontiers in Oncology | www.frontiersin.org January 2021 | Volume 10 | Article 6070479131

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


He et al. Methylation of lncRNAs in Glioma
DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data
can be found here: TCGA (http://cancergenome.nih.gov), GDC
Data Portal (https://portal.gdc.cancer.gov/), and PubMed (http://
www.ncbi.nlm.nih.gov/pubmed).
AUTHOR CONTRIBUTIONS

ZH designed the research. ZH, YH, JT, and LW collected the
data. ZH and YH performed the research and analyzed data. ZH,
JT, and YH wrote the paper. ZH and JT reviewed and modified
the manuscript. All authors discussed the results and contributed
Frontiers in Oncology | www.frontiersin.org 10132
to the final manuscript. All authors contributed to the article and
approved the submitted version.
FUNDING

This research is financially supported by the Start-up fund of
Chongqing Medical University (R1017).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2020.
607047/full#supplementary-material
REFERENCES
1. Klughammer J, Kiesel B, Roetzer T, Fortelny N, Nemc A, Nenning KH, et al.

The DNA methylation landscape of glioblastoma disease progression shows
extensive heterogeneity in time and space. Nat Med (2018) 24:1611–24.
doi: 10.1038/s41591-018-0156-x

2. Schwartzbaum JA, Fisher JL, Aldape KD, Wrensch M. Epidemiology and
molecular pathology of glioma. Nat Clin Pract Neurol (2006) 2:494–503. doi:
10.1038/ncpneuro0289

3. Weller M, Wick W, Aldape K, Brada M, Berger M, Pfister SM, et al. Glioma.
Nat Rev Dis Primers (2015) 1:1–18. doi: 10.1038/nrdp.2015.17

4. Ostrom QT, Gittleman H, Stetson L, Virk SM, Barnholtz-Sloan JS.
Epidemiology of gliomas. Cancer Treat Res (2015) 163:1–14. doi: 10.1007/
978-3-319-12048-5_1

5. Tang J, He D, Yang P, He J, Zhang Y. Genome-wide expression profiling of
glioblastoma using a large combined cohort. Sci Rep (2018) 8:15104.
doi: 10.1038/s41598-018-33323-z

6. Hwang JY, Aromolaran KA, Zukin RS. The emerging field of epigenetics in
neurodegeneration and neuroprotection. Nat Rev Neurosci (2017) 18:347–61.
doi: 10.1038/nrn.2017.46

7. Etcheverry A, Aubry M, de Tayrac M, Vauleon E, Boniface R, Guenot F, et al.
DNA methylation in glioblastoma: impact on gene expression and clinical
outcome. BMC Genomics (2010) 11:701. doi: 10.1186/1471-2164-11-701

8. Chen WJ, Zhang X, Han H, Lv JN, Kang EM, Zhang YL, et al. The different
role of YKL-40 in glioblastoma is a function of MGMT promoter methylation
status. Cell Death Dis (2020) 11:668. doi: 10.1038/s41419-020-02909-9

9. Rion N, Ruegg MA. LncRNA-encoded peptides: More than translational
noise? Cell Res (2017) 27:604–05. doi: 10.1038/cr.2017.35

10. Tang J, Wu X, MouM,Wang C,Wang L, Li F, et al. GIMICA: host genetic and
immune factors shaping human microbiota. Nucleic Acids Res (2020).
doi: 10.1093/nar/gkaa851

11. Han Z, Xue W, Tao L, Lou Y, Qiu Y, Zhu F. Genome-wide identification and
analysis of the eQTL lncRNAs in multiple sclerosis based on RNA-seq data.
Briefings Bioinf (2020) 21:1023–37. doi: 10.1093/bib/bbz036

12. Li Q, Jia H, Li H, Dong C, Wang Y, Zou Z. LncRNA and mRNA expression
profiles of glioblastoma multiforme (GBM) reveal the potential roles of
lncRNAs in GBM pathogenesis. Tumour Biol (2016) 37:14537–52.
doi: 10.1007/s13277-016-5299-0

13. Zhang X-Q, Leung GK-K. Long non-coding RNAs in glioma: functional roles
and clinical perspectives. Neurochem Int (2014) 77:78–85. doi: 10.1016/
j.neuint.2014.05.008

14. Kopp F, Mendell JT. Functional classification and experimental dissection of
long noncoding RNAs. Cell (2018) 172:393–407. doi: 10.1016/j.cell.
2018.01.011

15. Wu Z, Liu X, Liu L, Deng H, Zhang J, Xu Q, et al. Regulation of lncRNA
expression. Cell Mol Biol Lett (2014) 19:561. doi: 10.2478/s11658-014-0212-6

16. Heilmann K, Toth R, Bossmann C, Klimo K, Plass C, Gerhauser C. Genome-
wide screen for differentially methylated long noncoding RNAs identifies
Esrp2 and lncRNA Esrp2-as regulated by enhancer DNA methylation with
prognostic relevance for human breast cancer. Oncogene (2017) 36:6446–61.
doi: 10.1038/onc.2017.246

17. Dong Z, Zhang A, Liu S, Lu F, Guo Y, Zhang G, et al. Aberrant methylation-
mediated silencing of lncRNAMEG3 functions as a ceRNA in esophageal cancer.
Mol Cancer Res (2017) 15:800–10. doi: 10.1158/1541-7786.MCR-16-0385

18. Wu SC, Kallin EM, Zhang Y. Role of H3K27 methylation in the regulation of
lncRNA expression. Cell Res (2010) 20:1109–16. doi: 10.1038/cr.2010.114

19. Lai F, Shiekhattar R. Where long noncoding RNAs meet DNA methylation.
Cell Res (2014) 24:263–4. doi: 10.1038/cr.2014.13

20. Li J, Han L, Roebuck P, Diao L, Liu L, Yuan Y, et al. TANRIC: An Interactive
Open Platform to Explore the Function of lncRNAs in Cancer. Cancer Res
(2015) 75:3728–37. doi: 10.1158/0008-5472.CAN-15-0273

21. Fortin JP, Labbe A, Lemire M, Zanke BW, Hudson TJ, Fertig EJ, et al. Functional
normalization of 450kmethylation arraydata improves replication in large cancer
studies. Genome Biol (2014) 15:503. doi: 10.1186/s13059-014-0503-2

22. Li Q, Yu X, Chaudhary R, Slebos RJC, Chung CH, Wang X. lncDIFF: a novel
quasi-likelihood method for differential expression analysis of non-coding
RNA. BMC Genomics (2019) 20:539. doi: 10.1186/s12864-019-5926-4

23. Aryee MJ, Jaffe AE, Corrada-Bravo H, Ladd-Acosta C, Feinberg AP, Hansen
KD, et al. Minfi: a flexible and comprehensive Bioconductor package for the
analysis of Infinium DNA methylation microarrays. Bioinformatics (2014)
30:1363–9. doi: 10.1093/bioinformatics/btu049

24. Guo X, Xu Y, Zhao Z. In-depth genomic data analyses revealed complex
transcriptional and epigenetic dysregulations of BRAFV600E in melanoma.
Mol Cancer (2015) 14:60. doi: 10.1186/s12943-015-0328-y

25. Lu T, Klein KO, Colmegna I, Lora M, Greenwood CMT, Hudson M. Whole-
genome bisulfite sequencing in systemic sclerosis provides novel targets to
understand disease pathogenesis. BMC Med Genomics (2019) 12:144.
doi: 10.1186/s12920-019-0602-8

26. Torabi Moghadam B, Etemadikhah M, Rajkowska G, Stockmeier C, Grabherr M,
Komorowski J, et al. Analyzing DNA methylation patterns in subjects diagnosed
with schizophrenia using machine learning methods. J Psychiatr Res (2019)
114:41–7. doi: 10.1016/j.jpsychires.2019.04.001

27. Yang H, Wang K. Genomic variant annotation and prioritization with
ANNOVAR and wANNOVAR. Nat Protoc (2015) 10:1556–66. doi: 10.1038/
nprot.2015.105

28. Simon N, Friedman J, Hastie T, Tibshirani R. Regularization Paths for Cox’s
Proportional Hazards Model via Coordinate Descent. J Stat Software (2011)
39:1–13. doi: 10.18637/jss.v039.i05

29. Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases Dnmt3a and
Dnmt3b are essential for de novo methylation and mammalian development.
Cell (1999) 99:247–57. doi: 10.1016/s0092-8674(00)81656-6

30. Aapola U, Kawasaki K, Scott HS, Ollila J, Vihinen M, Heino M, et al. Isolation
and initial characterization of a novel zinc finger gene, DNMT3L, on 21q22.3,
related to the cytosine-5-methyltransferase 3 gene family. Genomics (2000)
65:293–8. doi: 10.1006/geno.2000.6168

31. Matsui T, Leung D, Miyashita H, Maksakova IA, Miyachi H, Kimura H, et al.
Proviral silencing in embryonic stem cells requires the histone
methyltransferase ESET. Nature (2010) 464:927–31. doi: 10.1038/nature08858
January 2021 | Volume 10 | Article 607047

http://cancergenome.nih.gov
https://portal.gdc.cancer.gov/
http://www.ncbi.nlm.nih.gov/pubmed
http://www.ncbi.nlm.nih.gov/pubmed
https://www.frontiersin.org/articles/10.3389/fonc.2020.607047/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2020.607047/full#supplementary-material
https://doi.org/10.1038/s41591-018-0156-x
https://doi.org/10.1038/ncpneuro0289
https://doi.org/10.1038/nrdp.2015.17
https://doi.org/10.1007/978-3-319-12048-5_1
https://doi.org/10.1007/978-3-319-12048-5_1
https://doi.org/10.1038/s41598-018-33323-z
https://doi.org/10.1038/nrn.2017.46
https://doi.org/10.1186/1471-2164-11-701
https://doi.org/10.1038/s41419-020-02909-9
https://doi.org/10.1038/cr.2017.35
https://doi.org/10.1093/nar/gkaa851
https://doi.org/10.1093/bib/bbz036
https://doi.org/10.1007/s13277-016-5299-0
https://doi.org/10.1016/j.neuint.2014.05.008
https://doi.org/10.1016/j.neuint.2014.05.008
https://doi.org/10.1016/j.cell.2018.01.011
https://doi.org/10.1016/j.cell.2018.01.011
https://doi.org/10.2478/s11658-014-0212-6
https://doi.org/10.1038/onc.2017.246
https://doi.org/10.1158/1541-7786.MCR-16-0385
https://doi.org/10.1038/cr.2010.114
https://doi.org/10.1038/cr.2014.13
https://doi.org/10.1158/0008-5472.CAN-15-0273
https://doi.org/10.1186/s13059-014-0503-2
https://doi.org/10.1186/s12864-019-5926-4
https://doi.org/10.1093/bioinformatics/btu049
https://doi.org/10.1186/s12943-015-0328-y
https://doi.org/10.1186/s12920-019-0602-8
https://doi.org/10.1016/j.jpsychires.2019.04.001
https://doi.org/10.1038/nprot.2015.105
https://doi.org/10.1038/nprot.2015.105
https://doi.org/10.18637/jss.v039.i05
https://doi.org/10.1016/s0092-8674(00)81656-6
https://doi.org/10.1006/geno.2000.6168
https://doi.org/10.1038/nature08858
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


He et al. Methylation of lncRNAs in Glioma
32. Bewick AJ, Schmitz RJ. Gene body DNA methylation in plants. Curr Opin
Plant Biol (2017) 36:103–10. doi: 10.1016/j.pbi.2016.12.007

33. Gegner J, Gegner T, Vogel H, Vilcinskas A. Silencing of the DNA
methyltransferase 1 associated protein 1 (DMAP1) gene in the invasive
ladybird Harmonia axyridis implies a role of the DNA methyltransferase 1-
DMAP1 complex in female fecundity. Insect Mol Biol (2020) 29:148–59.
doi: 10.1111/imb.12616

34. Vandel L, Nicolas E, Vaute O, Ferreira R, Ait-Si-Ali S, Trouche D.
Transcriptional repression by the retinoblastoma protein through the
recruitment of a histone methyltransferase. Mol Cell Biol (2001) 21:6484–
94. doi: 10.1128/mcb.21.19.6484-6494.2001

35. Chakraborty A, Viswanathan P. Methylation-Demethylation Dynamics:
Implications of Changes in Acute Kidney Injury. Anal Cell Pathol (2018)
2018:8764384. doi: 10.1155/2018/8764384

36. Verbeek B, Southgate TD, Gilham DE, Margison GP. O6-Methylguanine-
DNA methyltransferase inactivation and chemotherapy. Br Med Bull (2008)
85:17–33. doi: 10.1093/bmb/ldm036

37. Ross SE, Bogdanovic O. TET enzymes, DNA demethylation and pluripotency.
Biochem Soc Trans (2019) 47:875–85. doi: 10.1042/BST20180606

38. Chang B, Chen Y, Zhao Y, Bruick RK. JMJD6 is a histone arginine
demethylase. Science (2007) 318:444–7. doi: 10.1126/science.1145801

39. Blanc RS, Richard S. Arginine Methylation: The Coming of Age. Mol Cell
(2017) 65:8–24. doi: 10.1016/j.molcel.2016.11.003

40. Hosseini A, Minucci S. A comprehensive review of lysine-specific demethylase 1
and its roles in cancer.Epigenomics (2017)9:1123–42. doi: 10.2217/epi-2017-0022

41. Han M, Xu W, Cheng P, Jin H, Wang X. Histone demethylase lysine
demethylase 5B in development and cancer. Oncotarget (2017) 8:8980–91.
doi: 10.18632/oncotarget.13858

42. Hojfeldt JW, Agger K, Helin K. Histone lysine demethylases as targets for
anticancer therapy.Nat RevDrug Discov (2013) 12:917–30. doi: 10.1038/nrd4154

43. Kim JY, Kim KB, Eom GH, Choe N, Kee HJ, Son HJ, et al. KDM3B is the
H3K9 demethylase involved in transcriptional activation of lmo2 in leukemia.
Mol Cell Biol (2012) 32:2917–33. doi: 10.1128/MCB.00133-12

44. Patani N, Jiang WG, Newbold RF, Mokbel K. Histone-modifier gene
expression profiles are associated with pathological and clinical outcomes in
human breast cancer. Anticancer Res (2011) 31:4115–25. doi: 10.1016/
j.canrad.2011.03.008

45. Kauffman EC, Robinson BD, Downes MJ, Powell LG, Lee MM, Scherr DS,
et al. Role of androgen receptor and associated lysine-demethylase
coregulators, LSD1 and JMJD2A, in localized and advanced human bladder
cancer. Mol Carcinog (2011) 50:931–44. doi: 10.1002/mc.20758

46. Yang J, Harris AL, Davidoff AM. Hypoxia and Hormone-Mediated Pathways
Converge at the Histone Demethylase KDM4B in Cancer. Int J Mol Sci (2018)
19:240. doi: 10.3390/ijms19010240

47. Liu G, Bollig-Fischer A, Kreike B, van de Vijver MJ, Abrams J, Ethier SP, et al.
Genomic amplification and oncogenic properties of the GASC1 histone
demethylase gene in breast cancer. Oncogene (2009) 28:4491–500.
doi: 10.1038/onc.2009.297
Frontiers in Oncology | www.frontiersin.org 11133
48. Hyun K, Jeon J, Park K, Kim J. Writing, erasing and reading histone lysine
methylations. Exp Mol Med (2017) 49:e324. doi: 10.1038/emm.2017.11

49. Jiang W, Wang J, Zhang Y. Histone H3K27me3 demethylases KDM6A and
KDM6B modulate definitive endoderm differentiation from human ESCs by
regulating WNT signaling pathway. Cell Res (2013) 23:122–30. doi: 10.1038/
cr.2012.119

50. Kottakis F, Polytarchou C, Foltopoulou P, Sanidas I, Kampranis SC, Tsichlis
PN. FGF-2 regulates cell proliferation, migration, and angiogenesis through
an NDY1/KDM2B-miR-101-EZH2 pathway. Mol Cell (2011) 43:285–98.
doi: 10.1016/j.molcel.2011.06.020

51. He J, Nguyen AT, Zhang Y. KDM2b/JHDM1b, an H3K36me2-specific
demethylase, is required for initiation and maintenance of acute myeloid
leukemia. Blood (2011) 117:3869–80. doi: 10.1182/blood-2010-10-312736

52. Paul Y, Thomas S, Patil V, Kumar N, Mondal B, Hegde AS, et al. Genetic
landscape of long noncoding RNA (lncRNAs) in glioblastoma: identification
of complex lncRNA regulatory networks and clinically relevant lncRNAs in
glioblastoma. Oncotarget (2018) 9:29548. doi: 10.18632/oncotarget.25434

53. Capper D, Jones DTW, Sill M, Hovestadt V, Schrimpf D, Sturm D, et al. DNA
methylation-based classification of central nervous system tumours. Nature
(2018) 555:469–74. doi: 10.1038/nature26000

54. Siegfried Z, Eden S, Mendelsohn M, Feng X, Tsuberi BZ, Cedar H. DNA
methylation represses transcription in vivo. Nat Genet (1999) 22:203–6.
doi: 10.1038/9727

55. Razin A, Cedar H. DNA methylation and gene expression. Microbiol Rev
(1991) 55:451–8. doi: 10.1128/MMBR.55.3.451-458.1991

56. Hashimshony T, Zhang J, Keshet I, Bustin M, Cedar H. The role of DNA
methylation in setting up chromatin structure during development. Nat Genet
(2003) 34:187–92. doi: 10.1038/ng1158

57. Kayser M, de Knijff P. Improving human forensics through advances in
genetics, genomics and molecular biology. Nat Rev Genet (2011) 12:179–92.
doi: 10.1038/nrg2952

58. Liang J, Wei X, Liu Z, Cao D, Tang Y, Zou Z, et al. Long noncoding RNA
CYTOR in cancer: A TCGA data review. Clin Chim Acta (2018) 483:227–33.
doi: 10.1016/j.cca.2018.05.010

59. Zou SF, Yang XY, Li JB, Ding H, Bao YY, Xu J. UPF1 alleviates the progression
of glioma via targeting lncRNA CYTOR. Eur Rev Med Pharmacol Sci (2019)
23:10005–12. doi: 10.26355/eurrev_201911_19567

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 He, Wang, Tang and Han. 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.
January 2021 | Volume 10 | Article 607047

https://doi.org/10.1016/j.pbi.2016.12.007
https://doi.org/10.1111/imb.12616
https://doi.org/10.1128/mcb.21.19.6484-6494.2001
https://doi.org/10.1155/2018/8764384
https://doi.org/10.1093/bmb/ldm036
https://doi.org/10.1042/BST20180606
https://doi.org/10.1126/science.1145801
https://doi.org/10.1016/j.molcel.2016.11.003
https://doi.org/10.2217/epi-2017-0022
https://doi.org/10.18632/oncotarget.13858
https://doi.org/10.1038/nrd4154
https://doi.org/10.1128/MCB.00133-12
https://doi.org/10.1016/j.canrad.2011.03.008
https://doi.org/10.1016/j.canrad.2011.03.008
https://doi.org/10.1002/mc.20758
https://doi.org/10.3390/ijms19010240
https://doi.org/10.1038/onc.2009.297
https://doi.org/10.1038/emm.2017.11
https://doi.org/10.1038/cr.2012.119
https://doi.org/10.1038/cr.2012.119
https://doi.org/10.1016/j.molcel.2011.06.020
https://doi.org/10.1182/blood-2010-10-312736
https://doi.org/10.18632/oncotarget.25434
https://doi.org/10.1038/nature26000
https://doi.org/10.1038/9727
https://doi.org/10.1128/MMBR.55.3.451-458.1991
https://doi.org/10.1038/ng1158
https://doi.org/10.1038/nrg2952
https://doi.org/10.1016/j.cca.2018.05.010
https://doi.org/10.26355/eurrev_201911_19567
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Xiangqian Zheng,

Tianjin Medical University Cancer
Institute and Hospital, China

Reviewed by:
Chunjie Jiang,

University of Pennsylvania,
United States

Tzu Pin Lu,
National Taiwan University, Taiwan

*Correspondence:
Qi Chen

chenqi@fjnu.edu.cn

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Cancer Genetics,
a section of the journal
Frontiers in Oncology

Received: 30 October 2020
Accepted: 04 December 2020
Published: 21 January 2021

Citation:
Tian S, Lai J, Yu T, Li Q and Chen Q
(2021) Regulation of Gene Expression

Associated With the N6-
Methyladenosine (m6A) Enzyme

System and Its Significance in Cancer.
Front. Oncol. 10:623634.

doi: 10.3389/fonc.2020.623634

REVIEW
published: 21 January 2021

doi: 10.3389/fonc.2020.623634
Regulation of Gene Expression
Associated With the N6-
Methyladenosine (m6A) Enzyme
System and Its Significance
in Cancer
Shuoran Tian1†, Junzhong Lai2†, Tingting Yu1, Qiumei Li1 and Qi Chen1*

1 Fujian Key Laboratory of Innate Immune Biology, Biomedical Research Center of South China, College of Life Science,
Fujian Normal University, Fuzhou, China, 2 The Cancer Center, Union Hospital, Fujian Medical University, Fuzhou, China

N6-methyladenosine (m6A), an important RNA modification, is a reversible behavior
catalyzed by methyltransferase complexes (m6A “writers”), demethylated transferases
(m6A “erasers”), and binding proteins (m6A “readers”). It plays a vital regulatory role in
biological functions, involving in a variety of physiological and pathological processes. The
level of m6A will affect the RNA metabolism including the degradation of mRNA, and
processing or translation of the modified RNA. Its abnormal changes will lead to disrupting
the regulation of gene expression and promoting the occurrence of aberrant cell behavior.
The abnormal expression of m6A enzyme system can be a crucial impact disturbing the
abundance of m6A, thus affecting the expression of oncogenes or tumor suppressor
genes in various types of cancer. In this review, we elucidate the special role of m6A
“writers”, “erasers”, and “readers” in normal physiology, and how their altered expression
affects the cell metabolism and promotes the occurrence of tumors. We also discuss the
potential to target these enzymes for cancer diagnosis, prognosis, and the development
of new therapies.

Keywords: N6-methyladenosine, m6A, m6A enzyme system, oncogene and tumor suppressor gene, cancer
INTRODUCTION

RNA methylation is one of the most important epigenetic modifications in RNA post-
transcriptional modification. RNA methylation includes several types such as m6A, N1-
methyladenosine (m1A), Eukaryotic 5-methylcytosine (m5C), 7-methylguanosine (m7G), RNA
2′-O-Methylation (Nm), etc. (1). m6A mainly occurs in the CDS region and the 3′-UTR region,
especially in the region near the stop codon of mRNA. m1A and m5C modifications are initially
found on tRNA and rRNA, but later, also on the mRNA. The m1A modification on mRNA mainly
occurs near the initiation codon AUG, on the upstream of the first splicing site. It is found that m1A
is often rich in GC bases but without strong sequence specificity (2). And m5C is mainly enriched in
the untranslated region (5′-UTR and 3′-UTR), GC-rich region, and the vicinity of the AGO protein
January 2021 | Volume 10 | Article 6236341134
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binding site, and it has the conserved sequence of AU(m5C)
GANGU (3). In tRNA, m5C is mainly distributed in the variable
arm and anti-cipher ring. In rRNA, m5C often appears in the
region where associated with the translation activity (4). RNA
methylation modification is a dynamic and reversible process
regulated by RNA methylase and demethylase, and it needs the
participation of RNA methylation binding protein. In the case of
RNA m5C methylation, as a methyl donor, S-adenosine
methionine (SAM) forms 5-methylcytosine (m5C) through the
NSUN protein family (including NOL1, NOP2, and Sun) (5).
The m5C methylated RNA exerts its biological function by
binding to the reading protein ALYREF (6). TET3 may be the
demethyltransferase of RNA m5C, and the specific mechanism
of action needs to be further explored (7). Recent studies also
found a synergistic effect between m5C and m6A in terms of the
regulatory function of RNA. Nsun2-mediated m5C methylation
and METTL3/METTL14-mediated m6A methylation can
synergistically enhance the translation of P21 (8). Due to the
space limitation, this review will focus on the recent progress on
the m6A modification.

In 1974, m6A was first discovered in poly(A) RNA (9, 10),
however, due to the scarcity of methodologies, research interest
in m6A largely faded in the late 1970s (11). Since 2012, with the
development of the antibody-based immunoprecipitation and
high-throughput sequencing techniques for transcriptome-wide
analysis of m6A, over 10,000 m6A peaks have been identified and
validated in approximately 25% of human transcripts (12, 13).
Modification of m6A has been found occurring in mRNA, non-
coding RNA, 18S rRNA, 28S rRNA, U2-, U4-, and U6-
spliceosomal RNA (14–17). In addition, following the
development of a variety of antibody-independent detection
methods and the sequencing depth reaching to a single base
level, m6A modifications can be tested with high resolution in a
variety of cellular environments (18, 19).

m6A is a methylation modification for the N6 position of
adenylate, which is mainly found in the stop codon, 3′-UTR and
long exon region (CDS). The modification site is often on the
conserved sequence of RRACH (R = A or G; H = A, C, or U) (20–
22). They are also found in many internal exon sequences and in
5′-UTR, which has been proven to participate in translation
regulation. Typically, translation begins with the recruitment of
the 43S ribosomal complex to the 5′ cap of mRNAs, however it
seems that mRNAs containing m6A in their 5′-UTR can directly
binds eukaryotic initiation factor 3 (eIF3) to initiate translation
in the absence of the cap-binding factor eIF4e (23). Recent
studies have shown that m6A modification of the first
nucleotide near the cap of 7-methylguanine protects the
mRNA from deacetylation and is involved in maintaining
mRNA stability (24).

The m6A modification process is dynamically reversible and
regulated by the methylase complex, demethylase, and related
binding proteins. The methyltransferase complex is mainly
composed of methyltransferase like protein 3 (METTL3) (25),
methyltransferase like protein 14 (METTL14) (26), Wilm’s
tumor-associated protein 1 (WTAP) (27), the human
homologous gene of Drosophila VIR protein (KIAA1429) (28),
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RNA binding motif protein 15 (RBM15) (29), and zinc finger
CCCH domain protein 13 (ZC3H13) (30), as well as ZFP217 (31)
and HAKAI (32). Most of them are able to catalyze m6A
methylation modification in vivo and in vitro. METTL3 and
METTL14 form the center of the complex. METTL14 has no
catalytic domain but provides a backbone for RNA binding and
assist METTL3 in increasing its catalytic efficiency. The
important function of WTAP is to recruit METTL3 and
METTL14 (33, 34). Therefore, these enzymes are collectively
referred to as m6A “writers”. On the other hand, the obesity-
related gene FTO and the demethylase ALKBH5 have been
described as m6A “erasers” which are able to remove m6A
modifications from RNAs (35, 36). In addition, the m6A
“reader” proteins recognize methyl groups and promote
downstream mRNA effects. The related proteins belong to
YTH protein family, which include YTHDC1 found in the
nucleus or YTHDC2 and YTHDF1/2/3 in the cytoplasm (37–
41). Regulation and mechanism of the N6-methyladenosine
(m6A) enzyme system can be seen in Figure 1. This review
summarizes the latest progress in epigenetics research related to
m6A methylation modification and its regulation involved in the
occurrence and progression of multitudinous cancers.
STRUCTURE AND FUNCTION OF M6A
ENZYME SYSTEM

RNA Methyltransferase
m6A Methyltransferase Complex
METTL3 was first m6A modification enzyme identified, but
METTL3 alone cannot perform catalytic enzyme activity (25).
Later, WTAP and METTL14 were discovered by using tandem
affinity precipitation combined with mass spectrometry (26, 27).
Both METTL3 and METTL14 belong to a conserved family of
methyltransferases which contain a MT-A70 domain (also
known as MTD) that catalyzes the transfer of methyl group to
adenosine (26). In the methyltransferase complex, METTL3
binds to methyl donor S-adenosine methionine (SAM) and
catalyzes methyl transfer. Although not involved in catalytic
reactions, METTL14 helps stabilize the structure of the catalytic
center and acts as a scaffold for RNA binding (43). WTAP is
functionally related to alternative splicing (44) and transports
METTL3-METTL14 to the nucleus (27). In addition, KIAA1429
was also found to be a protein that participates in alternative
splicing, interact with WTAP, and significantly affect the m6A
methylation levels (28, 45). Besides, RBM15 has been found to
interact with RNA substrates near the m6A site and introduces
METTL3-METTL14 into RNA for the modification (29).

Other Components
More recently, Methyltransferase like protein 5 (METTL5) and
Methyltransferase like protein 16 (METTL16) have also been
shown to be m6A RNA methyltransferases. They both can
catalyze m6A on certain structured RNAs (46, 47). METTL16
encodes SAM synthetase and can catalyze the modification of
N6-methyladenosine at the 43rd position of U6 snRNA (47, 48).
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METTL16 can directly bind the hairpin structure in the 3′-UTR,
and adjust the residence time and methylation efficiency
immediately according to the changes in the intracellular SAM
concentration, thereby completing the splicing of MAT2A
mRNA and maintaining its stability (47, 49). Unlike METTL3-
METTL14 heterodimers, METTL16-dependent m6Amarkers do
not generally appear in the RRACH sequence motif but often
exist at intron or intron-exon boundaries. Thus, METTL16 can
take advantage of the sequence and structure specificity to bind
corresponding RNA subunits (47, 48). Interestingly, one study
suggests that METTL16 may play a multiplicity role in mRNA
pre-splicing, acting as both m6A “writer” and m6A “reader”. As
the “writer” of m6A, METTL16 rapidly methylated MAT2A
mRNA in the presence of SAM, leading to intron retention and
subsequent nuclear degradation. When SAM levels were low,
METTL16 could remain on MAT2A mRNA for a long time, thus
function as “reader” to enhance the preservation of intron
splicing (48).

Recent studies have revealed that METTL5 is the m6A
methyltransferase for 18S rRNA (46). Particularly, METTL5
forms a heterodimer with TRMT112 and provides the catalytic
subunit to specifically methylate the 6th position of adenine in
position 1832 of 18S rRNA (46). METTL5 may be essential for
efficient translation, with profound implications for cellular
function and pluripotency. Biallele variation of METTL5 may
lead to lack of m6A modification on 18S rRNA, which has been
shown to be associated with autosomal recessive intelligence and
microcephaly in humans (50). These studies highlight the
important role of METTL5 and ribosomal RNA modifications
in gene expression, brain development and neurological function
(51). ZCCHC4 is located at the nucleolus, where the ribosomes
are assembled. ZCCHC4 has a potential m6A methyltransferase
domain, with conserved catalytic motif “DPPF” and CCHC-ZNF
Frontiers in Oncology | www.frontiersin.org 3136
domain, and can induce m6A methylation at 4220 in human
28srRNA (52, 53). When deleted, the accumulated level of m6A
is significantly reduced in total rRNA, leading to unsteadiness in
ribosome activity, which is associated with codon specific
translation defects (54).

RNA Demethylase
FTO and ALKBH5 are two currently known m6A demethylases
and belong to the AlkB family of Fe (II)/a-ketoglutarate (a-KG)
dependent dioxygenases. The AlkB demethylase family, which
depends on a-KG, mainly catalyzes the oxidative demethylation
of nucleic acid bases, and contains 9 members in mammals,
including ALKBH1-8 and FTO (ALKBH9). Although these
members have similar catalytic cores, they exhibit different
substrate preferences (55). Both FTO and ALKBH5 specifically
demethylate m6A on single-stranded RNA, but FTO
demethylates m6A through three rounds of oxidation to
produce two intermediate products hm6A and fm6A, while
ALKBH5 directly converts m6A to adenosine with no
intermediate products observed (56).

m6A Demethylase: FTO
In the early research, it was found that the m6A level in the
mRNA of the FTO gene knockdown cells increased, and the
opposite result occurs when FTO is overexpressed, suggesting
the demethylation function of FTO (36). Later on, the existence
of other substrates for FTO, such as N6, 2′-O-dimethyladenosine
(m6Am), has been demonstrated (24). Therefore, FTO can
mediate the demethylation of m6A and m6Am on RNA with
polyA tail. The preference of FTO to m6A or m6Am is affected
by its position in the cell. FTO has different positions in different
cells. FTO in the nucleus can mediate the demethylation of m6A,
while FTO in the cytoplasm can mediate the demethylation of
FIGURE 1 | Mechanism of m6A. m6A methylation occurs through methyltransferase complexes: mainly by METTL3, METTL14 and WTAP complex (cofactors:
KIAA1429, RBM15, ZC3CH3, and HAIKAI). The m6A modification is removed by demethylase FTO or ALKBH5. Reader proteins recognize m6A and determine
target RNA fate (42).
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both m6Am and m6A. In addition, FTO can also bind tRNA,
function as a m1A demethylase of tRNA, and further affect the
rate of protein translation (57).

m6A Demethylase: ALKBH5
ALKBH5, as a homologous protein of FTO in the ALKB family,
is the second m6A demethylase identified. ALKBH5 knockdown
results in a significant increase in the m6A level of mRNA, while
ALKBH5 overexpression has an opposite effect (35). Different
than FTO, ALKBH5 has no activity toward m6Am and appears
specific to m6A (24).

RNA Methylation-Modified Binding Protein
m6A-Binding Proteins: YTHDF1, YTHDF2, and
YTHDF3
Members of the YTH family are highly conserved and contain an
aromatic pocket of the YTH domain used to identify m6A-
modified adenosine. These proteins are widely found in
mammals, fruit flies, yeasts, and arabidopsis include YTHDF1/
2/3 and YTHDC1/2 (38, 40, 41).

YTHDF1 was initially found to bind to the termination codon of
m6A-modified transcripts, and its overall distribution is highly
similar to that of m6A-modified transcripts (38). In addition,
YTHDF1 can interact directly with the translation initiation
complex, thus promoting the translation efficiency of m6A-
modified RNA substrates. YTHDF1 is normally localized in the
cytoplasm,butmayalsoplay a role in facilitating translation initiation
and protein synthesis similar to that of eIF3 in the nucleus (58).

In 2014, YTHDF2 was first reported to act as a m6A binding
protein to mediate m6A-modified mRNA degradation.
Normally, YTHDF2 can co-localize with the adenylate enzyme
complex and recruit CCR4-NOT, and the transcript of its target
gene can be brought to the mRNA decay site (such as P body)
through m6A modification, which then triggers the transcript
adenylylation and degradation. YTHDF2 can alter its own
cellular localization during heat shock stress (59).

Through tandem affinity precipitation combined with mass
spectrometry and GST-pull down experiments, YTHDF3 and
YTHDF1 were identified to interact with ribosomal 40S small
subunit and 60S large subunit proteins (37). YTHDF3 and
YTHDF1 have similar binding motif, mainly located at 3′-
UTR. YTHDF3 together with YTHDF1, are cable to enhance
the translation efficiency of target genes, showing a synergistic
effect. In addition, YTHDF3 can mediate mRNA degradation
through direct interaction with YTHDF2 (60).

m6A binding Proteins: YTHDC1 and YTHDC2
To investigate how m6A modification in the nucleus regulates
selective splicing of mRNA, the researchers identified the m6A-
binding protein YTHDC1, which is localized in the nucleus.
YTHDC1 is responsible for splicing and output of mRNAs with
m6A modification (61). YTHDC1 regulates selective splicing of
RNA by interacting with SRSF3 (serine and arginine rich splicing
factor 3) and SRSF10 (serine and arginine rich splicing factor 10).
Either SRSF3 or SRSF10 can interact directly and competitively
with YTHDC1. After YTHDC1 knockdown, the binding ability
of SRSF3 to RNA and the nuclear localization signal of the
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protein were significantly weakened, while SRSF10 showed an
opposite trend (62). YTHDC1 also plays an important role in the
pre-mRNA processing of oocyte nuclei by interacting with the
pre-mRNA 3′-end processing factors CPSF6, SRSF3 and SRSF7
(40). As the largest member of the YTH protein family, YTHDC2
preferred to bind a specific motif (GGACU) with m6A
modification, thus accelerating the mRNA degradation and
enhancing the translation efficiency (41).

Other m6A Binding Proteins
Other m6A binding proteins, including IGF2BPs (the family of
insulin-like growth factor mRNA binding proteins), were
identified by RNA pull-down method. In contrast to the
function of YTHDF2/3, IGF2BP1/2/3 protects m6A-modified
mRNAs in P-body and stress particles from degradation, and can
facilitate mRNA translation by interacting with embryonic lethal
abnormal vision (ELAV) such as RNA-binding protein 1 (HuR),
matrix protein 3 (MATR3) and poly(A) binding protein
cytoplasm 1 (PABPC1) (63, 64).

In the recent studies, HNRNPA2B1 of the HNRNP (splicing
factors heterogeneous ribonucleoprotein) protein family is also
considered to be an m6A binding protein. But it is different from
YTHDC1 in that it cannot directly bind to the m6A. It usually
activates the downstream pathway of pri-miRNA or participates
in the processing of pre-miRNA. HNRNPA2B1 can recognize
the binding of m6A-modified RGAC (R = A or G) motif in the
miRNA transcript subset, and further exert alternative splicing
effects by recruiting microprocessor complexes to promote
miRNA processing. The m6A modification on pre-mRNA can
recruit HNRNPA2B1, or increases the accessibility of the lateral
RNA sequence with HNRNPC and HNRNPG by changing the
local structure, thus becoming a “m6A switch” (65).

In addition, METTL3 may also have a function independent
of its methyltransferase activity and act as a reader in the
cytoplasm. METTL3, located near the termination codon of
the mRNA, can interact with the 5′ cap by binding to elF3h,
which promotes the ring formation of the mRNA, thereby
promoting mRNA translation (66).
ROLES OF THE M6A ENZYME SYSTEM IN
HUMAN CANCERS

Although m6Amodification does not alter the normal pairing and
coding functions of nucleotide sequence, it can affect gene
expression extensively by interacting with various m6A
modulating proteins. These proteins are involved in almost all
processes of m6A-induced RNA metabolism, including mRNA
translation, degradation, splicing and play important roles in cell
function, development, and cancer progression (67). In addition,
m6A modification can also affect the cleavage, transport, stability,
and degradation process ofmiRNA, LncRNAand circRNA.Recent
studies have revealed that the overall level of modification of m6A
and its associated expression levels of regulatory proteins as well as
the expression of affected non-coding RNA are often dysregulated
in many types of cancer and can play an important role in the
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occurrence, progression,metastasis, drug resistance, andrecurrence
of cancer (68).

Interaction Between m6A Enzyme System
and mRNA in cancer
METTL3
METTL3 can affect cancer progression both positively and
negatively (Table 1). In lung adenosarcoma, METTL3
promotes tumor cell growth, survival, and proliferation by
promoting the translation of EGFR, TAZ, MK2, DNMT3A,
and BRD4 (69–71). In hepatocellular carcinoma, METTL3
affects the occurrence of cancer by targeting SOCS2, a tumor
suppressor gene, and m6A degradation mediated by YTHDF2
(72). In acute myelogenous leukemia (AML), METTL3 controls
myeloid differentiation of normal hematopoietic and leukemia
cells by promoting m6A-mediated translation of apoptotic genes
such as C-MYC, BCL-2, and PTEN (73).

In other types of cancer, such as endometrial cancer,
METTL3 expression was found to be reduced, promoting
Frontiers in Oncology | www.frontiersin.org 5138
proliferation by altering AKT signaling (74). In malignant
gliomas. the deletion of METTL3 can lead to upregulation of
oncogenes such as ADAM19, EPHA3 and KLF4, and
downregulation of tumor suppressor genes such as CDKN2A,
BRCA2 and TP53, thereby promoting the growth and self-
renewal of gastric stump cancer. Deficiency of the METTL3 in
renal carcinoma cell lines significantly promotes cell
proliferation, migration and invasion, and induced cell cycle
G0/G1 phase arrest (75). Therefore, METTL3 was identified as a
suppressor or promoter in certain cancers and further studies
have indicated that the m6A level was changing following the
development of cancer, which may partly explain the
contradiction (76).

When involved in the regulation of tumor behavior, m6A
modification can not only affect cell proliferation and migration,
but also, equally important, regulate intracellular energy
metabolism, such as glycolysis (77). Some data show that
METTL3 is related to abnormal glucose metabolism and
mTOR signaling pathway thereby is directly involved in the
TABLE 1 | Functions of m6A writers in cancer.

m6A Enzyme
system

Cancer type Overexpressed or
Underexpressed

Target(s) Changes in the behavior of tumor cells Reference

Wrirers
METTL3 lung

adenocarcinoma.
Overexpressed EGFR, TAZ, MK2, DNMT3A and

BRD4
Promote the growth, survival, and proliferation (69–71)

breast carcinoma Overexpressed The positive feedback loop HBXIP/
LET7G/HBX2P

Promote cell proliferation (71)

hepatocellular
carcinoma

Overexpressed SOCS2 Affect the occurrence of cancer through YTHDF2-
mediated degradation of m6A

(72)

acute myelogenous
leukemia

Overexpressed C-MYC, BCL-2 and PTEN Promote the survival and proliferation (73)

endometrial
carcinoma

Underexpressed AKT signaling Promotes cell proliferation (74)

endometrial
carcinoma

Underexpressed ADAM19, EPHA3 and KLF4/
CDKN2A, BRCA2 and TP53

Promote the growth and self-renewal (75)

renal carcinoma Underexpressed Cell cycle Promote cell proliferation, migration, and invasion (76)
gastric carcinoma Overexpressed H3K27-METTL3-HDGF-GLUT4/

ENO2
Glycolysis (77)

hepatocellular
carcinoma

Underexpressed mTOR Glycolysis (78)

colorectal cancer Overexpressed HK2/SLC2A1 Glycolysis (77)
METTL14 pancreatic

carcinoma
Overexpressed AMPK a, ERK1/2 and mTOR

signaling pathways
Promote cell apoptosis (79)

acute myelogenous
leukemia

Overexpressed MYC and MYB Promote cell proliferation (80)

breast carcinoma Underexpressed Promote tumor growth, angiogenesis, and tumor
development

(81)

endometrial
carcinoma

Underexpressed AKT signaling Promote cell proliferation (82)

bladder carcinoma Underexpressed Notch1 Negative regulation in proliferation, metastasis,
and tumor initiation

(83)

WTAP malignant glioma Overexpressed EGF Oncogene (84, 85)
acute myelogenous
leukemia

Overexpressed HSP90 Regulation in abnormal proliferation and arrested
differentiation

(86)

renal carcinoma Overexpressed CDK2 Promote cell proliferation (87)
hepatocellular
carcinoma

Overexpressed HUR-ETS1 Promote proliferation of hepatocellular carcinoma
cells in vitro and in vivo

(88)

High-grade serous
ovarian cancer

Overexpressed MAPK and AKT signaling pathways Associated with proliferation of cancer cells and
lymph node metastasis

(89)
January 2021 | Volume 10 | Art
icle 623634

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Tian et al. m6A Modification in Cancer
regulation of glycolytic activity in hepatocellular carcinoma. The
down-regulation of METTL3 can weaken the glycolysis ability
and cooperate with the glycolysis inhibitor 2-deoxyglucose (2-
DG) to inhibit tumor growth in vitro (78). In addition, METTL3
is also shown to induce colorectal cancer relying on glycolysis.
METTL3 can directly interact with the 5′ or 3′-UTR region of
HK2 and the 3′-UTR region of SLC2A1 (GLUT1), relying on
IGF2BP2 or IGF2BP3 to further stabilize these two genes and
activate the glycolysis pathway (77). In gastric cancer, it can be
found that m6A level is at a high level for the reason that
METTL3 is activated by p300-mediated H3K27, which then
leads to the enhancement of the stability of hepatocellular
growth factor (HDGF) mRNA by m6A modification identified
by “reader” IGF2BP3. HDGF can promote tumor angiogenesis,
and nuclear HDGF activates the expression of GLUT4 and
ENO2 which are associated with proliferation and liver
metastasis of gastric cancer cells (90). In addition, studies have
found that the enhancement of the “Warburg effect” (including
glycolytic and lactic acid fermentation activity) can become a
new sign of malignant cancer cells. The latest research shows that
it is expected to become a new type of cancer treatment that
reverses the Warburg effect and targets lactic acid, the end
product of glycolysis, to reactivate oxidative phosphorylation
(91). Therefore, the research on the relationship between m6A
and glycolysis is becoming progressively significant. The studies
elucidated above suggest that METTL3 and its related pathways
may become a reasonable therapeutic target for cancer patients
with high glucose metabolism.

METTL14
METTL14 also shows both promoting and anti-cancer effects
(Table 1). Down-regulation of METTL14 expression interferes
with AMPKa, ERK1/2 and mTOR signaling pathways, promotes
apoptosis and can increase the sensitivity of pancreatic cancer
cells to cisplatin (79). METTL14 promotes proliferation of
cancer cells by promoting the translation of oncogenes MYC
and MYB through m6A modification in AML, and its absence
promotes the myeloid differentiation (80).

On the other hand, METTL14 expression is downregulated in
glioblastoma, breast carcinoma, endometrial cancer, and bladder
cancer cells and tissues. METTL14 expression level is down-
regulated in breast cancer, in turn to promote tumor growth,
angiogenesis and tumor occurrence and development (81). In
endometrial cancer, METTL14 is deviancy due to mutation,
which promotes cell proliferation by altering AKT signaling
(92). METTL14 gene knockout promotes the proliferation,
metastasis, and tumor initiation capacity of bladder cancer cell
lines (TICs), this phenomenon disappears once METTL14 is
overexpressed. Specifically, the m6A modification regulated by
METTL14 is involved in the stability of Notch1 mRNA, which is
a key factor in maintaining proliferation and invasion (83).

WTAP
WTAP has shown anti-cancer effect and been suggested as a
novel therapeutic target (Table 1). In malignant gliomas, WTAP
can regulate migration and invasion through EGF signaling, and
closely related to glioma severity and postoperative survival rate
Frontiers in Oncology | www.frontiersin.org 6139
of glioma patients (84, 85). WTAP is a novel client protein of
HSP90 and promotes proliferation and clonal inhibition of
differentiation in AML (86). In renal carcinoma, WTAP
promotes cell proliferation, cell migration in vitro, and
tumorigenesis in vivo by enhancing CDK2 expression (87). It
was also found that WTAP is highly expressed in liver cancer
tissue, and the progress of hepatocellular carcinoma (HCC) is
related to the phenotype caused by WTAP deficiency. WTAP
through m6A methylation modification leads to the post-
transcriptional inhibition of HuR-ETS1, inhibits the E21-
mediated P21/P27-dependent regulation of G2/M phase
progression of hepatoma cell cycle, and promotes the
proliferation and tumor growth of hepatoma cells (88). High
expression of WTAP is associated with the overall survival of
high-grade serous ovarian cancer (HGSOC). In ovarian cancer
cell lines, after WTAP is down-regulated, cell proliferation and
migration are significantly reduced, while the apoptosis rate is
increased, which may be related to MAPK and AKT signaling
pathways (89).

FTO
FTO also presents both pro- and anti-cancer effects (Table 2). It
interacts with MYC and bHLH transcription factors to promote
the proliferation of pancreatic cancer cells (93). FTO promotes
proliferation and colony formation of lung cancer cells by
increasing the expression of USP7 (ubiquitin-specific protease
7) (94).

In lung squamous cell carcinoma, FTO enhances the
expression of M2F1 by reducing the level of m6A in the M2F1
transcript and maintaining the stability of mRNA, thus inducing
carcinogenic function (107). FTO reduces the level of b-catenin
mRNA through m6A modification, thus increasing the activity
of resecting and repairing cross complementary group 1
(ERCC1) and enhances the resistance of the body to
chemotherapy in cervical squamous cell carcinoma (95). FTO
can interact with E2F1 and MYC transcripts, thus significantly
reducing the translation efficiency of E2F1 and MYC, and
promoting the proliferation and migration of cervical cancer
tumor cells (96). FTO-mediated demethylation of m6A in the 3′-
UTR of BNIP3 mRNA, a pro-apoptotic factor, and induced its
degradation through YTHDF2 independent mechanism to
promote breast cancer cell proliferation, colony formation and
metastasis (97). FTO can induce demethylation and translation
of the PKM2 gene and promote the occurrence of hepatocellular
carcinoma (98). In AML, FTO affects the stability of ASB2 and
RARA by lowering m6A levels to prevent bone marrow
differentiation and promote survival, proliferation, and
cloning (99).

In contrast, the deletion of FTO significantly promotes the
proliferation and migration of bladder cancer including 5637 and
T24 cells. It was found that the cells can be protected from the
cytotoxicity induced by cisplatin when FTO expression was
inhibited (108).

ALKBH5
ALKBH5 promotes the self-renewal of cells and regulates the
occurrence of brain tumors by regulating FOXM1 in
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glioblastoma stem cells (100). In ovarian cancer, ALKBH5
activates the EGFR-PIK3CA-AKT-mTOR signaling pathway,
enhances the stability of BCL-2 mRNA, and promotes the
interaction between BCL-2 and Beclin 1. Silencing ALKBH5
enhanced autophagy in ovarian cancer SKOV3 cells (102).
ALKBH5, through m6A and NEA-T1, affects the expression of
the polyclonal inhibitor complex subunit E2H2, thereby
promoting the invasion and metastasis of gastric cancer cells
(103). ALKBH5 regulates the mRNA level of FOXM1 by
reducing m6A modification, participates in the generation of
intermittent hypoxia (IH) tumor microenvironment, and
promotes proliferation and invasion of lung adenocarcinoma
cells (104).

On the other hand, the loss of ALKBH5 often indicates a poor
prognosis for colon and pancreatic cancers. ALKBH5 can inhibit
the invasion and metastasis of colorectal cancer cells (102). In
pancreatic cancer, ALKBH5 relies on the demethylation of Wnt
inhibitory factor 1 (WIF-1) and the activation of Wnt signal to
inhibit tumorigenesis and make tumor cells more sensitive to
chemotherapy (105). In another study of pancreatic cancer,
ALKBH5 is shown to activate PER1 in an m6A-YTHDF2-
dependent manner, and induce the activation of the ATM-
CHk2-p53/CDC25C signaling pathway to inhibit the growth of
tumor cells (106) (Table 2).

YTHDF1/2/3
The deletion of YTHDF1 can greatly reduce the translation
efficiency of CDK2, CDK4 and cyclin D1, which are closely
related to cell cycle regulation, and can effectively inhibit the
proliferation of NSCLC cells and the formation of xenograft
tumors. However, in clinical treatments, researchers have found
Frontiers in Oncology | www.frontiersin.org 7140
that the absence of YTHDF1 often makes cancer cells resistant to
cisplatin (DDP) (109). In another study, researchers also found
that silencing YTHDF1 expression can significantly inhibit the
Wnt/b-catenin pathway, thereby inhibiting the tumorigenicity of
colorectal cancer cells (110). YTHDF1 binds with m6A-modified
EIF3C (a subunit of protein translation initiation factor EIF3)
mRNA to enhance EIF3C translation, and at the same time
promotes the overall translation output, thereby promoting the
ovarian cancer occurrence and transfer (58).

In prostate cancer, YTHDF2 can promote cancer cell
migration. In pancreatic cancer, the expression level of
YTHDF2 increases with the extension of the cancer stage,
which can inhibit epithelial-mesenchymal transition by
inhibiting YAP signaling (111). In lung cancer, YTHDF2
directly binds to the m6A modification site (3′-UTR) of
glucose 6-phosphate dehydrogenase (6PGD) to promote the
translation of 6-PGD and the proliferation of lung cancer cells
(112). YTHDF2 is highly expressed in AML, down-regulates
TNFR2 and protects AML cell apoptosis, which is crucial for the
development of leukemia. Hematopoietic stem cells (HSC) have
the ability to differentiate and self-renew, which involves the
regeneration and degradation of a large amount of mRNA. In the
cytoplasm, YTHDF2 can promote m6A-dependent mRNA decay
under normal and stress conditions, and play an important role
in HSC homeostasis and hematological stress (113). In testicular
germ cell tumors, YTHDF3 maintains cancer cell phenotypes
through m6A modification (114).

In hepatocellular carcinoma, YTHDF2 not only exhibits a
cancer-promoting effect, but also can exert a cancer-suppressing
effect. YTHDF2 promotes CSC liver phenotype and tumor
metastasis by regulating the 5′-UTR m6A level of OCT4
TABLE 2 | Functions of m6A erasers in cancer.

m6A
Enzyme
system

Cancer type Overexpressed or
Underexpressed

Target(s) Changes in the behavior of tumor cells Reference

Erasers
FTO pancreatic carcinoma Overexpressed MYC and bHLH Promote cell proliferation (93)

Non-Small Cell Lung
Cancer

Overexpressed USP7 Promote cell proliferation (94)

Cervical squamous
carcinoma

Overexpressed b-catenin and ERCC1 Regulate the chemo-radiotherapy resistance of
cervical squamous cell carcinoma

(95)

Cervical squamous
carcinoma

Overexpressed E2F1 and MYC Promote proliferation and migration (96)

Cervical squamous
carcinoma

Overexpressed BNIP3 In collaboration with YTHDF2 and promote cell
proliferation, colony formation and metastasis

(97)

hepatoma Overexpressed PMK2 Regulate the cell cycle and ectopic expression is
associated with poor prognosis

(98)

acute myelogenous
leukemia

Overexpressed ASB2 and RARA Promote survival, proliferation, and cloning (99)

ALKBH5 glioblastoma Overexpressed FOXM1 Promote cell self-renewal and its occurrence in brain
tumor

(100)

breast carcinoma Overexpressed NANOG Maintain the tumor microenvironment (101)
Epithelial ovarian
carcinoma

Overexpressed EGFR-PIK3CA-AKT-mTOR
signaling pathway and BCL-2

Enhance the autophagy in SKOV3 cells (102)

gastric carcinoma Overexpressed NEA-T1 and E2H2 Promote the invasion and metastasis (103)
lung adenocarcinoma Overexpressed FOXM1 Promote tumor progression (104)
pancreatic cancer Underexpressed WIF-1 Inhibit tumorigenesis and make tumor cells more

sensitive to chemotherapy
(105)

pancreatic cancer Underexpressed ATM-CHk2-p53/CDC25C Inhibit the growth of tumor cells (106)
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mRNA (115). YTHDF2 directly binds to the m6A modification
site of EGFR 3′-UTR, promotes the degradation of EGFR
mRNA, and inhibits the proliferation of cancer cells and tumor
growth (116). YTHDF2 silencing in human hepatoma cells or
ablating in mouse hepatocytes can cause inflammation, vascular
reconstruction, or cancer metastasis (117).

YTHDC2 and IGF2BPs
Other studies of YTH family expression disorders have emerged
in recent years (Table 3). The expression level of YTHDC2 is
positively correlated with the stage or metastasis of colon tumor
by promoting translation of HIF-1a (118). In hepatocellular
carcinoma, IGF2BP1 can bind and stabilize c-MYC and MKI67
mRNAs, increase the expression of c-MYC andMKI-67 proteins,
which are effective regulators of cell proliferation and apoptosis,
and thus participate in regulation of tumor progression (119).

Interaction Between the m6A Enzyme
System and Noncoding RNAs in Cancer
In addition to mRNAs, m6A has also been found in a variety of
non-coding RNAs (ncRNAs), such as miRNAs, long non-coding
RNAs (LncRNAs), circular RNAs (circRNAs), ribosomal RNAs
(rRNAs), small nuclear RNAs (snRNAs)), and small nucleolar
RNAs (snoRNAs), can have an important impact on their
metabolism and function (120–123), suggesting the potential
association between tumor and m6A-ncRNAmodification (124).
Here, we discuss the interaction between m6A modification and
non-coding RNA by focusing on the functional relevance of m6A
in cancer progression, metastasis, and drug resistance (Table 4).

m6A methylation regulates miRNA processing
miRNAs are a type of non-coding single-stranded RNA
composed of 21 to 25 nucleotides. They regulate the expression
of related genes after transcription by forming RNA-induced
silencing complex (RISC). RISC binds to the target mRNA 3′-
Frontiers in Oncology | www.frontiersin.org 8141
UTR, inhibits post-transcriptional modification and translation
or induces mRNA degradation (125).

In recent years, m6A has been observed in miRNAs targeting
oncogenes or tumor suppressor genes and is involved in tumor
progression by affecting the biogenesis or stability of miRNAs.
Changes in METTL3 can affect the steady state level of various
miRNAs such asmiR-25,miR-93,miR126,miR-221/222, andmiR-
4485.METTL3may have a carcinogenic effect in bladder cancer by
interacting with the microprocessor protein DGCR8 and actively
regulating the pri-miR221/222 process in an m6A-dependent
manner (126). The upregulation of METTL3 is related to the
abnormal changes of m6A and positively correlated with
colorectal tumor metastasis. In this context, the METTL3/miR-
1246/SPRED2 axis plays an important role and provides a new
m6A modification mode for the development of colorectal cancer
(127). In another study, the cleavage of pre-miR-143-3p is m6A-
dependent, and METTL3 can positively regulate the miR-143-3p/
VASH1 axis, increase lung cancer angiogenesis, and thereby
regulate the VEGFA degradation and depolymerization of
tubulin, playing an important role in the progress of non-small
cell lung cancer (NSCLC) (128).

Overexpression of miR-29a inhibitsWTAP expression by down-
regulating QKI6, inhibits PI3K/AKT and extracellular signal-related
kinase pathways, thereby inhibiting cell proliferation, migration and
invasion, but promotes apoptosis in glioblastoma (129). As a
conservative oncogenic driver network, IGF2BP1 promotes SRF
expression in a conservative, m6A-dependent manner by inhibiting
miRNA-induced SRF mRNA decay, leading to enhanced
transcriptional activity of SRF, promoting tumor cell growth and
invasion. At the post-transcriptional level, IGF2BP1 regulates the
expression of various SRF target genes (including PDLIM7 and
FOXK1) (130). IGF2BP1 is considered to be the direct target of
miR-491-5p, and its expression is significantly up-regulated in non-
small cell lung cancer tissues and inversely correlated withmiR-491-
5p expression (131).
TABLE 3 | Functions of m6A readers in cancer.

m6A Enzyme
system

Cancer type Overexpressed or
Underexpressed

Target(s) Changes in the behavior of tumor cells Reference

Readers
YTHDF1 Non-Small Cell Lung

Cancer
Overexpressed CDK2, CDK4 and Cyclin D1 Inhibit cell proliferation and the formation of a

xenograft tumor
(109)

colorectal cancer Overexpressed Wnt/b-catenin Inhibiting the tumorigenicity (110)
ovarian carcinoma Overexpressed EIF3C Promote the occurrence and metastasis (58)

YTHDF2 pancreatic carcinoma Overexpressed YAP signal transduction Inhibition of epithelial mesenchymal
transformation

(111)

lung cancer Overexpressed Glucose-6-phosphate
dehydrogenase

Promote cell proliferation (112)

hepatocellular
carcinoma

Underexpressed EGFR 3′-UTR Inhibit the proliferation and growth (116)

hepatocellular
carcinoma

Overexpressed OCT4 5′-UTR Promote CSC liver phenotype and tumor
metastasis

(115)

YTHDF3 germinal cell tumor of
testis

Overexpressed Oncogene (117)

YTHDC2 Colorectal carcinoma Overexpressed HIF-1a Promote the metastasis (118)
IGF2BP1 Hepatocellular

Carcinoma
Overexpressed C-MYC and MKI67 Regulate cell proliferation and apoptosis (119)
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Interestingly, it has been found that the overexpression of
HNRNPA2/B1 in breast cancer cells can have an impact on the
miRNA transcription group. HNRNPA2B1 can promote the
endocrine resistance of breast cancer cells by down-regulating
mir-29a-3p, mir-29b-3p, and mir-222, up-regulating mir-1266-
5p, mir-1268a, and mir-671-3p, to reducing the sensitivity to 4-
hydroxytamoxiphenylamine and fulva statin (132).

m6A methylation regulates in long Noncoding RNA
In recent years, more and more evidence has shown that
LncRNA can control gene expression and cell functions at the
transcriptional and post-transcriptional levels (133).

In terms of regulating the structure and function of
LncRNA, METTL3-mediated m6A modification can stabilize
the transcription process and lead to upregulation of lnc00958
which can promote the expression of miR3619-5p and further
upregulate the expression of HDGF, thereby promoting liver
cancer fat generation and progress (134). ALKBH5 combines
with lncRNA-NEAT1 to remove the m6A modification that
occurs on it and then affects the expression of the polyclonal
inhibition complex subunit, EZH2, which in turn affects
the invasion and metastasis of gastric cancer cells (103).
Compared with normal lung tissue, the expression of
LINC01234 in NSCLC was significantly increased, and it
was positively correlated with poor prognosis. Further
studies have found that LINC01234 can interact with
HNRNPA2B1, which in turn leads to the recruitment of
DiGeorge syndrome critical region gene 8 (DGCR8),
promoting cell proliferation in vitro and tumor growth in
vivo (135). IGF2BP2 is highly expressed in pancreatic cancer
patients with poor prognosis, and inhibition of IGF2BP2 can
inhibit cancer cell proliferation. The experiments further
demonstrate that IGF2BP2 can stabilize lncRNA-DANCR by
Frontiers in Oncology | www.frontiersin.org 9142
enhancing m6A modification to stabilize DANCR RNA, thus
promoting cancer cell proliferation (136).

LncRNA-XIST can mediate transcriptional silencing of genes
on the X chromosome. XIST is highly methylated, and m6A
modification is necessary for XIST-mediated gene silencing
(137). The formation of m6A on XIST is mediated by RBM15
and RBM15B. These m6A methylation complexes are often
recruited to the specific sites within XIST, resulting in the
formation of m6A on the adjacent sites. In addition, the m6A
reader YTHDC1 is also recruited to XIST to promote XIST-
mediated gene suppression (29, 138). As mentioned above, the
loss of METTL14 is related to the poor prognosis of colorectal
cancer patients. XIST mRNA is recognized by the m6A reading
protein YTHDF2 which are further brought to be methylated by
METTL14 through m6A, leading to XIST degradation, and
thereby inhibits the tumorigenesis and metastasis of colorectal
cancer cells (139).

m6A Methylation Regulates in CircRNAs
CircRNAs are post-splicing products of the precursor mRNA
and have extensive cell-type-specific m6A methylation
characteristics (142).

The presence of m6A circRNA is corroborated by interaction
between circRNA and YTHDF1/YTHDF2, the proteins that read
m6A sites in mRNAs, and by reduced m6A levels upon depletion
of METTL3. Despite sharing m6A readers and writers, m6A
circRNAs are frequently derived from the exons that are not
methylated in mRNAs, whereas mRNAs that are methylated on
the same exons that compose m6A circRNA exhibit less stability
in a process regulated by YTHDF2 (140). In terms of regulating
cancer, YTHDC1 can participate in m6A modification of
circNSun2 to increase its output to the cytoplasm. By forming
the RNA-protein ternary complex of circNSun2/IGF2BP2/
TABLE 4 | Functions of m6A regulators in ncRNA metabolism.

ncRNA Molecule Cancer type Biological function Effect Reference

miR221/222 METTL3 Bladder Cancer Promote pri-miRNA processing Positive (126)
miR-1246 METTL3 Colorectal Carcinoma Promote pri-miRNA processing Positive (127)
miR-143-3p METTL3 Non-Small Cell Lung

Cancer
Promote pre-miRNA processing Positive (128)

miR-29a WTAP Glioblastoma Regulatory gene expression Negative (129)
miR-34-5p/miR-181-5p IGF2BP1 Ovarian, Liver and Lung

cancer
Maintain SRF target genes

expression
Negative (130)

miR-491-5p IGF2BP1 Non-Small Cell Lung
Cancer

Regulatory gene expression Negative (131)

miR-29A-3P, miR-29B-3P, miR-222, miR-1266-5P, miR-
1268a, and miR-671-3p

HNRNPA2B1 Breast Carcinoma Alter miRNAs transcriptome Bidirectional (132)

Linc00958 and miR3619-5p METTL3 Hepatic Carcinoma Stabilize lncRNA and enable the
ceRNA model

Positive (134)

lncRNA-NEAT1 ALKBH5 Gastric Carcinoma Promote interaction Positive (103)
LINC01234 HNRNPA2B1 Non-Small Cell Lung

Cancer
Promote interaction Positive (135)

lncRNA-DANCR IGF2BP2 Pancreatic Carcinoma Stabilize lncRNA Positive (136)
XIST WTAP/RBM15/

RBM15B
Gene silencing on the X

chromosome
Promote XIST -mediated gene

repression
Positive (29, 138)

XIST METTL14/
YTHDF2

Colorectal Carcinoma Mediate XIST degradation Positive (139)

circNSun2 YTHDC1 Colorectal Carcinoma Promote cytoplasmic export of
circRNAs

Positive (140)

circRNAs YTHDF2 Innate Immunity Mediate circRNA degradation Negative (141)
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HMGA2 in the cytoplasm, circNSun2 enhances the stability of
HMGA2 mRNA and promotes colorectal cancer cell infiltration
and liver metastasis (141).
CONCLUSIONS AND PERSPECTIVES

m6A is key to regulating multiple biological processes by
determining the fate of RNA. The m6A modification is
precisely regulated by “writer”, “eraser” and “reader” as well as
non-coding RNAs, and involves almost any step of mRNA
metabolism, as well as ncRNAs processing and circRNAs
translation. Although research on m6A is still in its infancy,
more and more studies on m6A in cancer have shown that m6A
modification and its related regulatory proteins play an
important role in a variety of cancers (Table 1). Although
there are some inconsistencies in the current literature, many
of the proteins involved in m6A regulation have only recently
been identified (including ZC3H13 and CBLL1) and have not
been investigated in the context of cancer and require further
detailed study. Interestingly, we might think that the
methyltransferase and dimethyl transferase involved in m6A
play opposite roles in a cancer. However, this is not always the
case. The methylation enzyme complex composed of METTL3-
METTL14-WTAP and the demethylase of FTO can often show
the same effect in cancer (73, 76). Consistent with this, the DNA
demethylase and DNA methyltransferase (such as TET2 and
DNMT3A) are known to acting as antineoplastic factors in
myeloid malignancies (143). In addition, they work
synergistically to suppress the lineage differentiation of
hematopoietic stem cells (144). Therefore, in the similar tumor
microenvironment, methylases and demethylases may work
coordinately by regulating different target genes to exhibit
cancer-promoting or anti-tumor effects. When targeting the
same gene, it may also trigger similar biological results through
different regulatory pathways. In addition, the fate of RNA
transcripts modified by m6A is usually determined by the
reader protein. Different readers may target different
transcriptomes. However, in some cases, they may
preferentially bind to different regions of the same
transcriptome, or even competitively bind to the same regions
of the same transcriptome. Therefore, to better understand how
m6A modification is involved in regulating mRNA, it is
important to understand which regions of mRNA transcription
products are modified by m6A and the type of readers that binds
to the modified regions.

The important role of m6A regulatory proteins observed in a
variety of cancers suggests that they may be potential therapeutic
targets for cancer therapy. In fact, many studies have been
focused on developing inhibitors of FTO due to it
demethylates N6 -adenosine modified (m6A) sites and N6,2
Frontiers in Oncology | www.frontiersin.org 10143
-O-dimethyladenosine modified (m6Am) sites of mRNA,
thereby influencing multiple mRNA related processes
including transcript stability, alternative splicing, mRNA
translocation, and protein translation (145–147). For the other
m6A modulators, the situation can be more complicated. For
instance, METTL3 may have diametrically opposite regulatory
effects by affecting m6A modification in different cancers.
METTL3 may also have other independent activities
independent of its catalytic activity (70). Therefore, the
development of inhibitors targeting the catalytic activity of
METTL3 may not be sufficient to inhibit its overall function,
and further research is required to carry out to unravel its precise
function and regulation.

Clinically, maladjustment of m6A and its regulatory proteins
is related to the diagnosis and prognosis of cancer. Abnormal
expression of one or more m6A modified proteins may serve as a
biomarker for diagnosis and prognosis. It is worth noting that
m6A is involved in the regulation of immune responses (either
innate immunity or adaptive immunity) (148), The combination
of immune checkpoint inhibitors and m6A enzyme system
inhibitors may provide new and more effective treatment
strategies for cancer.

In summary, there are still many difficulties that need to be
overcome in order to target the proteins involved in the m6A
enzyme system and establish an effective treatment. Small-
molecule inhibitors targeting multiple enzymes for cancer
therapy, like other drugs, will require more in vivo trials to
rule out harmful off-target effects in the hope of reducing toxicity
and increasing therapeutic specificity. However, the emerging
research on RNA modification has provided new insights into
the development of cancer, as well as opportunities to develop
new treatments.
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RNA N6-methyladenosine (m6A) methylation is the most prevalent epitranscriptomic
modification in mammals, with a complex and fine-tuning regulatory system. Recent
studies have illuminated the potential of m6A regulators in clinical applications including
diagnosis, therapeutics, and prognosis. Based on six datasets of breast cancer in The
Cancer Genome Atlas (TCGA) database and two additional proteomic datasets, we
provide a comprehensive view of all the known m6A regulators in their gene expression,
copy number variations (CNVs), DNA methylation status, and protein levels in breast
tumors and their association with prognosis. Among four breast cancer subtypes, basal-
like subtype exhibits distinct expression and genomic alteration in m6A regulators from
other subtypes. Accordingly, four representative regulators (IGF2BP2, IGF2BP3,
YTHDC2, and RBM15) are identified as basal-like subtype-featured genes. Notably,
luminal A/B samples are subclassified into two clusters based on the methylation status
of those four genes. In line with its similarity to basal-like subtype, cluster1 shows
upregulation in immune-related genes and cell adhesion molecules, as well as an
increased number of tumor-infiltrating lymphocytes. Besides, cluster1 has worse
disease-free and progression-free survival, especially among patients diagnosed with
stage II and luminal B subtype. Together, this study highlights the potential functions of
m6A regulators in the occurrence and malignancy progression of breast cancer. Given the
heterogeneity within luminal subtype and high risk of recurrence and metastasis in a
portion of patients, the prognostic stratification of luminal A/B subtypes utilizing basal-
featured m6A regulators may help to improve the accuracy of diagnosis and therapeutics
of breast cancer.

Keywords: RNA methylation, m6A regulators, genomic regulation, breast cancer subtypes, subclassification, survival
January 2021 | Volume 10 | Article 6111911148

https://www.frontiersin.org/articles/10.3389/fonc.2020.611191/full
https://www.frontiersin.org/articles/10.3389/fonc.2020.611191/full
https://www.frontiersin.org/articles/10.3389/fonc.2020.611191/full
https://www.frontiersin.org/articles/10.3389/fonc.2020.611191/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:niuym@ibms.pumc.edu.cn
mailto:wmtong@ibms.pumc.edu.cn
https://doi.org/10.3389/fonc.2020.611191
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2020.611191
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2020.611191&domain=pdf&date_stamp=2021-01-29


Yang et al. m6A Regulators in Breast Cancer
INTRODUCTION

Breast cancer is the most ubiquitous cancer in women
worldwide. It is a heterogeneous disease and has been classified
into different subtypes according to the gene expression profile.
These subtypes are termed as human epidermal growth factor 2
(HER2)-enriched, basal-like, and luminal subtypes (1, 2).
Standardization of breast cancer classification and optimal
treatment regimens for each subtype have acquired great
progress since the concept of subtype was first proposed.
Patients of HER2-enriched subtype benefit from HER2-
targeted therapy, such as trastuzumab and pertuzumab (3). In
contrast, patients of basal-like subtype have poor prognosis, high
risk of recurrence, and lack efficient therapeutic strategy (1, 4, 5).
Luminal subtype, accounting for 70% of breast cancers, has
positive response to endocrine therapies and the best prognosis
(6). However, substantial heterogeneity still exists within this
subtype (7–9). By utilizing immunohistochemical analysis of
progesterone receptor (PR) and Ki-67, luminal subtype could
be further classified into less-aggressive luminal A and more-
aggressive luminal B subtypes (10). Despite that, the standards of
PR status and Ki-67 index remain controversial across the world
or even among hospitals. Additionally, there also exists
undeniable intragroup heterogeneity bringing about
indeterminacy in clinical management (7, 11). Thus,
continuous efforts have been made to subclassify the intrinsic
subtypes into more precise subgroups. For instance, basal-like
cancers were further classified into 6 (12) or 4 (13) subgroups
based on their genomic and transcriptomic profiling. By taking
advantage of DNA copy number, DNA methylation, and gene
expression data, luminal subtype was successfully segregated into
subgroups with distinct molecular and clinical characteristics (8,
9, 11, 14). Nevertheless, despite the extensive investigations on
breast cancer, genetic variance still brings about different
responses to standard treatment protocol within the same
subtype. Therefore, it is important to comprehensively
understand the regulatory mechanism of gene alterations in
pathological status.

Other than extensively studied genomic, transcriptomic, and
epigenetic modulations, RNA m6A modification (m6A)
represents a vital layer of epitranscriptomic regulation of gene
expression and has drawn much attention in recent years. m6A is
the most prevalent epitranscriptomic modification in mammals.
Its formation is catalyzed by methyltransferase complex (also
called “writers”), which is composed of core components
METTL3, METTL14 (15–17), WTAP (18), and other subunits.
Conversely, RNA m6A methylation can be removed by
Abbreviations: m6A, N6-methyladenosine; TCGA, The Cancer Genome Atlas;
CNV, copy number variation; HER2, human epidermal growth factor 2; PR,
progesterone receptor; MAF, Mutation Annotation Format; t-SNE, t-distributed
Stochastic Neighbor Embedding; SD, standard deviation; CDF, cumulative
distribution function; KEGG, Kyoto Encyclopedia of Genes and Genomes; TILs,
tumor infiltrating lymphocytes; ssGSEA, single sample gene set enrichment
analysis; TSS, Transcription Start Site; NS, not significant; OS, overall survival;
DFS, disease-free survival; PFS, progression-free survival; UTR, untranslated
region; HR, hazard ratio; GEO, Gene Expression Omnibus; ICGC, International
Cancer Genome Consortium; CFEA, Cell-Free Epigenome Atlas.
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demethylases, better known as “erasers,” specifically FTO (19)
and ALKBH5 (20). The effects of m6A on gene expression are
mediated by m6A binding proteins which are usually called
“readers.” So far, m6A regulators have been unveiled to
function in regulating RNA alternative splicing, nuclear export,
degradation, and translation (21). Given their crucial roles in
many different physiological contexts, aberrant expression of
m6A regulators could incur the occurrence or progression of
multiple cancers through disturbing the m6A-dependent RNA
metabolism (22).

Aberrant expression of m6A regulators, including METTL3,
METTL14, WTAP, ALKBH5, and FTO, has been identified in
breast cancer, as well as their potential prognostic values (23, 24).
Mechanistically, upregulation of METTL3, METTL14, and FTO
expression exhibits oncogenic roles by promoting cells
proliferation, migration, or invasion in m6A-dependent
manner (25–28). On the other side, hypoxia-dependent
expression of ALKBH5 and ZNF217 is associated with the
maintenance and specification of breast cancer stem cells via
their inhibitory role on m6A methylation of mRNAs encoding
pluripotency factors NANOG or KLF4 (29, 30). Despite the
progress in the above regulators, there is still a lack of
comprehensive analysis to excavate the roles and clinical
applications of all the known m6A regulators in breast cancer.

Recently, bioinformatics analyses provide convenient tools in
identifying the m6A regulators applicable in tumor classification
and prognosis prediction in multiple cancers (12, 31–35). In this
study, we analyzed the molecular alterations of m6A regulators
and found their distinctive features in breast cancer. Besides,
survival analysis revealed the prognostic values of several m6A
regulators in breast cancer. Our results suggest their critical roles
in the initiation and progression of breast cancer and diverse
regulatory mechanisms of them. Furthermore, according to the
DNA methylation status of 11 probes located on basal-like
subtype-featured m6A regulators, luminal A and luminal B
subtypes were further segregated into two clusters respectively,
which differed in the enrichment of tumor infiltrating
lymphocytes (TILs) and patients’ prognosis. Subclassification
of luminal subtype will provide additional prognostic
information in an attempt to improve personalized treatment
of breast cancer.
MATERIALS AND METHODS

Data Collection
Six types of breast cancer datasets (Table S1) originated from the
Cancer Genome Atlas (TCGA) database (36) were downloaded
from UCSC xena platform (37): the gene expression profiles
obtained were originally generated from the Illunima HiSeq 2000
platform and transformed into log2(RSEM+1) format; somatic
mutation data was compiled in Mutation Annotation Format
(MAF); gene-level copy number variations (CNVs) were
measured experimentally using the Affymetrix Genome-Wide
Human SNP Array 6.0 platform and preprocessed with GISTIC2
method (38); DNA methylation levels estimated by beta values
January 2021 | Volume 10 | Article 611191
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were measured based on the GPL13534 platform (Illumina
Infinium HumanMehytlation450 Bead-Chip array). The beta
values of DNA methylation are continuous variables between 0
and 1, representing the percentage of methylated alleles; miRNA
expression data was generated from IlluminaHiseq platform,
while the miRNA-target interactions were downloaded from
miRTarBase database (39); phenotype data contained the
survival and subtype information of each sample.

Proteomic datasets were obtained from another two
independent studies. The first proteomic study applied a
quantitative liquid chromatography/mass spectrometry-based
proteome analysis to 65 breast tumors and 53 adjacent non-
cancerous tissues (40). This dataset was used for comparing
expression between tumor and normal samples. The other study
utilized high-resolution accurate-mass tandem mass
spectrometry method and contained 105 breast tumors with
explicit information of subtyping and prognosis, which was
applied for comparison among subtypes and for survival
analysis (41).

Correlation Analysis
The Pearson correlation coefficients between gene expression
and DNAmethylation, copy number, or miRNA expression were
computed in R with cor.test function, respectively. Only the DNA
methylation probes that had missing values in less than 50% of
samples were included for the analysis. Different versions of
miRNA IDs were converted through miRBaseVersions.db R
package (42).

Determination of Basal-Featured m6A
Regulators
The importance of m6A regulators in distinguishing basal-like
samples from other subtypes was ranked by performing random
forest algorithm based on their gene expression levels. This
procedure was processed in R with RandomForest package
(43). Furthermore, the variable selection was determined by
using varSelRF R package (44).

Samples Clustering Analysis
Based on phenotype data, only normal samples and breast tumor
samples allocated to explicit subtypes were included in sample
clustering analysis. t-Distributed Stochastic Neighbor
Embedding (t-SNE) analysis was performed with the
expression values of all 28 m6A regulators using the tsne R
package (45). Unsupervised hierarchical clustering analysis was
performed with filtered DNA methylation probes, whose beta
values should meet the below criteria (1): absolute value of
Pearson correlation coefficient with gene expression was
greater than 0.3; (2) standard deviation (SD) among all
samples was higher than 0.2. Consensus clustering that
determined the number of clusters for luminal and basal-like
samples was implemented with ConsensusClusterPlus package in
R by resampling iteration (50 iterations, resampling rate of 80%).
The cluster number was determined according to the relative
change in area under the cumulative distribution function (CDF)
curve (46). The heatmap corresponding to the consensus
clustering was generated with pheatmap R package.
Frontiers in Oncology | www.frontiersin.org 3150
Differential Expression Analysis
Differentially expressed genes between cluster1 and cluster2
samples were defined with DESeq2 R package (47). Briefly, the
original log2(RSEM+1) values were transformed into RSEM
values and grounded to integers, then the expression matrix
was imported using the DESeqDataSetFromMatrix function.
Genes that met the criteria of adjusted P < 0.05 and
FoldChange > 1.5 or < 0.66 were regarded as differentially
expressed genes between cluster1 and cluster2 samples.

Functional Enrichment Analysis
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis of the differentially expressed genes between
cluster1 and cluster2 samples was implemented with
clusterProfiler R package (48). Marker genes for each immune
cell population were curated from published research (49), the
relative abundance of different types of TILs in each sample was
assessed by single sample gene set enrichment analysis (ssGSEA)
method (50) in GSVA R package.

Statistical Analysis
All analyses were implemented with R computing framework
(v3.6.1). Wilcoxon rank-sum test was employed to compare the
difference in expression of m6A regulators between control and
breast tumor samples. The comparison of gene expression
among the four subtypes was implemented by Kruskal-Wallis
analysis. Univariate cox proportional hazard regression analysis
was performed to evaluate the correlation between gene
expression level, CNV, DNA methylation level and survival
time using the coxph function with survival R package. Kaplan-
Meier survival analyses and log-rank test were performed for
comparison of survival time between the two clusters which was
processed with survival R package (51).
RESULTS

Alterations of m6A Regulators Exhibited
Prognostic Values in Breast Cancer
Accumulating evidence has confirmed that aberrant expression
of m6A regulators is associated with tumorigenesis and
progression in multiple cancers. Thereby, we asked whether
this phenomenon could be observed in breast cancer. At
present, 28 genes have been identified as m6A regulators due
to their direct or indirect functions in m6A deposition, removal,
or recognition (Figure S1A). First, we examined the expression
of those m6A regulators in breast cancer and normal samples.
Among them, 17 out of 28 genes exhibited significantly
differential expression (P < 0.001), including KIAA1429,
FMR1, HNRNPA2B21, HNRNPC, IGF2BP1, PRRC2A,
YTHDF1, ZNF217 being upregulated and METTL14, WTAP,
ZC3H13, METTL16, ZCCHC4, FTO, EIF3A, IGF2BP2,
YTHDC1 being downregulated in breast cancer samples
(Figure 1A and Figure S1B), suggesting their potential
involvement in tumorigenesis of breast cancer.
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To our knowledge, gene expression could be manipulated by
multi-layered genomic features, such as DNA mutation, CNV,
DNA methylation, and miRNA expression. To find out the
abnormal regulatory elements for each m6A regulator in breast
cancer, comparisons were implemented sequentially in breast
cancer versus normal samples. The frequencies of gene mutation
in all 28 m6A gene regulators were relatively low (Table S2). In
contrast, their CNVs were prevalent for most m6A regulators.
Particularly, in contrast to their low CNV frequencies (< 5%) in
normal samples, CBLL1, METTL14, RBM15, IGF2BP1,
YTHDC1, and YTHDF2 exhibited more than 20% difference
in their frequencies of CNVs between tumor and normal samples
(Figure 1B and Table S2). Next, we performed correlation
analysis between copy numbers and gene expression levels to
evaluate the possible effect of CNVs on gene expression. Eight
regulators, including KIAA1429, METTL16, WTAP, ZCCHC4,
ALKBH5, YTHDF1, YTHDF2, and YTHDF3 exhibited
significant correlations (R > 0.6) between gene expression
levels and copy numbers in breast tumors (Figure 1C and
Table S3). It indicated that CNVs of these eight genes might
be one of the causal factors to perturb their gene expression in
the tumors.

In parallel, we also compared the DNA methylation levels of
m6A regulators between tumor and normal samples. Among the
593 probes located in these 28 genes, 23 probes located on 6
genes, including CBLL1, FTO, IGF2BP1, IGF2BP2, IGF2BP3,
and ZNF217, showed significant differences in their methylation
patterns between tumor and normal samples (|Dbeta-value| > 0.2
and P < 0.05) (Figure 1D). Correlation analysis between the
levels of DNA methylation and gene expression was further
performed with all the breast cancer samples. Significant
correlation (|R| > 0.3 and P < 0.05) was observed in WTAP,
ZC3H13, ZCCHC4, FTO, ALKBH5, YTHDC2, IGF2BP2, and
IGF2BP3, implying a possible role of DNA methylation in
shaping their gene expression in breast cancer (Table S4).
Markedly, negative correlation with gene expression levels was
solely observed in the probes located on potential promoter
regions, while positive correlation existed in gene body and
3’UTR regions only (Figure 1E and Table S4). This
phenomenon implied that the DNA methylation in different
genomic regions might have opposite effects on the gene
expression (52, 53). In terms of miRNA regulation, despite the
positive and negative relation observed between miRNA and
m6A regulator expression, their correlation seemed to be weaker
than that with copy number and DNA methylation (Table S5).

Given the roles of m6A regulators in predicting prognosis
observed in various cancers, we further sought to explore their
potential prognostic values in breast cancer. Univariate cox
regression analysis was performed with gene expression, copy
number, and DNA methylation. In terms of gene expression,
METTL3, RBM15B, HNRNPC, YTHDC1, and ZNF217
appeared to be protective factors with HR < 1, while IGF2BP1
and YTHDF3 were risky genes with HR > 1. Notably, higher
expression of IGF2BP1 was a risky factor for overall survival
(OS), disease-free survival (DFS) and progression-free survival
(PFS) (Figure 2A). Additionally, it turned out that CNVs of m6A
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regulators also had prognostic values. Thereinto, copy number
loss of FTO was a protective factor, while copy number gain of
another 9 m6A regulators marked a worse prognosis (Figure 2B).
Particularly, copy number loss of ZNF217 was associated with
shorter OS, DFS and PFS of breast cancer patients. Regarding
DNA methylation, we identified a total of 74 CpG sites located
on 19 genes whose DNA methylation levels were associated with
the OS, DFS or PFS of breast cancer patients (Figure 2C). Most
of the methylation sites exhibited protective roles in prognosis.
Conversely, higher methylation levels of 16 CpG sites located on
WTAP, RBM15B, EIF3A, FMR1, HNRNPA2B1, IGF2BP1,
IGF2BP2, IGF2BP3, and YTHDF3 were associated with poor
prognosis. Intriguingly, although located on the same genes,
methylation levels of distinct sites had opposite roles in
predicting prognosis. Inconsistently, all significantly predictive
methylation sites on FTO and YTHDC1 exhibited protective
values in prognosis.

In addition to the genetic and transcriptional alterations of
m6A regulators, we further explored whether we could detect any
changes at protein level. By comparing tumor and normal
samples, we found that six proteins were differentially
expressed in breast cancer significantly (P < 0.001), including
EIF3A, HNRNPA2B1, HNRNPC, RBMX, YTHDF1, YTHDF2
(Figure 3A). Among them, three genes (HNRNPA2B1,
HNRNPC, YTHDF1) exhibited consistently aberrant
expression in both RNA and protein levels while EIF3A had
reverse change direction in RNA and protein levels. Besides, we
performed cox regression analysis to evaluate the prognostic
values of m6A regulators at protein level (Figure 3B). As a result,
IGF2BP2 and IGF2BP3 showed significant prognostic values of
being risk factors (HR > 1) for OS of breast cancer patients.

Together, we offered a comprehensive view of genetic,
transcriptional, and post-transcriptional alterations of 28 known
m6A regulators in breast cancer, indicative of their possible roles in
tumorigenesis and diverse regulatory mechanisms. Moreover, a
few genes were identified to be potential predictors for patient
survival based on their changes in gene expression, copy numbers,
DNA methylation, or protein levels.
Diverse Expression Patterns and
Regulations of m6A Regulators Among the
Four Subtypes Revealed the Unique
Characters of Basal-Like Subtype
Given the undeniable diversity in molecular mechanisms and
clinical characteristics among the four subtypes of breast cancer,
we next explored whether those m6A regulators exhibited any
differences among them. First, by comparing the protein
expression of all regulators, only IGF2BP2 exhibited differential
expression among the four subtypes (Figure S2).

To further investigate the variance among different subtypes,
we turned to compare them at the transcriptional level.
Ultimately, we found that 23 out of 28 m6A regulators
exhibited significantly distinct expression levels among the four
subtypes (Figure 4A). Next, to further explore and visualize the
dispersion of m6A regulators in all subtypes, we adopted t-SNE
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FIGURE 1 | Expressions and genetic variations of m6A regulators in breast cancer. (A) Boxplot showing the m6A regulators with highly significant difference in their
RNA expression between normal and tumor samples (***P < 0.001). Different colors of axis labels stand for the changing direction of gene expression in tumor, with
red labels representing upregulation and blue labels representing downregulation. (B) Frequencies of the copy number gain/loss of each m6A regulator in normal and
tumor samples. (C) Correlation analysis between the gene expression levels and copy numbers of two representative genes (YTHDF1 and WTAP) with the highest
correlation coefficients. (D) Unsupervised hierarchical clustering heatmap showing the beta-values of 23 differentially methylated DNA probes between normal and
tumor samples. (E) Correlation analysis between IGF2BP2 expression level and its DNA methylation levels at two sites (cg12781915 and cg19952454).
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method to reduce the high dimensional expression data into a
lower-dimensional subspace. This result showed that breast
cancer samples could be segregated from normal samples
judged by the expression of m6A regulators. Strikingly, basal-
like subtype displayed evident segregation from another three
subtypes as well (Figure 4B). These results implied that the
function of those m6A regulators in the four subtypes varied
from each other. Particularly, basal-like subtype might exploit
unique regulatory mechanisms in malignant progression driven
by RNA m6A modification.

Next, we examined the frequencies of copy number gain/loss
in each subtype, respectively (Table S6). Although most genes
showed high frequencies of CNV without apparent discrepancy
among the four subtypes, we noticed that several genes involving
CBLL1, RBM15, PRRC2A exhibited particularly high frequencies
of copy number gain event in basal-like subtype. Of note, 51.1%
of basal-like samples contained copy number gain of CBLL1, and
other subtypes showed much lower proportion (23.9% of HER2,
18.3% of luminal A, and 19.8% of luminal B). Additionally, the
frequency of copy number loss in METTL3 was higher (60.0%)
in basal-like subtype than that in another three subtypes (HER2:
20.9%; luminal A: 11.6%; luminal B: 20.3%); copy number loss of
Frontiers in Oncology | www.frontiersin.org 6153
YTHDC2 occurred in 75.6% of basal-like tumors while
significantly less in other samples (HER2: 40.3%; luminal A:
7.2%; luminal B: 24.0%) (Figure 4C). In short, CNVs of m6A
regulators were prevalent in breast tumors, and the basal-
like subtype exhibited the highest frequencies compared to
other subtypes.

Next, DNA methylation status of the m6A regulators was
compared among the four subtypes. Among all the probes
detected in the 28 regulators, we observed that most of the
CpG loci exhibited similar methylation levels among all samples
(Figure S3). Therefore, only the highly variable methylation loci
that met the criteria of standard deviation greater than 0.2 (SD >
0.2) across all tumor samples were included for subsequent
analysis. Unsupervised hierarchical clustering was performed
on both samples and probes to reveal the diverse methylation
patterns among tumor samples. As shown in Figure 4D, DNA
methylation patterns of a cluster of CpG sites on IGF2BP1,
IGF2BP2, and IGF2BP3 exhibited prominent variance among all
clustered groups. As for the clustering results, the sharpest
distinction was drawn between basal-like and other subtypes.
Nevertheless, parts of luminal samples were clustered together
with most basal-like samples and they shared similarities in
A

B

C

FIGURE 2 | Univariate cox regression analysis of m6A regulators. (A–C) Univariate cox regression analysis of the association between overall survival (OS), disease-
free survival (DFS), or progression-free survival (PFS) and gene expressions (A), copy number variations (B), or DNA methylation levels (C). Blue box, protective
factors (HR < 1 and P < 0.05); Red box, risky factors (HR > 1 and P < 0.05); white box, P > 0.05. The sample size used in each cox regression analysis was marked
in brackets.
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methylation levels. The discrete distribution of luminal samples
reflected the noticeable intragroup heterogeneity within luminal
A/B subtype revealed by the DNA methylation levels of
m6A regulators.

In general, the above results indicated that most m6A
regulators examined in this study possessed distinct molecular
characteristics among the four subtypes. Particularly, the basal-
like subtype displayed a unique feature in the aspect of gene
expression, CNV and DNA methylation. Of note, DNA
methylation analysis distinguished a cluster of samples
consisting of basal-like subtype and a part of luminal samples
due to their similar DNA methylation patterns.

Subclassification of Luminal Subtype
Breast Cancers Based on DNA
Methylation of m6A Regulators
Although it is widely accepted that basal-like breast cancers have
the highest tendency of recurrence and metastasis, some patients
allocated to luminal subtype also suffer from early recurrence
and metastasis which poses a big challenge in clinical practice.
Given the unique profile of m6A regulators in basal-like subtype
and high intragroup heterogeneity within luminal subtype, we
asked if the m6A features of basal-like subtype could be applied
to subclassify the luminal subtype and to distinguish the luminal
Frontiers in Oncology | www.frontiersin.org 7154
samples which resembled basal-like subtype in the recurrent and
metastatic property. To address this question, we firstly made
efforts to obtain the basal-like subtype-featured m6A regulators.
Based on the gene expression of 28 regulators, random forest
machine learning was used to rank the gene importance and
varSelRF method for variable selection. We consequently
identified four genes (IGF2BP2, IGF2BP3, YTHDC2, and
RBM15) as important predictors in distinguishing basal-like
subtype from other subtypes (Figures 5A, B). Then, the
expression values of those four genes were imported to
consensus clustering analysis for both basal-like and luminal
breast cancers. Unexpectedly, we failed to subclassify luminal
samples in this way (Figures S4A, B).

Our previous clustering analysis of DNA methylation sites
revealed that a certain number of luminal samples exhibited
similar patterns to basal-like subtype in their DNA methylation
patterns of highly variable CpG loci (Figure 4D). Therefore, we
examined the possibility of using the DNAmethylation status on
those four genes for patients’ subclassification. Following the
criteria of large standard deviation (SD > 0.2) and high
correlation with gene expression (|R| > 0.3), 11 probes located
on IGF2BP2 and IGF2BP3 were screened out. Consensus
clustering was subsequently implemented in R with the beta
values of 11 probes, and k = 2 was the optimal result, with
A

B

FIGURE 3 | Expressions and survival analyses of m6A regulators at protein level. (A) Comparison of m6A regulators between tumor and normal samples at protein
level. The change direction was exhibited by label colors, with red representing for upregulation and blue representing for downregulation. ns, P > 0.05; *P < 0.05;
**P < 0.01; ***P < 0.001. (B) Univariate cox regression analysis of the association between protein expression levels and OS of patients. Blue box, protective factors
(HR < 1 and P < 0.05); Red box, risky factors (HR > 1 and P < 0.05); white box, P > 0.05.
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FIGURE 4 | Expressions and genetic variations of m6A regulators among the four subtypes in breast cancer. (A) Heatmap showing the expression of m6A
regulators and their differences among the four subtypes. ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001. (B) t-SNE plot of normal and breast tumor samples
showing the separation of normal and Basal-like samples from other groups. The colors were assigned according to sample type. (C) Frequencies of copy number
gain/loss of m6A regulators in each subtype. The upper triangle of a single rectangle displays the frequency of copy number gain of each gene in each subtype, and
the lower triangle displays the frequency of copy number loss. (D) Unsupervised hierarchical clustering analysis for four subtypes of tumors based on 40 highly
variable DNA methylation probes (SD > 0.2). LumA, luminal A; LumB, luminal B; Her2, HER2-enriched; Basal, Basal-like.
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clustering stability increasing from k = 2 to 9 (Figures 5C, D).
Strikingly, according to the clustering results, luminal subtypes
were successfully divided into two clusters, in which cluster1 was
composed of all basal-like samples and parts of luminal samples,
while cluster2 was composed of luminal samples only (Figure
5E). As for these two clusters, the methylation patterns of 11
probes in luminal-cluster1 samples were similar to basal-like
samples rather than luminal-cluster2 samples. Interestingly, both
luminal A and luminal B subtypes were divided into two groups
and distributed in the two clusters.

To better understand the differences between the two clusters,
we performed differential expression analysis and identified
Frontiers in Oncology | www.frontiersin.org 9156
2,071 upregulated and 655 downregulated genes (adjusted P <
0.05 and FoldChange > 1.5 or < 0.66) (Table S7). Next, KEGG
functional enrichment analysis revealed that the upregulated
genes in cluster1 of both luminal A and luminal B subtypes
were mostly enriched in immune-related and cell adhesion-
related pathways (Figure 6A and Table S8). To further
decipher the distinct immune traits between the two clusters,
we took advantage of GSVA method to evaluate the relative
quantity of immune cell populations infiltrated in each sample.
The results showed that samples in cluster1, similar to that in
basal-like subtype, had higher enrichment in most kinds of
immune cells than those in cluster2 (Figure 6B).
A B
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FIGURE 5 | Identification and consensus clustering analysis of basal-featured m6A regulators. (A) Random forest analysis ranking the importance of m6A regulators
in basal subtype segregation based on their gene expression levels. (B) Importance spectrum plots for optimizing the number of relevant variables according to
random forest analysis. (C) Relative change in area under cumulative distribution function (CDF) curve based on results of consensus clustering for k = 2 to 9.
(D) Consensus clustering matrix for k = 2. (E) Heatmap showing the methylation levels of 11 probes utilized for samples classification in the two clusters.
January 2021 | Volume 10 | Article 611191

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Yang et al. m6A Regulators in Breast Cancer
Given that cluster1 possessed similar m6A features with
basal-like subtype and higher expression of immune-related
genes, we further examined their clinical relevance in the two
clusters. Comparison of survival status revealed that patients
fitting in cluster1 had worse DFS than those in cluster2 (Figure
6C), but the difference of OS and PFS between the two clusters
was indistinct (Figures S5A, B). To rule out the impact of
different subtypes on prognosis, we next compared the two
clusters within each subtype separately. It turned out that
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within luminal B subtype, patients in cluster1 had worse DFS
than cluster 2 (Figure 6D), although no significant difference
was observed in luminal A subtype (Figures S5C–E).
Furthermore, in further consideration of the impact of
disease stage to patient prognosis, comparisons were
processed within each stage of luminal B subtype.
Consequently, the most significant difference in both DFS
and PFS was observed within the patients diagnosed with
stage II of luminal B subtype (Figures 6E, S5F–G).
A

B

D E

C

FIGURE 6 | Comparison of functional and clinical relevance between the two clusters in luminal samples. (A) KEGG enrichment analysis of genes upregulated in
cluster1 within luminal A and luminal B subtypes, respectively. (B) Heatmap showing relative quantities of infiltrated lymphocytes in the two clusters. (C) Comparison
of DFS between the two clusters. (D) Comparison of DFS between cluster1 and cluster2 samples in luminal B subtype. (E) Comparison of PFS between the two
clusters among patients diagnosed as stage II in luminal B subtype. The sample size of each group was marked in brackets.
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Overall, we identified basal-like subtype-featured m6A
regulators, and further utilized their methylation patterns to
successfully subclassify the luminal A/B tumors into two clusters,
respectively. In line with the enrichment of immune-related genes,
cell adhesion molecules and higher enrichment of tumor infiltrating
lymphocytes, cluster1 samples, especially those allocated to luminal
B subtype, had higher risk of disease recurrence.
DISCUSSION

With our increasing knowledge of m6A methylation in
modulating RNA metabolism, how dysregulated m6A is
involved in cancer has attracted much more attention than ever.
Here, we examined the distinctive expression of m6A regulators
and the multilayered regulation on them in breast cancer.
Comparison among the four subtypes revealed a unique m6A
feature of basal-like subtype from others. Furthermore, according
to the DNA methylation status of 11 probes located on basal-
featured m6A regulators, luminal subtypes were subclassified into
two clusters with significantly different prognosis.

Till now, a few of studies have shown aberrant expression of five
m6A regulators in breast cancer and clarified the molecular
mechanism of ALKBH5- and ZNF217-mediated tumor
occurrence (23, 25, 26, 28–30). Here we found a total of 17 m6A
regulators exhibiting aberrant gene expression in breast cancer.
Despite that some of them have been confirmed an oncogenic or
tumor-suppressive role in hepatocellular carcinoma, leukemia,
glioblastoma, and others (21), how these regulators are involved
in the onset and progression of breast cancer remains elusive yet.
Besides, we reported for the first time that CNV and DNA
methylation change of m6A regulators might participate in
tumorigenesis of breast cancer by shaping the gene expression.
For instance, the highest correlation between copy numbers and
gene expression levels was observed in YTHDF1, while IGF2BP2
has the strongest negative correlation between its DNAmethylation
and gene expression levels. Therefore, characterization of their
functions and associated regulatory mechanism will shed new
light into the mechanistic study of breast cancer from the
viewpoint of RNA m6A methylation. In addition, we found that
gene expression, copy numbers, DNA methylation levels and
protein expression of several m6A regulators had significant
correlation with either poor or improved disease outcomes, which
could provide additional prognostic information and assist with
precise medicine of breast cancer. It’s worth noting that, since gene
expression and copy numbers or DNA methylation levels are not
always correlated, they may have different or even opposite
prognostic values. This inconsistency may arise from the
complicated regulatory network of gene expression. For instance,
multiple copies of a gene could be regulated differentially due to
their corresponding chromatin environments (54). Furthermore,
gene duplications that do not include distal regulatory elements
important for the gene expression will not contribute to higher
expression (55). On the other side, the effects of DNA methylation
on gene expression are dependent to a large extent on the genomic
locations of DNA methylation sites. Concretely, methylation in
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promoter region usually negatively correlates with gene expression,
while methylation in the gene body does not block and might even
stimulate transcription elongation (56). For example, among the 15
DNA methylation probes of IGF2BP3 identified in our study, the
levels of 10 methylation occurring in the promoter region showed a
strong negative correlation with gene expression, while the opposite
trend was observed with the four methylation sites in the gene body.
Hence, although luminal subtype could be subclassified into two
clusters based on the methylation levels at specified CpG loci of
IGF2P2 and IGF2BP3, we did not observe apparent difference in
their gene expression levels between the two clusters.

Among the 28 regulators, IGF2BP2, IGF2BP3, YTHDC2, and
RBM15 were identified as basal-like subtype-featured m6A
regulators. Among them, IGF2BP2, IGF2BP3 and RBM15 were
highly expressed in basal-like tumors while YTHDC2 was lowly
expressed in them (Figure 4A). Consistent with our findings,
Barghash et al. reported that increased expression of IGF2BP2
was regarded as a feature of basal-like subtype and correlated
with short survival (57). In addition, suppressed IGF2BP2 could
hinder cell proliferation and invasion in breast cancer (58). As to
IGF2BP3, despite the comparable expression between breast cancer
and normal samples in our data, its expression in basal-like subtype
was significantly higher than that in other subtypes (Figure 4A). In
agreement with that, tumors with higher IGF2BP3 expression were
characterized by increased tumor size, advanced tumor stage, and
lymph node metastasis (59). Similarly, higher protein levels of
IGF2BP2 and IGF2BP3 were also proved to be associated with
high-risk prognosis in our results (Figure 3B). Different from
IGF2BP2 and IGF2BP3, although the oncogenic roles of
YTHDC2 and RBM15 have been identified in colon cancer (60)
and acute megakaryoblastic leukemia (61–63), their functions in
breast cancer await to be identified.

Breast cancer is a complex disease with large degree of
intertumoral and intratumoral heterogeneity. In recent years,
molecular subtyping distinguished by gene expression profiling in
breast cancer has contributed a lot to prolong patients’ survival due
to the improvement in precise diagnosis and targeting therapy (6).
Nevertheless, within each subtype, there still exists substantial
heterogeneity and therefore requires more extensive and thorough
investigation of breast cancer. In this study, in addition to the
significant difference between normal and cancer samples, the
performances of these m6A regulators in the four subtypes were
distinct from each other as well. Particularly, basal-like subtype is
unique in its gene expression, copy number, and DNAmethylation.
Given the fact that basal-like subtype is more aggressive and has a
worse prognosis than other subtypes (1, 4, 5), the unique features of
m6A regulators in basal-like subtype suggest their possible
involvement in tumor invasion and metastasis. In line with that,
higher expression of cell adhesion molecules was detected in
samples assigned to cluster1, further indicating the correlation
between m6A regulators and breast cancer malignancy.

Luminal breast tumors are the most common subtypes (64);
meanwhile, they are also highly heterogeneous in the aspect of
histology, gene expression profiles, genetic alterations, and clinical
outcomes (65). Despite endocrine therapy and chemotherapy
available for them, some patients of this subtype still suffer from
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relapse and poor prognosis (7, 66), thereby highlighting the
emergent need for early prediction for those latent patients.
Effective biomarkers can accurately instruct patients to access
suitable therapies, thus helping advanced patients to achieve
positive clinical response to treatment in a short time. As DNA is
more stable than RNAs or proteins and easily quantified, DNA
methylation is considered as a robust biomarker and promising
biomarker for early detection and diagnosis (67). In this study,
based on DNA methylation of m6A regulators, luminal samples
were subclassified into two clusters with distinct expression levels of
immune-related genes. According to previous studies, immune
environment of breast tumors has profound effects on patients’
prognosis and varies among the four subtypes. Accordingly, basal-
like subtype has the highest rate of TILs than other subtypes (68). In
the luminal-HER2- patients, a higher TIL number was associated
with shorter overall survival as well (69). This is consistent with our
results that cluster1 in luminal samples had higher number of TILs
and worse prognosis. Since the presence of TILs indicates better
sensitivity to neoadjuvant chemotherapy (69), our subclassification
strategy may provide a clue to recognize those luminal tumors more
suitable for neoadjuvant therapy. The unveiled immune variance
within luminal subtype in our study was also illustrated in two
published research. One of them performed segregation analysis of
luminal group based on immune-related genes and identified three
immune subtypes which owned distinct clinical characteristics (11).
The other study highlighted that even within luminal A subtype,
immune heterogeneity could not be ignored either, as revealed by a
large-scale transcriptome analysis. Both gene expression and DNA
methylation profiles were successfully applied to segregate luminal
A samples into two biologically distinct subgroups with different
expression patterns of immune-related genes (14). However, this
method exploited a large number of partitioning genes for
subclassification, which made it difficult to be translated into
clinical application. By contrast, our study put forward a small
gene set that could be applied to luminal subtype partition and
thereby is of more practical use. Mechanistically, as sample
clustering was implemented with DNA methylation of m6A
regulators, the different enrichment of TILs in luminal tumors
between the two clusters may be associated with the m6A RNA
methylation. RNAm6Amethylation has already been reported to be
correlated with immune responses, such as T cell homeostasis (70,
71), inflammatory response (72), antiviral immunity (73–77), and
anti-tumor immune response (78). Thereby, intensive mechanistic
studies are necessary to uncover the mechanism of how m6A
impacts tumor relapse or metastasis via its modulatory roles on
immune response.

Although our strategy could be successfully applied to subclassify
the luminal subtype and has predictive value in clinical, some
limitations should be noted here. First, given the existing
inconsistency between RNA and protein levels observed in other
types of cancers (79–81), it is important to depict the performance of
m6A regulators in breast cancers at protein level. Although the
additionally obtained two proteomic datasets provided certain
information about the function of m6A regulators in breast cancer
at protein levels, the sample size was not sufficient. So the conclusions
needed to be assured by well-designed experiments later on. Second,
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there was a lack of validation cohorts in our study. We searched out
for Gene Expression Omnibus (GEO), International Cancer Genome
Consortium (ICGC) and Cell-Free Epigenome Atlas (CFEA)
databases to filter the datasets that provided detailed clinical
information including intrinsic subtypes, survival status and
supported by platform Illumina HumanMethylation450 BeadChip.
While in consideration of all kinds of criteria, no proper data was
available. Third, due to the limited information of miRNA-mRNA
interactions available from database, miRNA-mRNA regulatory
network specifically existing in breast cancer may not be
completely included in our datasets. So extended interaction
information, particularly breast tissue-specific data is necessary for
more thorough studies. Last, the heterogeneity of breast tumors
represents a formidable challenge of successful cancer treatment.
Although our research has made efforts to explain the intertumoral
heterogeneity in luminal subtype, the intratumoral heterogeneity
remains elusive yet since the data analyzed here was obtained
based on mixed cell population rather than single cells.

In summary, our study explored the alteration of m6A regulators
at multiple levels in breast cancer and revealed their potential
prognostic values. Furthermore, by taking advantage of DNA
methylation of basal-featured m6A regulators, luminal A and
luminal B subtypes were both segregated into two clusters, which
are associated with different abundance of immune infiltrating
lymphocytes and prognosis of patients. Together, our study
expands the realm of mechanistic study in breast cancer and
discovers novel strategy in subclassifying luminal subtype for the
sake of personalized treatment.
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Cellular ribonucleic acids (RNAs), including messenger RNAs (mRNAs) and non-coding
RNAs (ncRNAs), harbor more than 150 forms of chemical modifications, among which
methylation modifications are dynamically regulated and play significant roles in RNA
metabolism. Recently, dysregulation of RNA methylation modifications is found to be
linked to various physiological bioprocesses and many human diseases. Gastric cancer
(GC) and colorectal cancer (CRC) are two main gastrointestinal-related cancers (GIC) and
the most leading causes of cancer-related death worldwide. In-depth understanding of
molecular mechanisms on GIC can provide important insights in developing novel
treatment strategies for GICs. In this review, we focus on the multitude of epigenetic
changes of RNA methlyadenosine modifications in gene expression, and their roles in GIC
tumorigenesis, progression, and drug resistance, and aim to provide the potential
therapeutic regimens for GICs.

Keywords: RNA, methylation modification, m6A, m6Am, m1A, gastrointestinal cancers
INTRODUCTION

With the deepening of genetics research and the emergence of epigenetics, many reversible chemical
modifications have been identified. In RNAs, human cells undergo various forms of modification
with different levels (1–3). The constitutive non-coding RNAs (ncRNAs) are known to contain
larger number of pseudouridine (Y) and 2’-O-methylations (2’-OMe or Nm) modifications (1). In
addition, various modifications are identified in the regulatory ncRNAs including small ncRNAs
(sncRNAs), long ncRNAs (lncRNAs), and circular RNAs (circRNAs) and play important roles in
metabolism and functions (4–7). However, owing to the spatiotemporal specificity of regulatory
ncRNAs in various tissues, the detailed and conserved biological characteristics of most RNA
modifications are unclear. As for mRNAs, internal methylation modifications have been recently
revealed with help of the advanced detection and analysis technologies as well as the common
modification of N7-methylguanosine (m7G) cap in the 5’ terminal region of mRNA (8–12). The
most prevalent and crucial internal methylation form in mRNAs is N6-methyladenosine (m6A)
modification that firstly identified in 1974 in eukaryotic cells (12–16), while the other major forms
include N6,2’-O-dimethyladenosine (m6Am), N1-methyladenosine (m1A), 2’-OMe, and 5-
methylcytosine (m5C).
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Gastric cancer (GC) and colorectal cancer (CRC) are the most
common gastrointestinal-related cancers (GICs). CRC is the
fourth most commonly diagnosed cancer (6.1%) and the
second leading cause of cancer death (9.2%) worldwide, while
GC is the sixth diagnosed caner and the third cause of cancer
death (8.2%) (17). In-depth research on molecular mechanisms
in GICs can provide important insights in developing novel
treatment strategies for GICs.

Recently, RNA methylation has been found to play critical
roles in various bioprocesses including embryonic development,
RNAs metabolism, gene expression regulation, and its aberrant
regulation has been linked to many human diseases including
cancer (18). Herein, we mainly focus on the multitude of
epigenetic changes of RNA methlyadenosine modifications in
gene expression, and their roles in GIC tumorigenesis,
progression, and drug resistance, and aim to provide the
potential therapeutic regimens for GICs.
M6A MODIFICATION

Biological Characteristics of m6A
Modification
Although m6A is an “old” modification form that was firstly
discovered in 1974 (13, 14), it had not gained enough attention
until two breakthrough methods developed in 2011. The first
breakthrough is the discovery of FTO (fat mass and obesity-
associated protein), the first mammalian m6A demethylase in
2011 (19) and AlkB homolog 5 (ALKBH5), another demethylase
in mouse fertility and spermatogenesis in 2013 (20), which proves
and highlights that the m6A modification is a dynamic process
and regulated by both methyltransferase and demethylase. The
second breakthrough is that the transcriptome-wide distribution
of m6A modification has been well revealed at ~100–200-
nucleotide resolution in 2012 owing to the development of
methylated RNA immunoprecipitation sequencing (MeRIP-seq
or m6A-seq) technology (21, 22). Since then, other detection
methods such as single-nucleotide resolution, antibody-
independent, or isoform characterization analysis, have
Frontiers in Oncology | www.frontiersin.org 2163
emerged as powerful tools for the m6A analysis. These tools
mainly include site-specific cleavage and radioactive labeling
followed by ligation-assisted extraction and thin layer
chromatography (SCARLET) (23), m6A individual-nucleotide-
resolution crosslinking and immunoprecipitation (miCLIP) (4),
m6A level and isoform characterization sequencing (m6A-LAIC-
seq) (24), deamination adjacent to RNA modification targets
sequencing (DART-seq) (25), MAZTER-seq (26), m6A-sensitive
RNA-endoribonuclease-facilitated sequencing (m6A-REF-seq)
(27), m6A-lable-seq (28), m6A-SEAL (29), and the third-
generation sequencing technologies (30). However, these
methods have shortcomings such as inconvenient procedures
(radioisotope p32), high cost, unavailability to distinguish m6A
and m6Am, and detection limits of a certain motif.

As reported, m6A modification occurs in almost all
transcripts with the ratio of m6A/A in mRNAs ranges from 0.2
to 0.5% (15, 24, 31, 32). The distribution of m6A modifications
are not random but strictly restricted, where they are commonly
confined in the consensus sequence RRACH that refers to [G/A/
U][G>A]m6AC[U>A>C] motif (7, 21, 33) and enriched in the
long internal exons and regions next to the 3’ untranslated region
(3’UTR) within mRNAs (21, 22, 27). The deposition of m6A is in
the introns of the precursor mRNAs (pre-mRNAs) and in
primary microRNAs (pri-miRNAs), which means that the m6A
modification can be regulated either before or simultaneously
with RNAs splicing and processing (34) (Table 1, Figure 1).

Components of the m6A Modification
System
Writers
In 1994, Bokar and colleagues characterized a multicomponent
complex of mRNA m6A methyltransferases (MTases, “writers”)
that extracted from the nucleus, which is composed of three
components with ~30 KDa, ~200 KDa, and ~875 kDa,
respectively. The ~200 kDa component contains the S-
adenosyl-L-methionine (SAM)-binding site on a 70 kDa
subunit and the ~875kDa component may has affinity for
mRNA strands (35, 36). Subsequently the SAM-binding ability
of the 70 kDa subunit and was named as MT-A70 (now
known as methyltransferase-like 3 (METTL3) (37). Hereafter,
TABLE 1 | The biological characteristics of methyladenosine modification in mRNA.

MT Peaks/sites Ratio Distribution Motif Detection methods

m6A ~10,000–20,000 ~0.2–0.5%
(m6A/A)

Introns, long internal
exons, near stop codon
and 3’ UTR

RRACH motif ([G/A/U][G>A]
m6AC[U>A>C])

MeRIP-seq, SCARLET, miCLIP, SELECT, m6A-LAIC-
seq, DART-seq, MAZTER-seq, m6A-REF-seq,
m6A-lable-seq, m6A-SEAL, and so on

m6Am ~500–1,000 ~0.01–0.02%
(m6Am/A)

Cap+1/2, 5’UTR BCm6Am motif
(B represents C, G or U)

CITS miCLIP, refined RIP-seq, m6A-SEAL

m1A ~500–5,000
(but need more evidence)

~0.01–0.16%
(m1A/A)

5′ UTR, near start codons
or TSS

GCA codon and GUUCRA
tRNA-like motif (both not
obviously)

m1A-seq combined method, m1A-ID-seq, m1A-MAP
MT, modification types; m6A, N6-methyladenosine; m6Am, N6,2’-O-dimethyladenosine; m1A, N1-methyladenosine; A, adenosine; U, uridine; C, cytidine; G, Guanosine; 5’UTR, 5’
untranslated region; 3’UTR, 3’ untranslated region; TSS, transcription start site; MeRIP-seq, m6A RNA immunoprecipitation followed by high-throughput sequencing; SCARLET, site-
specific cleavage and radioactive labeling followed by ligation-assisted extraction and thin layer chromatography; miCLIP, m6A individual-nucleotide-resolution crosslinking and
immunoprecipitation; SELECT, single-base elongation and ligation-based qPCR amplification method; m6A-LAIC-seq, m6A level and isoform characterization sequencing; DART-seq,
deamination adjacent to RNA modification targets sequencing; m6A-REF-seq, m6A-sensitive RNA-endoribonuclease-facilitated sequencing; CITS miCLIP, the crosslinking-induced
truncation sites-based miCLIP.
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methyltransferase-like 14 (METTL14) has been identified as the
homologue of METTL3 and functions as another core
component of the complex (38–41). Both METTL3 and
METTL14 are highly conserved within the (D/E)PP(W/L)
active site and the SAM−binding motif in mammals with ~35
and ~43% sequence homology of the MTase domain in mouse
and human respectively (39, 40, 42). Despite METTL3 and
METTL14 exhibit relatively weak MTase activity when acting
alone, the METTL3-METTL14 complex with a stoichiometric
ratio of 1:1 shows a much higher catalytic activity. The primary
functions of METTL3 in the complex is to catalyze methyl-group
transfer, whereas METTL14 is the aide that helps MTase
complex positioning by identifying the histone H3
trimethylation at Lys36 (H3K36me3) (in co-transcriptional
manner), and offers a structural scaffold that enhancing the
catalytic activity of METTL3, even though METTL14 can affect
the m6A levels more significantly than METTL3 (40, 41, 43–46).

In addition, the Wilms tumor 1-associated protein (WTAP)
that previously found to interact with the Wilms’ tumor
suppressor-1 (WT1) and participates alternative pre-mRNA
splicing was identified as an additional component of the m6A
MTases complex (39, 47–49). Without the MTase domain,
WTAP assists METTL3/14 to localize in the nuclear speckles
Frontiers in Oncology | www.frontiersin.org 3164
where enriched with pre-mRNA processing factors and synergize
to methylate the adenosines in mRNAs (39, 41).

Recent studies have identified other associated proteins in
MTase complex. Schwartz et al. (50) found that KIAA1429
(VIRMA) is required for the m6A methylation in human cells,
and Yue et al. further demonstrated that KIAA1429 can play a
role as region-selective factors by recruiting the catalytic core
components METTL3/METTL14/WTAP to 3’UTR and near the
stop codon (51). They also highlighted the importance of Cbl
proto oncogene like 1 (HAKAI or CBLL1) and zinc finger
CCCH-type containing 13 (ZC3H13) in the full methylation
program, and ZC3H13 is required for the nuclear localization of
MTase complex (51, 52). The RNA-binding motif protein 15
(RBM15) and its paralogue RBM15B are also identified as the
regulators of m6Amodification in the lncRNA X-inactive specific
transcript (XIST), as well as in mRNAs (53). In addition, the
transcription factors zinc finger protein 217 (ZFP217), SMAD2/
3, and CAAT-box binding protein (CEBPZ) are found to
mediate the m6A deposition in mRNAs (54–56). Some other
m6A methyltransferases such as METTL5, METTL16, and zinc
finger CCHC-type-containing 4 (ZCCHC4) are also
indispensable for m6A formation, especially in ncRNAs and
rRNAs (57–59).
A

B

C

D

FIGURE 1 | Distribution and chemical structure of methylation modifications. (A) m6Am and m1A are mainly enriched in the 5’UTR, whereas m6A is concentrated in
the 3’UTR. (B) Demethylation of m6A is in a stepwise manner, the intermediate of hm6A is the direct oxidation product of m6A, while f6A is the further oxidized
product of hm6A, and the final product is A. (C) The demethylation process of m6Am is similar to that of m6A, but the potential intermediate f6Am has not been
reported. (D) The demethylation process of m1A remains unclear due to the special chemical bond. UTR, untranslated region; CDS, coding sequence; FTO, fat mass
and obesity-associated protein; ALKBH3, AlkB homolog 3; A, adenosine; Am, 2’-O-methyladenosine; m6A, N6-methyladenosine; hm6A, N6-hydroxymethyladenosine;
f6A, N6-formyladenosine; m6Am, 2’-O-dimethyladenosine; hm6Am, N6-hydroxymethyl, 2’-O-methyladenosine; m1A, N1-methyladenosine.
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Erasers
FTO was recognized as the first m6A eraser (19), which was
originally discovered in 1999 and was officially named in 2007
(60, 61). Bioinformatics analysis revealed that FTO is one of the
non-heme FeII/a-ketoglutarate(a-KG)-dependent dioxygenases
(also known as non-heme FeII/2-oxoglutarate (2-OG)-dependent
dioxygenases) (62). FTO was shown to mediate the demethylation
of N3-methylthymidine in single-stranded DNA and N3-
methyluridine in single-stranded RNA in vitro (63, 64). In 2011,
Jia et al. (19) proved that FTO could participate in the
demethylation process of nuclear RNAs in nuclear speckles, and
Fu et al. (65) further revealed the role of FTO in the detailed process
of RNAm6A demethylation in 2013. They found that FTO oxidizes
m6A in a stepwise manner, and the intermediate of N6-
hydroxymethyladenosine (hm6A) is the direct oxidation product
of m6A and turns into the form of N6-formyladenosine (f6A). The
final products of m6A demethylation are unmethylated adenosine
and formaldehyde (from hm6A) or formic acid (from f6A).
Interestingly, the half-lives of hm6A and f6A are suggested to be
~3 h under physiological conditions, meaning that the decomposing
of hm6A and f6A do not occur simultaneously with the oxidation
of m6A.

As for ALKBH5, the second m6A demethylase identified so
far in mammals, belongs to the AlkB family, a class of the non-
heme FeII/a-ketoglutarate (a-KG)-dependent dioxygenases
superfamily which was originally shown to revert DNA base
damage by catalyzed oxidative demethylation of N-alkylated
nucleic acid bases (20, 66–68). Structure analysis indicates that
ALKBH5 has comparable catalytic activity with FTO, whereas
AlkB has low level (~17%) of the amino acid sequence identity to
FTO (62, 69). While FTO can demethylate on both single-
stranded RNA/DNA and double-stranded RNA/DNA (albeit
low) (19, 70), ALKBH5 only demethylate the single-stranded
RNA/DNA with the sequence preference (the activity in the
consensus sequence is twice that in other sequences), which may
be due to the fact that ALKBH5 mainly localizes in nuclear
speckles and acts in regulating the nuclear export and
metabolism of RNAs (20).

Readers
There are four main readers selectively bind the m6A-containing
mRNAs in the nucleus. In 1998 Imai et al. (71) isolated a novel
RNA splicing-related protein YT521 by using yeast two-hybrid
screens system with rat transformer-2-beta1 (RA301) as bait, and
Hartmann et al. identified a homologous protein YT521-B by
using htra2-beta1 as bait (72). Subsequently, the YT521-B
homology (YTH) domain was defined as a new protein family,
the YTH (YT521-B homology) domain containing protein
family, and now YT521-B is known as the YTH domain-
containing protein 1 (YTHDC1) (73). YTHDC1 localizes in a
subnuclear structure named YT bodies that contain
transcriptionally active sites and are close to other subnuclear
compartments such as speckles and coiled bodies (74). Structure
analysis demonstrated that the GG(m6A)C sequence is the
preferred binding site for YTH domain in YTHDC1 (75, 76).
Since its localization is adjacent to the nuclear speckles,
YTHDC1 is found to participate in pre-mRNAs splicing
Frontiers in Oncology | www.frontiersin.org 4165
containing m6A sites, and mediate its nuclear export. YTHDC1
facilitates the splicing pattern of exon inclusion in targeted
mRNAs by recruiting pre-mRNA splicing factor SRSF3
(SRp20) and inhibiting SRSF10 (SRp38), by which it changes
alternative splicing patterns via modulating splice sites selection
in a concentration-dependent manner (72, 77). In addition,
YTHDC1 is found to interact with the nuclear RNA export
factor 1 (NXF1) to promote the nuclear export of the m6A-
containing mRNAs (78).

The other three readers in the nucleus belong to the
heterogeneous nuclear ribonucleoprotein (hnRNP) family that
is composed of more than 20 members. HnRNP protein contains
at least one RNA-binding domain with RNA recognition motif
(RRM), K-Homology (KH) domain, or an arginine/glycine-rich
box (79). Recently, their role as the “reader” of m6A remains
controversial. Previously, Alarcon et al. showed that hnRNPA2/
B1 can directly bind with m6A by matching the m6A consensus
motif and regulate the alternative splicing of its mRNA targets
(80), whereas Wu et al. (81) suggested that hnRNPA2/B1 may
interact with m6A via the “m6A switch” mechanism instead of
directly recognizing the m6A-containing bases, by which the
m6A controls the RNA-structure-dependent accessibility of the
RNA-binding domains to affect the RNA-protein interactions for
biological regulation. In addition, heterogeneous nuclear
ribonucleoprotein C (hnRNPC), an abundant nuclear RNA-
binding protein, and heterogeneous nuclear ribonucleoprotein
G (hnRNPG), a low-complexity protein, interact with the m6A-
containing mRNAs via the similar “m6A switch” mechanism (6,
82, 83).

Besides readers in the nucleus, four members of the YTH
domain-containing proteins are identified in the cytoplasm that
are involved in mRNAs metabolism via interacting the m6A with
their hydrophobic pocket, an aromatic cage formed by
tryptophan residues, within the YTH domain (76, 84, 85).
YTHDF1, YTHDF2, and YTHDF3 are highly homologous, and
all contain a ~40 kDa low-complexity domain and a prion-like
domain (86). The most abundant YTHDF paralog, YTHDF2, is
the first member to be fully studied, where it was originally
implicated in regulating the instability and the decay of the m6A-
containing mRNAs by localizing the complex of YTHDF2-m6A-
mRNA from the translatable pool to the processing bodies
(P-bodies) (87). However, another group demonstrated that
the P-bodies only act an indirect role in the decay of m6A-
containing RNAs since no direct interaction between YTHDF2
and GW182, the core component of the P-bodies was found
(88). Subsequent study revealed that YTHDF2-m6A-mRNA
complex was located in the stress granules or neuronal RNA
granules through the phase separation mechanism upon
stress stimulation and was subject to compartment-specific
regulations (89).

Although all YTHDF proteins can recruit CCR4-NOT and
promote mRNA deadenylation (88), YTHDF1 is the only
member which is reported to facilitate translation by binding
at the RRACH motifs instead of the flanking sequence that
cluster around the stop codon and subsequently recruiting
translation initiation factor (eIF) and ribosome. The
association of YTHDF1 with translational initiation machinery
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may be depend on the loop structure mediated by eIF4G and the
interaction of YTHDF1 with eIF3 (90). Besides, YTHDF1 is
found to bind to the nascent methylated mRNAs earlier than
YTHDF2, which suggests that the translation of mRNAs occurs
before their decay under various physiological conditions (90).
As for YTHDF3, it plays dual functions in m6A-containing
mRNAs metabolism by either promoting the translation of the
targeted mRNAs via interaction with YTHDF1 (91), or
accelerating the decay of the targeted mRNAs via interaction
with YTHDF2 (92). Controversially, Jaffrey et al. (93) proposed
another brand new but opposite model for the role of YTHDF
proteins in regulating m6A-containing mRNAs. They
demonstrated that YTHDF proteins binded with the same
mRNA rather than different mRNAs and act redundantly to
co-mediate mRNA degradation, and the stability of mRNA fails
to restore until all YTHDF1,2,3 are depleted simultaneously
(Figure 2).

The fifth member of the YTH protein family is YTHDC2,
which is different from the other cytoplasmic “readers”.
YTHDC2 has a large molecular mass of ~160 kDa and
contains the helicase domain (94). YTHDC2 is previously
reported to enhance the translation efficiency of its targets and
decrease their mRNA abundance by binding to the m6A site at its
consensus motif and influencing the mRNA secondary structures
Frontiers in Oncology | www.frontiersin.org 5166
(94, 95). However, a latest report indicated that YTHDC2 could
also reduce the m6A-containing mRNAs stability and inhibit
gene expression in certain situations (96).

The insulin-like growth factor 2 mRNA-binding proteins
(IGF2BPs, originally called IMPs) family, including IGF2BP1/
2/3, which is initially recognized as an IGF2 translation inhibitor
(97), belongs to a new family of m6A readers that mainly prevent
the m6A-containing mRNAs from degradation in cytoplasm
(98). IGF2BPs are composed of two RRM domains and four
KH domains, and preferentially bind the m6A-modified mRNAs
through recognizing the consensus GG(m6A)C sequence and
facilitate the stability and translation of thousands of its mRNA
targets by co-localizing in the P-bodies or stress granules, thus
upregulating the gene expression in globally (98). Recently,
ELAV like RNA binding protein 1 (ELAVL1, also known as
HuR), matrin 3 (MATR3), and poly (A) binding protein
cytoplasmic 1 (PABPC1) have been identified as the cofactors
of IGF2BPs that promote the stability of m6A-containing
mRNAs simultaneously.

In addition, fragile X mental retardation protein (FMRP) and
proline rich coiled-coil 2 A (PRRC2A) are reported to play a role
as the reader/stabilizer of the m6A-containing mRNAs (99, 100).
METTL3 is found to associate with ribosomes and promote
translation in some cancers when it localizes in the cytoplasm
A

C D

B

FIGURE 2 | Two controversial models for the function of DFs in regulating m6A-containing mRNAs. In model 1 (A, C), DF1 and DF2 bind to different mRNAs and
promote their translation and degradation respectively. In model 2 (B, D), DFs bind to the same mRNA rather than different mRNAs simultaneously and act
redundantly to co-mediate mRNA degradation but not translation. The stability of mRNA can be restored only when DF1-3 are depleted simultaneously. DFs, YTHDF
proteins; DF1, YTHDF1; DF2, YTHDF2; DF3, YTHDF3; m6A, N6-methyladenosine.
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(101, 102). Moreover, accumulated readers of the m6A in
ncRNAs is summarized in Table 2.
THE M6Am MODIFICATION

Biological Characteristics of
m6Am Modification
The m6Am is the second most prevalent modification in cellular
mRNAs and in some small nuclear RNAs (snRNAs). The
structure of mRNAs after the m7G cap can be divided into
three main types, the m7G5’ppp5’NmpNp (p denotes phosphate
group, Nm and N denote 2’-O-methylated nucleotide and
nucleotide respectively), the m7G5’ppp5’NpNp and the
m7G5’ppp5’NmpNmpNp (15, 103, 104). Recently, the 2’-O-
methyladenosine (Am) was showed to be the first nucleotide
adjacent to the m7G cap and it can be further modified at the N6

position by methylation to generate m6Am (92% chance of being
modified), where the structure of m7G5’ppp5’m6AmpNp
comprises 20–30% of all the structures (105, 106) (Figure 1).
The second nucleotide can harbor a similar modification but
with a lower frequency, whereas m6Am rarely located in the third
nucleotide and m6A or A has not been found at the first
nucleotide position (107). In addition, there are ~6% of the
m6Am occurs outside the 5’UTR, and motif analysis reveals that
the m6Am mainly deposit in a novel motif BCm6Am (B
represents C, G, or U) that enriched in the transcription start
site (TSS), rather than the canonical m6A motif RRACH (4, 108,
109). Molinie et al. used liquid chromatography-mass
spectrometry (LC-MS) to quantify of the m6Am in mRNAs
and found that mRNAs contain ~3 m6Am nucleotides per 105

nucleotides, revealing a 33-fold level of the m6A modification
than the m6Am in mRNAs (24). Consistently, Liu et al. (108)
confirmed the m6Am/A ratio of total RNAs and mRNAs ranges
from 0.0036 to 0.0169% and from ~0.01 to 0.02% respectively.
Frontiers in Oncology | www.frontiersin.org 6167
Currently, the m6Am transcriptome-wide expression can only be
detected by the methods of the crosslinking-induced truncation
sites-based miCLIP (CITS miCLIP) and the refined RIP-seq, and
an antibody-free enzyme-assisted chemical approach termed
m6A-SEAL (29) (Table 1).

Components of m6Am Modification
System
Writer
The formation of m6Am occurs on the basis of Am that formed
by the MTases HENMT1 and FTSJ3 (110, 111), and its
modification system rarely known yet. The m6Am MTase was
previously purified with a molecular weight of ~65 KD in 1978,
and phosphorylated CTD-interacting factor 1 (PCIF1) was
recognized as the first m6Am MTase in 2019. It was named by
its ability to directly bind to the phosphorylated carboxyl-
terminal domain (CTD) of RNA polymerase II (RNAP II) by
its WW domain, also called cap-specific adenosine
methyltransferase (CAPAM) (106, 112, 113). Unlike the m6A
core readers that work in the form of a methyltransferase
complex, PCIF1 is a “stand-alone” RNA MTase and functions
in an m7G cap-dependent manner. Recently, METTL4 was
reported to catalyze m6Am methylation in the U2 snRNA (114).

Eraser
FTO, the first m6A demethylase, was found to mediate the
demethylation of m6Am in the similar manner to that of m6A
(115, 116). The intermediate of N6-hydroxymethyl, 2’-O-
methyladenosine (hm6Am) was detected as well as the end
product Am. Intriguingly, although both m6A and m6Am can
be catalyzed by FTO, the priority between them is still
controversial. Zhang et al. (116) showed that FTO displays the
similar demethylation activity toward internal m6A and cap
m6Am modifications in vivo and in vitro. But He et al.
revealed that FTO shows different affinity to the m6A and the
TABLE 2 | The main components of methyladenosine modification systems*.

MT Writers Erasers Readers and its functions

m6A METTL3/14, WTAP, KIAA1429
(VIRMA), RBM15/15B, ZC3H13,
CBLL1, ZFP217, SMAD2/3, CEBPZ,
METTL5, METTL16, ZCCHC4

FTO, ALKBH5 In nucleus YTHDC1 Mediating splicing and nuclear export
hnRNPA2/B1,
hnRNPC and hnRNPG

Mediating splicing

In cytoplasm YTHDC2 Diversify
YTHDF1 and METTL3 Facilitating translation
YTHDF2 Facilitating decay
YTHDF3 Work with YTHDF1 or YTHDF2
IGF2BP1/2/3, FMRP,
PRRC2A

Facilitating stability

m6Am PCIF1 (CAPAM), METTL4 FTO There is no m6Am reader that has been identified; and the functions of it still controversial
(facilitating or preventing decay and translation)?

m1A TRMT10C, TRMT6/61A, TRMT61B,
BMT2, NML

FTO, ALKBH1, ALKBH3 YTHDF1 Facilitating translation
YTHDF2/3 Promoting decay
YTHDC1 Unclear
MT, modification types; writers, methyltransferases; erasers, demethylases; readers, the proteins that bind to methylation modifications; m6A, N6-methyladenosine; m6Am, N6,2’-O-
dimethyladenosine; m1A, N1-methyladenosine; METTL3/5/14/16, methyltransferase-like3/5/14/15; WTAP, Wilms tumor 1-associated protein; RBM15/15B, RNA-binding motif protein
15/15B; ZC3H13, zinc finger CCCH-type containing 13; CBLL1, Cbl photo oncogene like 1; ZFP217, zinc finger protein 217; CEBPZ, CAATT-box binding protein; ZCCHC4, CCHC-type-
containing 4; FTO, fat mass and obesity-associated protein; ALKBH1/3/5, AlkB homolog 1/3/5; YTHDC1/2, YT521-B homology (YTH) domain-containing protein 1/2; hnRNPA2/B1,
heterogeneous nuclear ribonucleoprotein A2/B1; hnRNPC, heterogeneous nuclear ribonucleoprotein C; hnRNPG, heterogeneous nuclear ribonucleoprotein G; FMRP, fragile X mental
retardation protein; PRRC2A, proline rich coiled-coil 2 A; PCIF1, phosphorylated CTD-interacting factor 1; TRMT10C/6/61A/61B, tRNA methyltransferase 10C/6/61A/61B; BMT2, base
methyltransferase of 25S RNA; NML, nucleomethylin. *Has been identified at present.
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m6Am among cells where the m6A is most affected despite it
prefers the m6Am in vitro by the cellular cap-binding proteins
(117). Controversially, Mauer et al. (115) found that FTO does
not efficiently demethylate m6A but preferentially demethylates
m6Am. They further showed that ALKBH5 did not affect the
m6Am in mRNAs and stated that FTO may targets the m6Am
whereas ALKBH5 targets the m6A in vivo.

Functions of the m6Am
Currently, there is no m6Am reader that has been identified, and its
function remains controversial. The first work showed that the
m6Am stabilizes mRNA by preventing the mRNA-decapping
enzyme DCP2-mediated decapping and microRNA-mediated
mRNA degradation (115), and it was confirmed by Mauer’s work
(109). However, Sendinc et al. (118) revealed that m6Am fails to
alter mRNA transcription and stability, and negatively impacts cap-
dependent translation. Akichika et al. (106) further showed that the
m6Am facilitates the translation of capped mRNAs. The direct
readers of the m6Am are under investigated (Table 2).
THE M1A MODIFICATION

Biological Characteristics of the m1A
Modification
The m1A modification was firstly discovered in the total mixed
RNA samples in 1961 (119) and was found that it can rearrange
into the m6A under alkal ine condit ions (Dimroth
rearrangement) in 1968 (120). Subsequently, accumulating
evidence has shown that the m1A occurs in rRNAs and tRNAs
where the m1A is typically found at position 9 and 58 in the
tRNA TYC-loop and plays key roles in the structure formation
and function execution via its methyl adduct and positive charge
(121, 122). By using of the liquid chromatography-tandem mass
spectrometry (LC-MS/MS), the ratio of m1A/A in the
mammalian cell lines and tissues can be easily detected, which
ranging from approximately 0.015 to 0.054% and up to 0.16%
(123, 124). Hereafter, He et al. (123) used the combined method
of an antibody-based approach called m1A-seq and an
orthogonal chemical method based on Dimroth rearrangement
to obtain a more detailed distribution of m1A. They found that
the distribution pattern and the peaks of the m1A are highly
conserved in the samples from multiple sources, and the m1A
enrich in the 5′ UTR, near the start codons or TSS, which is
similar to that of m6Am. Yi et al. further supported the finding by
original technology m1A-ID-seq (124). In addition, single-
nucleotide resolution analysis (m1A-MAP) showed that the
m1A lacks of obvious preference to certain motif, but the GCA
codon and GUUCRA tRNA-like motif are frequently modified,
and no m1A is detected in the AUG start codon (123, 125).
Finally, Safra et al. reported 15 m1A sites in mRNAs and
lncRNAs (126) (Table 1) (Figure 1).

Components of m1A Modification System
Writers
Although a variety of the m1A MTases, including tRNA
methyltransferase 10C (TRMT10C), TRMT6/61A, TRMT61B,
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base MTase of 25S RNA (BMT2), MTR1, and nucleomethylin
(NML), have been discovered, most of them catalyze the sites on
tRNAs or rRNAs (122, 127–130). Li et al. unveiled that TRMT6/
61A is able to methylate the m1A sites that are confined in
GUUCRA tRNA-like motifs in mRNAs, and some of the
mitochondrial (mt)-mRNAs are the target of TRMT61B (125).
In addition, Safra et al. (126) have identified that a single m1A
site in the mt-ND5 mRNA which is catalyzed by TRMT10C.
Nonetheless, there is no direct specific m1A writer has been
identified for mRNA yet.

Erasers
The m1A demethylases are found to only catalyze tRNAs so far.
He et al. (131) showed that the human homolog of E. coli AlkB
ALKBH1 is an important eraser that catalyzes the demethylation
of the m1A in tRNAs in 2016, and FTO, was proven to mediate
the m1A demethylation in tRNAs (117). However, neither
ALKBH1 nor FTO mediates the removal of the methyl group
from m1A in mRNAs. Recently, another demethylase ALKBH3
was shown to have a strong preference for single stranded DNA/
RNA and the ability of repairing methylation damage to RNA in
vitro in both tRNAs and mRNAs (123, 124, 132, 133). Yi et al.
(124) further showed that ALKBH3 has minimal sequence
preference and acts globally in the transcriptome.

Functions of m1A
The process of eukaryotic protein translation, especially the
initiation step of translation, is strictly regulated in cells.
Structure analysis showed that the secondary structure in the
5’UTR which is the target of the initiation factors such as eIF4A/
B/H complex can affect the efficiency of the initiation of
translation and the early elongation by impeding the binding
and movement of the 40S ribosome (134, 135). He et al. (123)
suggested that the m1A plays a positive role for the translation
initiation in mammalian mRNAs, which is further supported by
Li et al. (125). Mechanically, the m1A may inhibit Watson-Crick
base pairing or introduce charge-charge interactions, leading to
the alteration of the secondary/tertiary structure of 5’UTR in
mRNAs. Potential readers specifically bound to the m1A in
mRNAs are supposed to promote the initiation of translation,
which is analogous to the role of YTHDF1 in translation
enhancement. However, there are controversial reports showed
that the m1A can repress the translation of mRNAs, especially
mt-mRNAs while the underlying mechanism remains to be
explored (126). In addition, the m1A is found to promote
mRNA degradation by interacting with its potential readers
YTHDF2/3 (136, 137) (Table 2).
LINKS WITH GASTROINTESTINAL
CANCERS AND POTENTIAL
THERAPEUTIC STRATEGIES

Under normal physiological condition, methylation modification is
precisely modulated by the methyltransferases and demethylases,
and involved in regulating alternative splicing, nuclear export,
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stability, translation, or degradation of the methylated RNAs,
thereby affecting cell self-renew, cell proliferation, and cell
differentiation. Recently, accumulating studies have revealed that
abnormality in RNA methylation leaded by mutations or
dysregulation that cause the gain or the loss of methylation sites
are closely related to the initiation, progression metastasis, and
suppression of various tumors including GICs (138).

Aberrant Writers in Gastrointestinal-
Related Cancers
The writer, METTL3, is found to be upregulated in GC patients
with poor prognosis, which is caused by the P300-mediatedH3K27
acetylation activation in the promoter of METTL3 and mediation
by the transcription factor GFI1 (139–143). Yue et al. (139) have
identified the zinc finger MYM-type containing 1 (ZMYM1)
mRNA as the direct target of METTL3. Mechanistically, the
reader ELAVL1 binds to the m6A sites within ZMYM1 mRNA
and enhances the stability of ZMYM1. The induced ZMYM1
further inhibits the expression of E-cadherin by forming a
complex of CtBP/LSD1/CoREST/ZMYM1 in the promoter
region of E-cadherin, thus stimulating the epithelial-
mesenchymal transition (EMT) and promoting metastasis of
GC. In another report, the m6A modification of hepatoma
derived growth factor (HDGF) mRNA can be induced by high
level of METTL3, and recognized by the reader IGF2BP3 to
promote its stability. The upregulated HDGF could further
facilitate tumor angiogenesis and increase glycolysis in GC,
which in turn enhance the tumor growth and liver metastasis
(140). Additionally, the mRNAs of pre-protein translocation factor
(SEC62), ARHGAP5, and MCM5 and MCM6 (the component
molecules in the MYC pathway) are highly modified by the
aberrant METTL3, and led to the acceleration of GC progression
(141, 143, 144).

Upregulated METTL3 in CRC primary or metastatic tissues is
highly associated with unfavorable outcomes (145–150). One
potential mechanism mediated by upregulated METTL3 is
ceramide glycosylation that generates glycosphingolipids
(particularly globotriaosylceramide) and activates cSrc and b-
catenin signaling (151). Li et al. (145) unveiled that higher
METTL3 expression in CRC facilitates the methylation of SRY
(sex determining region Y)-box 2 (SOX2) mRNA, and the reader
IGF2BP2 further recognized the m6A-containing SOX2 mRNA
and induced the expression level of SOX2 protein. SOX2 was
previously reported to control the properties of the stem cells and
enhance cell proliferation and invasion in squamous cell
carcinoma (152). While in CRC, highly expressed SOX2
regulated its downstream targets, including cyclin D1
(CCND1), MYC (mainly referred to as c-Myc), and POU class 5
homeobox 1 (POU5F1), and promoted their expression levels,
thus upregulating CD133, CD44, and epithelial cell adhesion
molecule (EpCAM). Shen et al. (148) found that METTL3 can
directly interacts with the 5’/3’UTR regions of Hexokinase 2
(HK2) mRNA and the 3’UTR region of Glucose transporter type
1 (GLUT1, also SLC2A1) mRNA, and subsequently stabilized
their mRNAs and activated the glycolysis pathway in CRC cells
in a IGF2BP2- or IGF2BP2/3-dependent manner. In addition,
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upregulated METTL3 could facilitate CRC cell proliferation,
progression, and metastasis by various signaling pathways
including miR-1246/SPRED2/MAPK signaling pathway, p38/
ERK pathway, and cyclin E1 (CCNE1) cell proliferation
pathway (147, 149, 150).

Analogously, the high level of other writers WTAP and
RBM15 also predicts poor prognosis for GC (153–155) Li et al.
found that WTAP could be served as an independent predictor of
GC and its high expression is closely related to the low T
lymphocyte infiltration and T cell-related immune response (154).

Intriguingly, the writer METTL14 is reported to be
downregulated in GC and CRC patients (139, 156). Zhang et
al. (156) unveiled that METTL14 suppression may cause
activation of the Wnt and PI3K-Akt signaling and thus
promote GC progression. While Yang et al. (157) have
revealed that the downregulated METTL14 is associated with
the poor outcomes of CRC patients through up-regulating
oncogenic lncRNA XIST. Specifically, the m6A level within
lncRNA XIST is reduced as METTL14 suppression, which
could lead to the RNA degradation and decay mediated by the
m6A reader YTHDF2. The abundant lncRNA XIST due to
downregulation of METTL14 acts as a carcinogen and
promote cell proliferation and metastasis in CRC (158).
Additionally, the downregulated METTL14 affects the m6A
level in pri-miR-375, by which it decreased the binding of
DGCR8 to pri-miR-375 and results in the reduction of mature
miR-375. The reduction of miR-375 causes induced level of Yes-
associated protein 1 (YAP1) and SP1, and ultimately leads to cell
growth in CRC viamiR-375/YAP1 pathway and cell invasion via
miR-375/SP1 pathway (159).

Aberrant Erasers in Gastrointestinal-
Related Cancers
FTO, the first mammalian m6A demethylase and the only m6Am
demethylase currently discovered, is found to mediate the
progression in GICs. FTO was reported to serve as an
independent prognostic marker due to its frequently higher
expression in high-risk scores subtype of GC (153, 155, 160).
Other erasers ALKBH3 and ALKBH5 are also upregulated in
GC, and ALKBH5 is found to promote the invasion and
metastasis of GC by interacting with the lncRNA NEAT1
(nuclear paraspeckle assembly transcript 1) (155, 161, 162).

However, the expression levels of ALKBH5 and FTO in CRC
are still controversial (146). From The Cancer Genome Atlas
(TCGA), the Gene Expression Omnibus (GEO) database, and
the Human Protein Atlas, ALKBH5 shows weak expression in
CRC tissues compared to the normal tissues, and FTO shows no
significant difference between CRC tissues and normal tissues.
Whereas Wu et al. revealed a potential CRC-promoting
mechanism via the ALKBH5/m6A/RP11/hnRNPA2B1/E-
ligases/Zeb1 axis (163). They found that lncRNA RP11 in CRC
is highly expressed and associated with the CRC stage in patients,
by which lncRNA RP11 is regulated in an m6A-dependent
manner and negatively correlated with ALKBH5 although
METTL3 is elevated in CRC patients. Mechanistically, m6A-
containing RP11 can interact with the reader hnRNPA2B1 and
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bind to its downstream targets, two E3-ligase mRNAs Siah1 and
Fbxo45 to accelerate their decay. The reduced Siah1 and Fbxo45
further downregulates the EMT-transcription factors Zeb1, and
ultimately leads to the development of CRC. In addition, Relier et
al. (164) showed that low expression of FTO in CRC cells causes
increase of the m6Am levels in mRNAs and results in the
enhanced malignancy and chemo resistance in CRC cells,
which can be partially reversed by inhibition of PCIF1.
Aberrant Readers in Gastrointestinal-
Related Cancers
Emerging studies have reported the upstream regulatory
mechanisms that lead to generation of the aberrant readers in
CRC. Wang et al. (165) have identified a novel lncRNA LINRIS to
stabilize IGF2BP2 via LINRIS/IGF2BP2/MYC axis and promote cell
proliferation in CRC. Mechanistically, the elevated level of LINRIS
in the CRC patients with unfavorable prognostic could act on
IGF2BP2 and protect it from K139 ubiquitination and autophagy
degradation, and maintain its stability. The upregulated IGF2BP2
subsequently promotes the expression of its downstream target
MYC mRNA, and enhances the MYC-mediated glycolysis in CRC,
which eventually leads to progression of CRC. Inhibition of this axis
by GATA3 may provide a potential therapeutic strategy for CRC.
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Recently, Ni et al. showed another lncRNA involved in the
YAP signaling pathway during CRC progression via the GAS5/
YAP/YTHDF3 axis (166). They found GAS5 is downregulated in
most of CRC tissues and is negatively correlated with the protein
levels of YAP and YTHDF3, while the increased YTHDF3 is a
significant prognostic factor for poor overall survival in CRC
patients (146). Mechanistically, downregulation of GAS5 inhibits
phosphorylation of YAP and attenuates its ubiquitination and
degradation. The increased YAP further promotes expression
level of YTHDF3, however, the downstream regulatory pathway
of YTHDF3 that facilitates CRC progression is unclear.

Additionally, YTHDF1 is reported to be overexpressed in
CRC and plays a vital oncogenic role in CRC (146, 167).
Silencing YTHDF1 not only reduces the number of colon
spheres but also causes significant downregulation of cancer
stem cell markers, including CD44, CD133, OCT4, ALDH1, and
Lgr5 in CRC cells. These findings indicate that YTHDF1 plays a
key role in maintaining CRC stemness, which is analogous to the
role of METTL3 in CRC (145). YTHDF1 is found to regulate the
Wnt/b-Catenin pathway in CRC as well (167). Silencing
YTHDF1 leads to reduction of the expressions of the
nonphospho (active)-b-catenin and the Wnt/b-catenin
downstream targets, including c-JUN, CCND1, and CD44, and
thus downregulates the b-catenin nuclear signals activity.
FIGURE 3 | The potential therapeutic strategies for the GICs with abnormal methylation regulators or levels. The aberrant methylation regulators, abnormal
methylation levels, and the mutations that lead to the gain or loss of key methylation sites contribute partly in tumorigenesis, progression, and drug resistance in
GICs. The potential therapeutic strategies include the small molecule inhibitors of the regulators and the targeted fusion proteins that based on CRISPR/Cas 13
system. FTO, fat mass and obesity-associated protein; NGICs, normal gastrointestinal cells; GICCs, gastrointestinal cancer cells; gRNA, guide RNA; dCas13, inactive
Cas13 enzyme; MA, meclofenamic acid; R-2HG, R-2-hydroxyglutarate.
February 2021 | Volume 10 | Article 586789

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Li et al. Methyladenosine Modification and Gastrointestinal Cancers
Other Gastric Cancer/Colorectal Cancer-
Promoting Mechanisms Related to
Methylation
Recent study has revealed that the m6A modification in a circular
RNA (circRNA), circNSUN2 that maps to the chromosome 5p15
amplicon in CRC, has an important role for promoting CRC liver
metastasis (168). Mechanically, circNSUN2 contains an m6A motif
within its exon 5-exon 4 junction sequence where it can be modified
by METTL3, and then YTHDC1 facilitates the nuclear export of
m6A-containing circNSUN2. In cytoplasm, circNSUN2 stabilizes its
downstream target HMGA2 mRNA by forming the complex with
an m6A reader IGF2BP2, and promoting the EMT process and liver
metastasis in CRC. Interestingly, upregulation of circNSUN2 in
CRC is in an METTL3-independent manner, and silencing
METTL3 does not change total expression of circNSUN2 nor
increases the nuclear content or reduces the cytoplasmic content.

Mutations that cause the gain or loss of methylation sites are
found to involve in generation, progression and drug resistance
of GICs. Uddin et al. (151) have shown that the point-mutated
codon 273 (G > A) of p53 pre-mRNA promotes expression of
mutant protein in a METTL3- and m6A-dependent manner,
while the upregulated METTL3 is partly caused by a serial
ceramide glycosylation mechanism. The mutant protein is
found to lose its original role of cancer suppressing and obtain
many oncogenic functions to generate the acquired multidrug
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resistance in CRC. Further, they showed that either silencing
METTL3 by small interfering RNA (siRNA), or inhibiting RNA
methylation with neplanocin A, or suppressing ceramide
glycosylation is able to re-sensitize the resistant CRC cells to
anticancer drugs. Recently, Tian et al. (169) revealed another
type of mutations that are related to the m6A modification, the
missense variant rs8100241 (G > A) located in ANKLE1.
Overexpression of the rs8100241[A] allele significantly
increased the ANKLE1 m6A level that was catalyzed by writers
METTL3/14 and WTAP and recognized by reader of YTHDF1,
thus the dysregulated ANKLE1 protein is facilitated compared to
that of rs8100241[G] allele, which is significantly related to
susceptibility of CRC.
POTENTIAL THERAPEUTIC STRATEGIES

In view of the relationship between methylation modifications
and tumors, new tumor treatment strategies have been explored.
Meclofenamic acid (MA), the non-steroidal anti-inflammatory
drug, was found to compete with FTO binding for the m6A-
containing nucleic acid and functions as FTO inhibitor (170). R-
2-hydroxyglutarate (R-2HG), generated from mutant isocitrate
dehydrogenase 1/2 (IDH1/2) enzymes, was also found to inhibit
FTO activity and increase the m6A level in cells, which in turn
TABLE 3 | Relationship between aberrant regulators and GICs*.

Cancer
types

Regulator Role in RNA
modification

Abnormal
change

Results Mechanisms/targets Ref

GC METTL3 Writer Upregulated Poor prognosis METTL3/m6A/ZMYM1/ELAVL1/E-cadherin/EMT axis (139)
METTL3/m6A/HDFG/IGF2BP3 axis (140)
METTL3/m6A/SEC62/IGF2BP1 axis (141)
METTL3/m6A/MYC axis (143)
METTL3/m6A/ARHGAP5 axis (144)

WTAP and
RBM15

Writer Upregulated Poor prognosis;
immune
response

Unknown (153–155)

METTL14 Writer Downregulated Poor prognosis METTL14/m6A/Wnt and PI3K-AKT axis (156)
FTO Eraser Upregulated Poor prognosis Unknown (153, 155)

(160),
ALKBH3 Eraser Upregulated Poor prognosis ALKBH3/m1A/ErbB2 and AKT1S1 axis (161)
ALKBH5 Eraser Upregulated Poor prognosis ALKBH5/m6A/lncRNA NEAT1/EZH2 axis (155, 162)

CRC METTL3 Writer Upregulated Poor prognosis METTL3/m6A/SOX2/IGF2BP2/tumor stemness axis (145)
METTL3/m6A/HK2 and GLUT1/IGF2BP2/3 axis (148)
METTL3/m6A/miR-1246/SPRED2/MAPK axis (147)
METTL3/m6A/p38-ERK or CCNE1 axis (149, 150)

METTL14 Writer Downregulated Poor prognosis METTL14/m6A/lncRNA XIST/YTHDF2 axis (158)
METTL14/m6A/miR-375/YAP1 and SP1 axis (159)

FTO Eraser Downregulated Poor prognosis FTO/m6Am/tumor stemness axis (146, 164)
ALKBH5 Eraser Downregulated Poor prognosis ALKBH5/m6A/lncRNA RP11/hnRNPA2B1/E-ligases/Zeb1

axis
(163)

IGF2BP2 Reader Upregulated Poor prognosis lncRNA LINRIS/IGF2BP2/MYC/glycolysis axis (165)
YTHDF3 Reader Upregulated Poor prognosis lncRNA GAS5/YAP/YTHDF3 axis (166)
YTHDF1 Reader Upregulated Poor prognosis YTHDF1/Wnt/b-Catenin and tumor stemness axis (167)
February 2021 | Volume 10
GC, gastric cancer; CRC, colorectal cancer; writers, methyltransferases; erasers, demethylases; readers, the proteins that bind to methylation modifications; m6A, N6-methyladenosine;
m1A, N1-methyladenosine; METTL3/14, methyltransferase-like3/14; WTAP, Wilms tumor 1-associated protein; RBM15, RNA-binding motif protein 15; FTO, fat mass and obesity-
associated protein; ALKBH3/5, AlkB homolog 3/5; hnRNPA2/B1, heterogeneous nuclear ribonucleoprotein A2/B1; lncRNA, long non-coding RNA; miRNA, micro RNA; ZMYM1, zinc
finger MYM-type containing 1; EMT, epithelial-mesenchymal transition; HDGF, hepatoma derived growth factor; SOX2, SRY (sex determining region Y)-box 2; HK2, Hexokinase 2; GLUT1,
glucose transporter type 1; CCNE1, cyclin E1; XIST, X-inactive specific transcript; YAP1, Yes-associated protein 1; NEAT1, nuclear paraspeckle assembly transcript 1; EZH2,a subunit of
the polycomb repressive complex; LINRIS, Long Intergenic Noncoding RNA for IGF2BP2 Stability; *has been identified at present.
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decreases the stability of MYC/CEBPA and thus block the MYC
pathways (171). Recently, two synthetic high-efficient FTO
inhibitors are identified. Chen et al. (172) have developed two
potent FTO inhibitors FB23 and FB23-2 and showed that they
could directly bind to FTO and selectively block the m6A
demethylase activity of FTO. Subsequently, they further
developed two others promising FTO inhibitors, namely CS1
and CS2, which exhibit strong anti-tumor effects in multiple types
of cancers. For leukemia cells, FTO inhibitors can not only block
the signal axis of FTO/m6A/MYC/CEBPA and inhibit the self-
renewal of cancer stem cells, but also suppress the expression of
immune checkpoint LILRB4 and immune evasion thus enhancing
the cytotoxicity of T cells (173). However, the inhibitors of other
m6A regulators such as METTL3, METTL14, or WTAP have not
been systematically developed. Moreover, targeted RNA
demethylation or methylation by the engineered dCas13-
containing fusion proteins may hold the potential to develop a
treatment regimen for GICs (174–176) (Figure 3).
CONCLUSIONS AND FUTURE
PERSPECTIVE

Since 2011, extensive studies have worked on the methylation
modifications in RNAs, providing an extensive and accumulating
database including m6A, m6Am, and m1A. The formation of
m1A, m6A, and m6Am is no substantial correlated, and the roles
of m6Am and m1A are partly similar to that of m6A, by which the
m6Am and m6A modifications are demethylated by FTO. It
would be interesting to measure the interference produced by
m6Am and m1A during the m6A exploration process.

The dysregulation of RNA methylation has been linked to the
abnormalities in the MYC pathway, the Wnt/b-Catenin
pathway, the ErbB2 pathway, the PI3K-AKT pathway and
EMT in many human cancers. For GICs, the upregulated
METTL3 and erasers are mainly involved in the MAPK/ERK
pathway, the CCNE1 pathway, the SOX2/tumor stemness
pathway, glycolipid metabolism, and EMT and to facilitate
CRC formation and progression, whereas the low expression of
METTL14 mediates the lncRNA XIST axis and the miR-375/
YAP1 and SP1 axis to promote CRC progression. Moreover, the
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upregulated readers, IGF2BP2, YTHDF3, and YTHDF1,
represent as poor prognosis factors in CRC by regulating the
lncRNA LINRIS/IGF2BP2/MYC/glycolysis axis, the lncRNA
GAS5/YAP/YTHDF3 axis and the YTHDF1/Wnt/b-Catenin
and tumor stemness pathway respectively (Table 3). Mutations
that cause the gain of methylation sites, including the point-
mutated codon 273 (G > A) of p53 pre-mRNA and the missense
variant rs8100241 (G > A) located in ANKLE1, are also linked to
tumorigenesis, progression and drug resistance in CRC.

However, there are some controversies and confusions in the
RNA methylation: i) Binding mode of YTHDF proteins on
different mRNAs or a single mRNA. ii) Affinity towards the
m6A and m6Am sites by FTO. iii)mRNA stability affected by the
m6Am modification. iv) The role of the m1A modification in
RNA translation. v) Specificity of the targets regulated by the
methylation regulators. vi) The distinguish expression signatures
of both the writers and the erasers in certain type of GICs, and
their downstream targets. viii) Inhibitors for METTL3
and readers.
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The m6A RNA methylation modulators play a crucial role in regulating hepatocellular
carcinoma (HCC) progression. The circular RNA (circRNA) regulatory network in regulating
m6A RNA methylation modulators in HCC remains largely unknown. In this study, 5
prognostic m6A RNA methylation modulators in HCC were identified from The Cancer
Genome Atlas (TCGA) and International Cancer Genome Consortium (ICGC) projects. The
differentially expressed microRNAs (DEmiRNAs) and circRNAs (DEcircRNAs) between
paired tumor and normal tissues were screened out from TCGA and or Gene Expression
Omnibus (GEO) database to construct the circRNA-miRNA- m6A RNA methylation
modulator regulatory network, which included three m6A RNA methylation modulators
(HNRNPC, YTHDF1, and YTHDF2), 11 DEmiRNAs, and eight DEcircRNAs. Among the
network, hsa-miR-139-5p expression was negatively correlated with YTHDF1. Hsa-miR-
139-5p low or YTHDF1 high expression was correlated with high pathological grade,
advanced stage and poor survival of HCC. Additionally, cell cycle, base excision repair,
and homologous recombination were enriched in YTHDF1 high expression group by
GSEA. A hub circRNA regulatory network was constructed based on hsa-miR-139-5p/
YTHDF1 axis. Furthermore, hsa_circ_0007456(circMAP2K4) was validated to promote
HCC cell proliferation by binding with hsa-miR-139-5p to promote YTHDF1 expression.
Taken together, we identified certain circRNA regulatory network related to m6A RNA
methylation modulators and provided clues for mechanism study and therapeutic targets
for HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most common
malignant tumors worldwide, accounting for 75%–85% of
primary liver cancer (1). Despite advances in diagnosis and
therapeutic strategies in recent years, the prognosis of HCC is
still not ideal. Therefore, there exists an urgent need to identify
sensitive and specific biomarkers and therapeutic targets for the
early diagnosis and treatment of HCC (2).

Among the chemical modification of RNA, N6-
methyladenosine (m6A) methylated at the N6 position of
adenosine is viewed as the most common, abundant and
conservative internal transcriptional modification for various
kinds of RNA. The m6A modifications are involved in RNA
processing, transporting, translation and metabolism (3). Based
on the different functions of m6A RNA methylation modulators,
they are usually classified into “writers”, “erasers”, and “readers” (4).
The “writers” catalyze the formation of m6A, including
Methyltransferase-like 3 (METTL3) (5), METTL14 (6), Wilms
tumor 1-associated protein (WTAP) (7), RNA Binding Motif
Protein 15 (RBM15) (8) and KIAA1429 (9). The “erasers”,
removing m6A modification from RNA, compose of fat mass and
obesity-associated protein (FTO) (10) and alkB homologue 5
(ALKBH5) (11). The m6A readers YT521-B homology (YTH)
domain-containing proteins (YTHDF1/2 and YTHDC1/2)
function as m6A binding proteins that recognize m6A
methylation and generate a functional signal (12). Accumulating
evidence has demonstrated that m6A modifications participate in
the progression of cancers, such as glioma, breast cancers and
hepatocellular carcinoma (HCC) (13).

Circular RNA (circRNA) is a class of covalently closed single-
stranded circular RNA molecules formed by back-splicing.
CircRNA is considered as the RNA with tissue-, developmental
stage- and disease-specificity (14). Notably, it is well documented
that circRNAs play crucial roles in cancer by acting as microRNA
(miRNA) sponge to modulate the miRNA-mRNA regulatory
axis, thereby affecting the initiation and progression of cancer
(15). However, whether circRNAs can serve as miRNA sponge to
affect the miRNA in the regulation of m6A RNA methylation
modulators in HCC has not been reported yet.

The flowchart of this study design was shown in Figure S1.
Briefly, we identified prognostic m6A RNA methylation
modulators in HCC patients from The Cancer Genome Atlas
(TCGA) and International Cancer Genome Consortium (ICGC)
projects. According to the differentially expressed (DE)
circRNAs and miRNAs between paired normal and tumor
tissues, the circRNA-miRNA-mRNA regulatory network was
constructed based on the m6A RNA methylation modulators.
Among the 3 co-expressed miRNA-m6A RNA methylation
modulators pairs, hsa-miR-139-5p low or YTHDF1 high
expression was significantly correlated with high pathological
grade, advanced stage and poor survival of HCC. Therefore, a
hub circRNA regulatory network was constructed based on hsa-
miR-139-5p/YTHDF1 axis. Among this hub network,
circMAP2K4 was validated to promote HCC cell proliferation
by binding with hsa-miR-139-5p to promote YTHDF1
expression. These findings indicate certain circRNA regulatory
Frontiers in Oncology | www.frontiersin.org 2179
network is involved in the regulation of m6A RNA methylation
modulators and provide clues for mechanism study and
therapeutic strategy development for HCC.
MATERIAL AND METHODS

Data Collection
Regarding the expression data of m6A RNA methylation
modulators, we obtained transcriptome data of TCGA-LIHC
project from TCGA data portal (https://tcga-data.nci.nih.gov/
tcga/) and ICGC-LIRI-JP project from ICGC data portal (https://
dcc.icgc.org/), respectively. Regarding the miRNA data, in order
to maintain the consistency of data sources, we downloaded
miRNA-seq data from the TCGA-LIHC project for subsequent
difference and co-expression analysis. For the verification of the
prognostic value of miRNA, we searched the Gene Expression
Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/gds/)
with “microRNA”, “hepatocellular carcinoma”, and “survival”
as keywords. In order to ensure the reliability of the results, we
only selected datasets with more than 100 cases for analysis, and
finally included the GSE31384 into this study. Regarding the
circRNA data, we searched the GEO database with “circular
RNA”, “hepatocellular carcinoma”, and “microarray” as
keywords, and finally included GSE94508, GSE97332 and
GSE78520 into this study. Criteria for study inclusion were: 1)
The disease was diagnosed as HCC. 2) HCC caused by different
etiologies was acceptable. 3) The case had a complete expression
profile. 4) The case had clinical information. Criteria for study
exclusion were: 1) The survival data was unknown or survival
time was less than 30 days. 2) The clinical staging and or
pathological grade was unknown. The analysis flowchart of
HCC cases with complete expression data was shown in
Figure S2.
Identification of DERNAs
The mRNA expression level of 13 m6A RNA methylation
modulators were compared between 50 or 199 paired tumor
and non-tumor samples from TCGA and ICGC projects by
Mann-Whitney-Wilcoxon Test, respectively. And the prognostic
value of the m6A RNA methylation modulators in both TCGA
and ICGC were further assessed by univariate Cox regression
survival analyses. Finally, those prognostic m6A RNA
methylation modulators in both TCGA and ICGC were
identified for the following network construction. The
DEmiRNAs were screened out from 49 paired tumor and non-
tumor samples from TCGA by using R package “Bioconductor
Limma”. The adjusted P value (false discovery rate, FDR) of each
gene was calculated by Benjamini Hochberg method and the
threshold for DEmiRNA selection was FDR <0.05 and | log2FC |
> 1. Finally, DEmiRNA is visualized by volcano graph and fold
change (FC) filtering. According to the significance scores <0.01
and | log2FC |> 2, the DEcircRNAs between tumor and non-
tumor cases from multiple studies was determined by a robust
rank aggregation method (16). And the DEcircRNAs were
visualized by heatmap.
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Construction of CircRNA-miRNA Network
Involved in Regulating m6A RNA
Methylation Modulators
The miRNAs potentially targeting m6A RNA methylation
regulators were predicted by microRNA Data Integration Portal
(miRDIP), which integrated more than 20 miRNA related
databases for miRNA target or miRNA prediction (17). Among
the DEmiRNAs, the potential miRNAs targeting m6A RNA
methylation regulators were selected with the very high score (top
1%) in miRDIP. Next, the DEcircRNAs targeted miRNAs were
predicted by Cancer-Specific CircRNA Database (CSCD, https://
http://gb.whu.edu.cn/CSCD/). As the sponge of miRNA, the
expression level of circRNA usually does not influence the
expression of miRNA. In addition, some miRNAs may inhibit
highly expressed mRNA in a compensatory elevated expression
manner (18). Therefore, the selection of circRNA-miRNA or
miRNA-mRNA pairs was not limited by their expression patterns
that must be reversed. Finally, the circRNA-miRNA-mRNA
regulatory network was constructed after taking the intersection
of DEcircRNA-miRNA pairs and DEmiRNA–m6A RNA
methylation regulator pairs. The regulatory network was
visualized using Cytoscape 3.4.0 (http://cytoscape.org/).

Gene Set Enrichment Analysis (GSEA)
The HCC samples from TCGA or ICGC were divided into high-
and low-expression groups according to the expression level of
YTHDF1, respectively. GSEA (http://software.broadinstitute.
org/gsea/index.jsp) was carried out to compare the potential
biological pathways between two groups. The annotated gene set
list c2.cp.kegg. v5.2.symbols.gmt was utilized as the reference
gene set. The cut-off criteria were defined as FDR < 0.25 and a
nominal P < 0.01. The gene sets with top 5 normalized
enrichment score (NES) in high- and low-expression groups
were selected for visualization.

Cell Culture and Transfection
Human HCC cell lines Huh7, Hep3B, MHCC97H, HCCLM3, and
normal LO2 cells were gained from Shanghai Advanced Research
Institute, Chinese Academy of Sciences. Cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) (pH 7.4)
supplemented with 10% (v/v) fetal bovine serum (Gibco).
YTHDF1 siRNA, hsa-miR-139-5p mimics , c ircRNA
overexpressing plasmid and their corresponding negative control
were purchased fromGenePharma (Shanghai, China). The cells in
24-well plates were transfected with 1ug plasmid, 50 nMmimics or
siRNAbyusing Lipofectamine 3000 reagent (Invitrogen) according
to the manufacturer’s recommendation. The specific siRNA
sequences for YTHDF1 were provided in the Table S1. Three
independent experiments were carried out for cell transfection.

Quantitative Reverse Transcription
Polymerase Reaction (qRT-PCR) Analysis
Total RNA were isolated from cells using TRIzol reagent
(Invitrogen) and cDNA were synthesized by utilizing the
Prime Script RT reagent kit (Takara Bio, Shiga, Japan). The
SYBR® Premix Ex Taq™ (Takara) were used for qRT-PCR
Frontiers in Oncology | www.frontiersin.org 3180
detection through real-time detection system (ABI7500, USA).
The primer sequences for detection were provided in Table S2.
GAPDH was used as an internal standard control. Gene
expression level was quantified using 2-△△Ct method. The
results were obtained from three independent experiments.

Western Blot
Protein was extracted using RIPA (Beyotime, China) and
separated on 10% SDS-PAGE gels and transferred onto
polyvinylidene fluoride membranes (Millipore, USA). The
primary antibodies of anti-YTHDF1 (#86463) and anti-
GAPDH (#2118) were purchased from Cell Signaling
Technology (Danvers, MA, USA). After incubating with the
primary antibodies at 4°C overnight, the membranes were then
subjected to HRP-conjugated secondary antibody (Cell Signaling
Technology, USA) at room temperature for 1 h. The blots were
visualized using an imaging system (Bio-Rad, USA).

Agarose Gel Electrophoresis Analysis
Total RNA isolation and cDNA synthesis were mentioned as
above. Total DNA was extracted using the SteadyPure Universal
Genomic DNA Extraction Kit (Accurate Biology Co. Ltd.,
Changsha, China). The specific divergent primers and
convergent primers for circMAP2K4 were used for
amplification. The primer sequences were listed in Table S2.
Then the amplification products were detected in 2% agarose gel
electrophoresis. And those products amplified by divergent
primers were used for Sanger sequencing to detect the junction
site of circMAP2K4. Three independent experiments were
carried out for agarose gel electrophoresis analysis.

Cell Proliferation Assay
The transfected cells were seeded in 96-well plates at a density of
2,000 cells per well. Cell viability was accessed from 12 to 120 h by
using the Cell Counting Kit-8 (CCK-8) according to the
manufacturer’s recommendation (Dojindo, Kumamoto, Japan).
The optical density (OD) was recorded at 450 nm by an automatic
microplate reader (Synergy4; BioTek, Winooski, VT, USA). The
results were obtained from three independent experiments.

Luciferase Reporter Assay
The wild type or mutated circRNA sequence containing hsa-
miR-139-5p binding site, the wild type or the mutated 3’
untranslated region (UTR) of YTHDF1, were respectively
synthesized and inserted into pmiR-RB-REPORT™ vector
(RIBOBIO, Guangzhou, China). The above vectors and hsa-
miR-139-5p mimics or negative control were co-transfected into
cells using Lipofectamine3000 (Invitrogen). 48 h after
transfection, the cells were harvested for firefly and renilla
luciferase activities detection by using the dual-luciferase
reporter assay system (Promega, Massachusetts, USA). Renilla
luciferase served as the internal control for luciferase activity.
The results were obtained from three independent experiments.

Statistical Analysis
OS differences between high and low expression groups were
evaluated by Kaplan-Meier survival analysis and log-rank test.
February 2021 | Volume 11 | Article 560506

https://http://gb.whu.edu.cn/CSCD/
https://http://gb.whu.edu.cn/CSCD/
http://cytoscape.org/
http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Chi et al. CircMAP2K4 Modulates YTHDF1 in HCC
Thedifferencesof geneexpressionbetweeneachclinicopathological
characteristics were evaluated by Mann-Whitney-Wilcoxon Test.
Data differences between in-vitro experimental groups were
analyzed by Student’s t-test or one-way analysis of variance
(ANOVA). All tests were analyzed using R software version 3.4.2
and P < 0.05 was considered statistically significant.
RESULTS

Most m6A RNA Methylation Modulators
Are Up-Regulated and Correlated With the
Prognosis of HCC
In TCGA project, all m6A RNA methylation modulators were
up-regulated in HCC, but the expression difference of METL14
and ZC3H13 were not statistically significant (Figure 1A). In
ICGC project, most m6A RNA methylation modulators except
ZC3H13 were up-regulated in HCC, but the up-regulation of
METTL14 was not statistically different (Figure 1B). Next, we
analyzed the prognostic values of 11 commonly DE m6A RNA
methylation modulators in both TCGA and ICGC. High
expression of YTHDF2, YTHDF1, KIAA1429, HNRNPC,
WTAP, METTL3, or RBM15 was correlated with the poor
survival of HCC in TCGA project by univariate Cox regression
survival analysis (Figure 1C). While in ICGC project, high
expression of METTL3, YTHDF2, HNRNPC, YTHDF1,
YTHDC2, RBM15, or ALKBH5 was associated with poor
survival of HCC (Figure 1D). Thus, the commonly prognostic
m6A RNA methylation modulators, namely METTL3, YTHDF2,
Frontiers in Oncology | www.frontiersin.org 4181
HNRNPC, YTHDF1 and RBM15, in both TCGA and ICGC were
used for the following study.
Construction of CircRNA-miRNA- m6A
RNA Methylation Modulator Regulatory
Network in HCC
By screening of miRNA-seq data from paired tumor and adjacent
non-tumor tissues in TCGAHCC cases, a total of 121DEmiRNAs
(29 up and 92 down) were obtained (Figure 2A). From the
circRNA microarray data of paired tumor and adjacent non-
tumor tissues in 3 GEO datasets, a total of 22 DEcircRNAs (eight
up and 14 down) were identified (Figure 2B). 209 miRNA-m6A
RNA methylation modulators pairs and 1260 circRNA-miRNA
pairs were predicted by miRDIP and CSCD, respectively. After
taking the intersection of these RNA pairs, 3 m6A RNA
methylation modulators (HNRNPC, YTHDF1, and YTHDF2),
11DEmiRNAs, and eightDEcircRNAswere utilized to construct a
circRNA-miRNA-m6A RNA methylation modulator regulatory
network. This network contained 16 circRNA-miRNA pairs and
11 miRNA-mRNA pairs (Figure 2C). In order to verify the
expression stability of DEmiRNAs and DEmRNAs in the
regulatory network, we further analyzed the expression of
DEmiRNAs in HCC by using dbDEMC 2.0, a database of
differentially expressed miRNAs in human cancers (19) and the
expression of DEmRNAs in HCC by using HCCDB, a database of
hepatocellular carcinoma expression atlas (20), respectively. The
results showed that most DEmiRNAs had the same expression
trend in multiple GEO datasets, which were consistent with the
A B

DC

FIGURE 1 | The expression and prognostic value of m6A RNA methylation modulators in HCC. The expression of m6A RNA methylation modulators in paired
hepatocellular carcinoma (HCC) and normal tissues from The Cancer Genome Atlas (TCGA) (A) and International Cancer Genome Consortium (ICGC) (B). The
univariate Cox regression analysis of m6A RNA methylation modulators for OS of HCC cases from TCGA (C) and ICGC (D).
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results from TCGA and ICGC (Table S3). Especially, hsa-miR-
139-5pwas down-regulated inHCC tissues from even six datasets.
Similarly, in accordance with the TCGA and ICGC results, the
expression of YTHDF1, HNRNPC or YTHDF2 was up-regulated
in HCC from seven, six, or four datasets, respectively (Table S4).
Co-Expression and Clinicopathological
Characteristics Correlation Analysis
of miRNA
In order to identify the most potentially interactive miRNA-
mRNA pairs, co-expression status between 11 DEmiRNAs and 3
m6A RNA methylation modulators were performed by Pearson
correlation analysis. Three co-expressed miRNA-m6A RNA
methylation modulator pairs were identified. As shown in
Figure 3A, hsa-miR-139-5p expression was negatively
correlated with YTHDF1 (r=-0.399, P<0.001), while hsa-miR-
335-5p was positively correlated with HNRNPC (r=0.189,
P<0.001) and hsa-miR-767-5p was positively correlated with
YTHDF1 (r=0.224, P<0.001). Additionally, high expression of
hsa-miR-139-5p but neither hsa-miR-335-5p nor hsa-miR-767-
5p was significantly correlated with the low pathological grade in
Frontiers in Oncology | www.frontiersin.org 5182
TCGA project (Figure 3B). Similarly, the higher the hsa-miR-
139-5p expression, the earlier the TNM stage (Figure 3C).
Clinicopathological Characteristics
Correlation and GSEA of m6A RNA
Methylation Modulators
In accordance with the negative correlation of hsa-miR-139-5p
and YTHDF1 expression, the expression of YTHDF1 were
higher in high pathological grade and advanced TNM stage in
TCGA project (Figure 4A). While the expression of HNRNPC
were significant different between different pathological grades
but not between early and advanced TNM stage in TCGA project
(Figure 4B). The relationships between YTHDF1 or HNRNPC
expression and clinicopathological characteristics could not be
fully investigated due to the lack of data about pathological grade
in ICGC project. The expression of YTHDF1 or HNRNPC was
significantly higher in the advanced TNM stage of HCC from
ICGC project (Figure S3A). Based on the clinical significance of
YTHDF1 in both TCGA and ICGC, we further performed GSEA
to explore whether biological pathways differ between high and
low YTHDF1 expression groups. Among top five gene sets based
A B

C

FIGURE 2 | Identification of DEmiRNAs and DEcircRNAs for network construction. (A) The DEmiRNAs were screened out from The Cancer Genome Atlas (TCGA).
(B) The DEcircRNAs were screened out from three GEO datasets. (C) Construction of circRNA-miRNA-mRNA network based on m6A RNA methylation modulators
with prognostic value. The diamond, rectangle and ellipse indicated circRNA, miRNA, and mRNA, respectively. Yellow and light green represented up- and down-
regulated, respectively.
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on NES, cell cycle, base excision repair and homologous
recombination were enriched in YTHDF1 high expression
group in both TCGA and ICGC (Figure 4C, Figure S3B).
While fatty acid metabolism, retinol metabolism, complement
and coagulation cascades were enriched in YTHDF1 low
expression group in both TCGA and ICGC (Figure 4C,
Figure S3B).
Prognostic Value of the hsa-miR-139-5p
and YTHDF1 Signature and Hub circRNA
Network Construction
Based on the co-expressed results of miRNA and m6A RNA
methylation modulators, we further explored the prognostic value
of 3 miRNA. Survival analysis revealed that only the hsa-miR-139-
5p expression status was correlated with the OS for HCC patients
(Figure 5A). Similar results were observed in GSE31384 (Figure
5B). According to the results that hsa-miR-139-5p high or
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YTHDF1 low expression was associated with the better OS of
HCC, we further evaluated the prognosis of HCC patients with
hsa-miR-139-5p high and YTHDF1 low expression. The results
showed that HCC patients with hsa-miR-139-5p high and
YTHDF1 low expression had longer OS time than those with
contrast expression level (Figure 5C). Based on the clinical
significance of hsa-miR-139-5p and YTHDF1, a hub circRNA-
miRNA-mRNA regulatory network was constructed finally.
This hub network contained two regulatory axes, namely
h s a_ c i r c _0 007456 /h s a -m iR - 139 - 5p /YTHDF1 and
hsa_circ_0091570/hsa-miR-139-5p/YTHDF1 (Figure 5D).
CircMAP2K4 Promotes HCC Proliferation
by Modulating hsa-miR-139-5p/YTHDF1
Two potentially dysregulated circRNAs were predicted to involve
in regulating hsa-miR-139-5p/YTHDF1 axis in this study. We
further analyzed the potential interaction of circRNA and
A

B

C

FIGURE 3 | Relationship between miRNAs and m6A RNA methylation modulators as well as clinicopathological characteristics in The Cancer Genome Atlas (TCGA).
(A) Co-expression analysis between three miRNAs and two m6A RNA methylation modulators. (B) Comparison of three miRNAs expression level between different
pathological grades. (C) Comparison of three miRNAs expression level between different stages.
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miRNA through miRanda v3.3a, a microRNA target scanning
algorithm. The result showed that hsa_circ_0007456 is predicted
to has a score of 140 and energy of -19.98 kCal/Mol to interact
with hsa-miR-139-5p, which is favorable for hsa_circ_0007456
serving as hsa-miR-139-5p sponge. But no predicting results
were provided for the interaction of hsa_circ_0091570 and hsa-
miR-139-5p. Thus, we selected the hsa_circ_0007456 for the
following study. Hsa_circ_0007456 (circMAP2K4) derived from
mitogen activated protein kinase kinase 4 (MAP2K4) gene and
its position is located in chr17:11984672-12016677. The
expression of circMAP2K4 or hsa-miR-139-5p was the highest
in Huh7; moderate in Hep3B and MHCC97H; and lowest in
HCCLM3 (Figure S4A). In contrast, the mRNA and protein
expression of YTHDF1 were the highest in HCCLM3; moderate
in Hep3B and MHCC97H; and lowest in Huh7 (Figure S4A).
Agarose gel electrophoresis results showed that the amplified
Frontiers in Oncology | www.frontiersin.org 7184
product of divergent primers for circMAP2K4 could be detected
in cDNA but not in gDNA. (Figure S4B). Sanger sequencing also
confirmed the junction site of circMAP2K4 provided by Circular
RNA Interactome (Figure S4C). These results indicated that
circMAP2K4 was a covalently closed-loop RNA. In order to
explore the function of YTHDF1, two siRNAs were designed to
knockdown the expression of YTHDF1 in MHCC97H and
HCCLM3 cells. The results showed that these two siRNAs
could effectively decrease the mRNA and protein expression of
YTHDF1 in MHCC97H and HCCLM3 cells (Figure S4D).
Transfection of YTHDF1 siRNAs significantly inhibited the
proliferation of MHCC97H and HCCLM3 cells (Figure 6A).
Next, we explored the function of circMAP2K4 on regulating
hsa-miR-139-5p/YTHDF1 axis. Transfection of hsa-miR-139-5p
mimics or circMAP2K4 expressing plasmid could effectively
increase the expression of hsa-miR-139-5p (Figure S4E) or
A

B

C

FIGURE 4 | Relationship between m6A RNA methylation modulators and clinicopathological characteristics and gene set enrichment analysis (GSEA) in The Cancer
Genome Atlas (TCGA). (A) Comparison of YTHDF1 expression level between different pathological grades and stages. (B) Comparison of HNRNPC expression level
between different pathological grades and stages. (C) GSEA results showing the top five gene sets based on normalized enrichment score in YTHDF1 high or low
expression groups.
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circMAP2K4 (Figure S4F), respectively. The luciferase assay
showed that the luciferase activity was inhibited when co-
transfection of hsa-miR-139-5p mimics and reporter plasmids
containing circMAP2K4 wide type sequence with hsa-miR-139-
Frontiers in Oncology | www.frontiersin.org 8185
5p binding site. While the luciferase activity had no obvious
change when co-transfection of hsa-miR-139-5p mimics and
reporter plasmids containing circMAP2K4 mutant sequence
(Figure S4G). Using the miRanda algorithm, we found that
A

B

D
C

FIGURE 5 | The prognostic value of miRNAs and hub circRNA regulatory network construction in hepatocellular carcinoma (HCC). (A) The Kaplan–Meier survival
analysis of HCC cases with different miRNA expression level in The Cancer Genome Atlas (TCGA). (B) The Kaplan–Meier survival analysis of HCC cases with different
miRNA expression level in GSE31384. (C) The Kaplan–Meier survival analysis of HCC cases with different expression level of hsa-miR-139-5p and YTHDF1 in TCGA.
(D) Construction of hub circRNA regulatory network based on hsa-miR-139-5p/YTHDF1 axis. The diamond, rectangle and ellipse indicated circRNA, miRNA, and
mRNA, respectively. Yellow and light green represented up- and down-regulated, respectively.
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YTHDF1 contains miRNA response element of hsa-miR-139-5p.
Similarly, the luciferase activity of YTHDF1 wide type reporter
plasmids was significantly inhibited by transfection of hsa-miR-
139-5p mimics (Figure S4G). Transfection of hsa-miR-139-5p
mimics significantly down-regulated the mRNA and protein
expression of YTHDF1 in HCC cells, whereas these effects
were reversed by circMAP2K4 overexpression (Figure 6B).
Moreover, enforced hsa-miR-139-5p expression significantly
inhibited the proliferation of HCC cells. However, additive
circMAP2K4 overexpression partly abrogated the inhibitory
effect of hsa-miR-139-5p on cell proliferation (Figure 6C).
These results suggested that circMAPK4 acts as has-miR-139-
5p sponge to regulate the expression and activity of YTHDF1.
Frontiers in Oncology | www.frontiersin.org 9186
DISCUSSION

The m6A RNA modification is a dynamic and reversible process,
which is related to various diseases such as obesity, infertility and
cancer (21). Numerous studies have confirmed that circRNAs act
as miRNA sponges to modulate the pathogenesis of cancer,
which facilitates them to serve as diagnostic and prognostic
biomarkers and even therapeutic targets for tumors, including
HCC (22). In the present study, we demonstrated that most m6A
RNA methylation modulators are up-regulated and correlated
with the prognosis of HCC. Based on the prognostic m6A RNA
methylation modulators, a circRNA-miRNA-mRNA regulatory
network was constructed. Among this network, hsa-miR-139-
A

B

C

FIGURE 6 | Overexpression of hsa_circ_007456(circMAP2K4) reverses the inhibitory effects of miR-139-5p on the proliferation of hepatocellular carcinoma (HCC)
cells. (A) CCK8 assay showed the proliferation of HCC cells transfected with YTHDF1 siRNAs or negative control. *P < 0.05 vs. negative control. (B) qRT-PCR and
western blot analysis of YTHDF1 in HCC cells at 24 h after transfection with circMAP2K4 expressing plasmid and or miR-139-5p mimics. *P < 0.05 vs. negative
control, #P <0.05 vs. circMAP2K4+miR-M group. (C) CCK8 assay showed the proliferation of HCC cells transfected with circMAP2K4 expressing plasmid and or
miR-139-5p mimics. siNC, siRNA negative control for YTHDF1; siYTHDF1: siRNA specifically against YTHDF1, miR-NC: miRNA negative control, miR-M: miRNA
mimics, circNC: negative control for circMAP2K4 expressing plasmid. *P < 0.05 vs. negative control.
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5p/YTHDF1 axis was illustrated to be associated with
clinicopathological characteristics and prognosis of HCC.
Moreover, circMAP2K4 could serve as the hsa-miR-139-5p
sponge to up-regulate YTHDF1 expression and promote
HCC proliferation.

In this study, METTL3, YTHDF2, HNRNPC, YTHDF1, and
RBM15 were identified as the commonly prognostic m6A RNA
methylation modulators for HCC in both TCGA and ICGC
projects. Finally, 3 m6A RNA methylation modulators, namely
HNRNPC, YTHDF1, and YTHDF2, were included for the
construction of circRNA regulatory network. Our findings
were consistent with previous reports that high expression of
YTHDF1, HNRNPC, or METTL3 is related to the poor
prognosis of HCC (23–25). While high level of METTL3 or
YTHDF2 can be used as the poor prognostic factor for
hepatoblastoma (26). In addition, the combination of YTHDF1
and METTL3 can reflect the malignant degree and evaluate the
prognosis of HCC (27). Combining the biomarkers reported in
the previous reports and the prognostic m6A RNA methylation
modulators found in this study, we may try to construct a
predictive signature related to the prognosis of HCC in the
future study. This may be more beneficial to the evaluation of
the prognosis of patients with HCC.

Accumulating evidence revealed that m6A writers, erasers,
and readers participate in the development and progression of
HCC by targeting various tumor-related genes. For example,
overexpression of METTL3 promotes cell proliferation,
migration, and clonal formation by inhibiting suppressor of
cytokine signaling 2 mRNA expression in a m6A-YTHDF2-
dependent manner (28). RAD52 motif 1 (RDM1) binds to the
tumor suppressor p53 and enhances its stability, while METTL3
overexpression can significantly reduce the expression of RDM1
mRNA through m6A modification (24). In addition, knockdown
of METTL3 results in the down-regulation of Snail, a key
transcription factor of epithelial-mesenchymal transition
(EMT), thereby reducing the invasion and EMT of HCC cell
lines (29). As an m6A reader, YTHDF is also involved in the
occurrence of HCC. YTHDF1 promotes HCC progression by
enhancing FZD5 mRNA translation or AKT/GSK-3b/b-catenin
signaling activation (30, 31). YTHDF2 is involved in the decay of
IL11 and Serpine2 mRNA, which are important genes that
regulate the normalization and inflammation of vessels (32).
The expression of YTHDF2 in HCC is specifically induced by
hypoxia, and overexpression of YTHDF2 inhibits cell
proliferation, tumor growth and the activation of MEK and
ERK. Mechanistically, YTHDF2 can bind to the 3′UTR m6A
modification site of EGFR, and down-regulate the expression of
EGFR mRNA in HCC cells (33). However, the specific
mechanisms of HNRNPC in the development of HCC remain
unclear. In this study, GSEA results showed that cell cycle, base
excision repair and homologous recombination were enriched in
YTHDF1 high expression group. Emerging studies had showed
that cell cycle dysregulation and DNA damage repair are
involved in HCC progression (34, 35), which indicates that
high expression of YTHDF1 may promote the progression of
HCC by regulating cell cycle progression and DNA damage
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repair. We also confirmed that knockdown the expression of
YTHDF1 could inhibit the proliferation of HCC. These findings
explain to some extent the reasons for high YTHDF1 expression
was associated with high pathological grade, advanced TNM
stage and poor survival of HCC in both TCGA and ICGC
project. Combining the reported results with our findings
indicate that m6A RNA methylation modulators play
important roles in the occurrence and development of HCC.

Previous studies have demonstrated that some miRNAs
participate in the regulation of RNA methylation modulators.
For instance, hsa-miR-145 and YTHDF2 mRNA levels were
negatively correlated in HCC tissues and overexpression of hsa-
miR-145 could down-regulate the expression of YTHDF2,
thereby increasing the mA level in HCC cells (36). In
hepatoblastoma, METTL3 is identified as a direct target of hsa-
miR-186, and the hsa-miR-186/METTL3 axis participates in the
progress of hepatoblastoma through theWnt/b-catenin signaling
pathway (26). In this study, YTHDF1 was predicted to be the
target gene of hsa-miR-139-5p and hsa-miR-767-5p with a co-
expression relationship, and HNRNPC was co-expressed with
and predicted to be targeted by hsa-miR-335-5p. There are no
reports about these miRNAs acting on these m6A regulators right
now. However, all three miRNAs have been shown to be involved
in the development of HCC. For example, high expression of
hsa-miR-139-5p and hsa-miR-335-5p can inhibit the
proliferation and invasion of HCC cells and induce tumor
shrinkage (37, 38). While HCC cells with hsa-miR-767-5p
overexpression have significantly higher proliferation,
migration and invasion potential (39). In addition, many
studies have confirmed that high expression of hsa-miR-139-
5p is associated with a better prognosis of HCC (37, 40).
Different from previous studies, we firstly found that hsa-miR-
139-5p could act on m6A RNA methylation modulator to
regulate the progress of HCC. The present study demonstrated
that the expression of hsa-miR-139-5p is negatively correlated
with YTHDF1. High expression of hsa-miR-139-5p is associated
with a lower grade, an earlier clinical stage, and a better
prognosis of HCC, while high expression of YTHDF1 shows
the contrast relationship. Moreover, in-vitro experiments also
demonstrated that overexpression of hsa-miR-139-5p could
inhibit the proliferation of HCC by targeting YTHDF1. These
findings suggest that hsa-miR-139-5p/YTHDF1 regulatory axis
play an important role in the development of HCC.

According to the important role of hsa-miR-139-5p/YTHDF1
regulatory axis in the progression of HCC, we further evaluated
the candidate circRNAs involving in regulating hsa-miR-139-5p
and hsa_circ_0007456 and hsa_circ_0091570 were identified
finally. As for hsa_circ_0091570, it serves as hsa-miR-1307
sponge and its inhibition promotes HCC cell proliferation,
migration and tumor growth in the mouse xenograft model
(41). However, to date, the function of hsa_circ_0007456
(circMAP2K4) has not been reported in HCC, which
encourages us to test whether circMAP2K4 can also function
as miRNA sponge like hsa_circ_0091570 in regulating the
proliferation of HCC. We firstly demonstrated that
circMAP2K4, hsa-miR-139-5p and YTHDF1 participate in
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regulating the proliferation of HCC. Importantly, we validated
that circMAP2K4 has the bind site for hsa-miR-139-5p and
could reverse the repression of hsa-miR-139-5p on YTHDF1,
thus eliminating the inhibitory effect of hsa-miR-139-5p on cell
proliferation. YTHDF1 high expression was correlated with high
pathological grade and advanced stage, which indicates YTHDF1
may be involved in the migration and metastasis of HCC. Indeed,
previous studies have confirmed that upregulation of YTHDF1
improve the migratory and invasive capabilities of HCC cells (30,
31), which provide clues for the investigation of circMAP2K4/
miR-139-5p/YTHDF1 axis in the migration and metastasis of
HCC in our future study.

There are several limitations in this study. First, the datasets
included in this study were from different sources, in which the
circRNA data were obtained from the microarray data of GEO,
while the data of miRNA and m6A RNAmethylation modulators
were obtained from the sequencing data of TCGA or ICGC.
Different data sources may affect the reliability of the conclusions
to a certain extent. There was no survival information related to
the circRNAmicroarray of HCC in GEO database and due to our
lack of HCC tissues, we were unable to evaluate the prognostic
value of circRNAs for HCC. Second, due to the limited datasets
included in this study, it may lead to that these identified
DERNAs were not the most representative although we have
verified the expression status of DERNAs through different
databases. Moreover, with the advancement of technology and
research, more and more m6A RNA methylation modulators are
discovered. In this study, only 13 m6A RNA methylation
modulators were included for analysis, and the threshold for
circRNA selection was relatively strict, which may lead to the loss
of some DEcircRNAs and m6A RNA methylation modulators.

In conclusion, we utilize the m6A RNA methylation modulators
with prognostic value combined with DEcircRNAs and DEmiRNAs
to construct a circRNA regulatory network in HCC. Among this
network, the expressionof hsa-miR-139-5pwasnegatively correlated
with YTHDF1. hsa-miR-139-5p low or YTHDF1 high expression
was illustrated to be associated with high grade, advanced stage and
poor prognosis of HCC. The hub circRNA regulatory network was
constructed based on hsa-miR-139-5p/YTHDF1 axis. In the hub
network, circMAP2K4 could serve as the hsa-miR-139-5p sponge to
Frontiers in Oncology | www.frontiersin.org 11188
up-regulate YTHDF1 expression and promote HCC proliferation.
Our findings indicate that certain circRNA regulatory network is
involved in the regulation ofm6ARNAmethylationmodulators and
provide a novel insight intomechanism study and therapeutic targets
for HCC.
DATA AVAILABILITY STATEMENT

Publicly available data sets were analyzed in this study. These
data can be found here: TCGA; ICGC; GSE31384; GSE94508;
GSE97332; GSE78520.
AUTHOR CONTRIBUTIONS

YuC designed the study and conducted the experiment. FC
performed the specific procedures and wrote the manuscript.
YoC analyzed the data and made the pictures and graphs. All the
authors have read and approved the manuscript. All authors
contributed to the article and approved the submitted version.
FUNDING

This study was supported by Natural Science Foundation of
Guangdong Province (grant no. 2019A1515011652),
Outstanding Youth Development Scheme of Nanfang Hospital,
Southern Medical University (grant no. 2019J006), President
Foundation of Nanfang Hospital, Southern Medical University
(grant no. 2018C001), and National Natural Science Foundation
of China (grant no. 81903132).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
560506/full#supplementary-material
REFERENCES

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA: Cancer J Clin (2018) 68(6):394–424.
doi: 10.3322/caac.21492

2. Yang JD,Hainaut P, GoresGJ, AmadouA, PlymothA, Roberts LR.A global view
of hepatocellular carcinoma: trends, risk, prevention and management. Nat Rev
Gastroenterol Hepatol (2019) 16(10):589–604. doi: 10.1038/s41575-019-0186-y

3. Roundtree IA, Evans ME, Pan T, He C. Dynamic RNA Modifications in Gene
Expression Regulation. Cell (2017) 169(7):1187–200. doi: 10.1016/j.cell.2017.05.045

4. He L, Li H,Wu A, Peng Y, Shu G, Yin G. Functions of N6-methyladenosine and
its role in cancer.Mol Cancer (2019) 18(1):176. doi: 10.1186/s12943-019-1109-9

5. Zeng C, Huang W, Li Y, Weng H. Roles of METTL3 in cancer: mechanisms
and therapeutic targeting. J Hematol Oncol (2020) 13(1):117. doi: 10.1186/
s13045-020-00951-w
6. Weng H, Huang H, Wu H, Qin X, Zhao BS, Dong L, et al. METTL14 Inhibits
Hematopoietic Stem/Progenitor Differentiation and Promotes
Leukemogenesis via mRNA m(6)A Modification. Cell Stem Cell (2018) 22
(2):191–205.e9. doi: 10.1016/j.stem.2017.11.016

7. Ping XL, Sun BF, Wang L, Xiao W, Yang X, Wang WJ, et al. Mammalian
WTAP is a regulatory subunit of the RNA N6-methyladenosine
methyltransferase. Cell Res (2014) 24(2):177–89. doi: 10.1038/cr.2014.3

8. Xie Y, Castro-Hernández R, Sokpor G, Pham L, Narayanan R, Rosenbusch J,
et al. RBM15 Modulates the Function of Chromatin Remodeling Factor
BAF155 Through RNA Methylation in Developing Cortex. Mol Neurobiol
(2019) 56(11):7305–20. doi: 10.1007/s12035-019-1595-1

9. Hu Y, Ouyang Z, Sui X, Qi M, Li M, He Y, et al. Oocyte competence is
maintained by m(6)A methyltransferase KIAA1429-mediated RNA
metabolism during mouse follicular development. Cell Death Differ (2020)
27(8):2468–83. doi: 10.1038/s41418-020-0516-1

10. Mathiyalagan P, Adamiak M, Mayourian J, Sassi Y, Liang Y, Agarwal N, et al.
FTO-Dependent N(6)-Methyladenosine Regulates Cardiac Function During
February 2021 | Volume 11 | Article 560506

https://www.frontiersin.org/articles/10.3389/fonc.2021.560506/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.560506/full#supplementary-material
https://doi.org/10.3322/caac.21492
https://doi.org/10.1038/s41575-019-0186-y
https://doi.org/10.1016/j.cell.2017.05.045
https://doi.org/10.1186/s12943-019-1109-9
https://doi.org/10.1186/s13045-020-00951-w
https://doi.org/10.1186/s13045-020-00951-w
https://doi.org/10.1016/j.stem.2017.11.016
https://doi.org/10.1038/cr.2014.3
https://doi.org/10.1007/s12035-019-1595-1
https://doi.org/10.1038/s41418-020-0516-1
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Chi et al. CircMAP2K4 Modulates YTHDF1 in HCC
Remodeling and Repair. Circulation (2019) 139(4):518–32. doi: 10.1161/
circulationaha.118.033794

11. Zhang S, Zhao BS, Zhou A, Lin K, Zheng S, Lu Z, et al. m(6)A Demethylase
ALKBH5 Maintains Tumorigenicity of Glioblastoma Stem-like Cells by
Sustaining FOXM1 Expression and Cell Proliferation Program. Cancer Cell
(2017) 31(4):591–606.e6. doi: 10.1016/j.ccell.2017.02.013

12. Liu S, Li G, Li Q, Zhang Q, Zhuo L, Chen X, et al. The roles and mechanisms
of YTH domain-containing proteins in cancer development and progression.
Am J Cancer Res (2020) 10(4):1068–84.

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

14. Jeck WR, Sorrentino JA, Wang K, Slevin MK, Burd CE, Liu J, et al. Circular
RNAs are abundant, conserved, and associated with ALU repeats. RNA (New
York NY) (2013) 19(2):141–57. doi: 10.1261/rna.035667.112

15. Lei K, Bai H, Wei Z, Xie C, Wang J, Li J, et al. The mechanism and function of
circular RNAs in human diseases. Exp Cell Res (2018) 368(2):147–58.
doi: 10.1016/j.yexcr.2018.05.002

16. Kolde R, Laur S, Adler P, Vilo J. Robust rank aggregation for gene list
integration and meta-analysis. Bioinf (Oxford Engl) (2012) 28(4):573–80.
doi: 10.1093/bioinformatics/btr709

17. Tokar T, Pastrello C, Rossos AEM, Abovsky M, Hauschild AC, Tsay M, et al.
mirDIP 4.1-integrative database of human microRNA target predictions.
Nucleic Acids Res (2018) 46(D1):D360–d70. doi: 10.1093/nar/gkx1144

18. Chen Y, Yuan B, Chen G, Zhang L, Zhuang Y, Niu H, et al. Circular RNA
RSF1 promotes inflammatory and fibrotic phenotypes of irradiated hepatic
stellate cell by modulating miR-146a-5p. J Cell Physiol (2020) 235(11):8270–
82. doi: 10.1002/jcp.29483

19. Yang Z, Wu L, Wang A, Tang W, Zhao Y, Zhao H, et al. dbDEMC 2.0:
updated database of differentially expressed miRNAs in human cancers.
Nucleic Acids Res (2017) 45(D1):D812–d8. doi: 10.1093/nar/gkw1079

20. Lian Q, Wang S, Zhang G, Wang D, Luo G, Tang J, et al. HCCDB: A Database
of Hepatocellular Carcinoma Expression Atlas. Genomics Proteomics Bioinf
(2018) 16(4):269–75. doi: 10.1016/j.gpb.2018.07.003

21. Frye M, Harada BT, Behm M, He C. RNA modifications modulate gene
expression during development. Science (New York NY) (2018) 361
(6409):1346–9. doi: 10.1126/science.aau1646

22. Fu L, Jiang Z, Li T, Hu Y, Guo J. Circular RNAs in hepatocellular carcinoma:
Functions and implications. Cancer Med (2018) 7(7):3101–9. doi: 10.1002/
cam4.1574

23. Tremblay MP, Armero VE, Allaire A, Boudreault S, Martenon-Brodeur C,
Durand M, et al. Global profiling of alternative RNA splicing events provides
insights into molecular differences between various types of hepatocellular
carcinoma. BMC Genomics (2016) 17:683. doi: 10.1186/s12864-016-3029-z

24. Chen SL, Liu LL, Wang CH, Lu SX, Yang X, He YF, et al. Loss of RDM1
enhances hepatocellular carcinoma progression via p53 and Ras/Raf/ERK
pathways. Mol Oncol (2020) 14(2):373–86. doi: 10.1002/1878-0261.12593

25. Zhao X, Chen Y, Mao Q, Jiang X, Jiang W, Chen J, et al. Overexpression of
YTHDF1 is associated with poor prognosis in patients with hepatocellular
carcinoma. Cancer Biomarkers section A Dis Markers (2018) 21(4):859–68.
doi: 10.3233/cbm-170791

26. Cui X, Wang Z, Li J, Zhu J, Ren Z, Zhang D, et al. Cross talk between RNAN6-
methyladenosine methyltransferase-like 3 and miR-186 regulates
hepatoblastoma progression through Wnt/beta-catenin signalling pathway.
Cell Proliferation (2020) 53(3):e12768. doi: 10.1111/cpr.12768

27. Zhou Y, Yin Z, Hou B, Yu M, Chen R, Jin H, et al. Expression profiles and
prognostic significance of RNA N6-methyladenosine-related genes in patients
with hepatocellular carcinoma: evidence from independent datasets. Cancer
Manage Res (2019) 11:3921–31. doi: 10.2147/cmar.S191565

28. Chen M, Wei L, Law CT, Tsang FH, Shen J, Cheng CL, et al. RNA N6-
methyladenosine methyltransferase-like 3 promotes liver cancer progression
Frontiers in Oncology | www.frontiersin.org 12189
through YTHDF2-dependent posttranscriptional silencing of SOCS2. Hepatol
(Baltimore Md) (2018) 67(6):2254–70. doi: 10.1002/hep.29683

29. Lin X, Chai G, Wu Y, Li J, Chen F, Liu J, et al. RNA m(6)A methylation
regulates the epithelial mesenchymal transition of cancer cells and translation
of Snail. Nat Commun (2019) 10(1):2065. doi: 10.1038/s41467-019-09865-9

30. Liu X, Qin J, Gao T, Li C, He B, Pan B, et al. YTHDF1 Facilitates the
Progression of Hepatocellular Carcinoma by Promoting FZD5 mRNA
Translation in an m6A-Dependent Manner. Mol Ther Nucleic Acids (2020)
22:750–65. doi: 10.1016/j.omtn.2020.09.036

31. Bian S, Ni W, Zhu M, Song Q, Zhang J, Ni R, et al. Identification and
Validation of the N6-Methyladenosine RNA Methylation Regulator YTHDF1
as a Novel Prognostic Marker and Potential Target for Hepatocellular
Carcinoma. Front Mol Biosci (2020) 7:604766. doi: 10.3389/fmolb.
2020.604766

32. Hou J, Zhang H, Liu J, Zhao Z, Wang J, Lu Z, et al. YTHDF2 reduction fuels
inflammation and vascular abnormalization in hepatocellular carcinoma.Mol
Cancer (2019) 18(1):163. doi: 10.1186/s12943-019-1082-3

33. Zhong L, Liao D, Zhang M, Zeng C, Li X, Zhang R, et al. YTHDF2 suppresses
cell proliferation and growth via destabilizing the EGFR mRNA in
hepatocellular carcinoma. Cancer Lett (2019) 442:252–61. doi: 10.1016/
j.canlet.2018.11.006

34. Zhang L, Huo Q, Ge C, Zhao F, Zhou Q, Chen X, et al. ZNF143-mediated
H3K9 trimethylation upregulates CDC6 by activating MDIG in hepatocellular
carcinoma. Cancer Res (2020) 80(12):2599–611. doi: 10.1158/0008-5472.Can-
19-3226

35. Chen CC, Chen CY, Ueng SH, Hsueh C, Yeh CT, Ho JY, et al. Corylin
increases the sensitivity of hepatocellular carcinoma cells to chemotherapy
through long noncoding RNA RAD51-AS1-mediated inhibition of DNA
repair. Cell Death Dis (2018) 9(5):543. doi: 10.1038/s41419-018-0575-0

36. Yang Z, Li J, Feng G, Gao S, Wang Y, Zhang S, et al. MicroRNA-145
Modulates N(6)-Methyladenosine Levels by Targeting the 3’-Untranslated
mRNA Region of the N(6)-Methyladenosine Binding YTH Domain Family 2
Protein. J Biol Chem (2017) 292(9):3614–23. doi: 10.1074/jbc.M116.749689

37. Hua S, Lei L, Deng L, Weng X, Liu C, Qi X, et al. miR-139-5p inhibits aerobic
glycolysis, cell proliferation, migration, and invasion in hepatocellular
carcinoma via a reciprocal regulatory interaction with ETS1. Oncogene
(2018) 37(12):1624–36. doi: 10.1038/s41388-017-0057-3

38. Wang F, Li L, Piontek K, Sakaguchi M, Selaru FM. Exosome miR-335 as a
novel therapeutic strategy in hepatocellular carcinoma. Hepatol (Baltimore
Md) (2018) 67(3):940–54. doi: 10.1002/hep.29586

39. Zhang L, Geng Z, Wan Y, Meng F, Meng X, Wang L. Functional analysis of
miR-767-5p during the progression of hepatocellular carcinoma and the
clinical relevance of its dysregulation. Histochem Cell Biol (2020) 154
(2):231–43. doi: 10.1007/s00418-020-01878-6

40. Wang X, Gao J, Zhou B, Xie J, Zhou G, Chen Y. Identification of prognostic
markers for hepatocellular carcinoma based on miRNA expression profiles.
Life Sci (2019) 232:116596. doi: 10.1016/j.lfs.2019.116596

41. Wang YG, Wang T, Ding M, Xiang SH, Shi M, Zhai B. hsa_circ_0091570 acts
as a ceRNA to suppress hepatocellular cancer progression by sponging hsa-
miR-1307. Cancer Lett (2019) 460:128–38. doi: 10.1016/j.canlet.2019.06.007

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 Chi, Cao and Chen. 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.
February 2021 | Volume 11 | Article 560506

https://doi.org/10.1161/circulationaha.118.033794
https://doi.org/10.1161/circulationaha.118.033794
https://doi.org/10.1016/j.ccell.2017.02.013
https://doi.org/10.1158/0008-5472.Can-18-2965
https://doi.org/10.1158/0008-5472.Can-18-2965
https://doi.org/10.1261/rna.035667.112
https://doi.org/10.1016/j.yexcr.2018.05.002
https://doi.org/10.1093/bioinformatics/btr709
https://doi.org/10.1093/nar/gkx1144
https://doi.org/10.1002/jcp.29483
https://doi.org/10.1093/nar/gkw1079
https://doi.org/10.1016/j.gpb.2018.07.003
https://doi.org/10.1126/science.aau1646
https://doi.org/10.1002/cam4.1574
https://doi.org/10.1002/cam4.1574
https://doi.org/10.1186/s12864-016-3029-z
https://doi.org/10.1002/1878-0261.12593
https://doi.org/10.3233/cbm-170791
https://doi.org/10.1111/cpr.12768
https://doi.org/10.2147/cmar.S191565
https://doi.org/10.1002/hep.29683
https://doi.org/10.1038/s41467-019-09865-9
https://doi.org/10.1016/j.omtn.2020.09.036
https://doi.org/10.3389/fmolb.2020.604766
https://doi.org/10.3389/fmolb.2020.604766
https://doi.org/10.1186/s12943-019-1082-3
https://doi.org/10.1016/j.canlet.2018.11.006
https://doi.org/10.1016/j.canlet.2018.11.006
https://doi.org/10.1158/0008-5472.Can-19-3226
https://doi.org/10.1158/0008-5472.Can-19-3226
https://doi.org/10.1038/s41419-018-0575-0
https://doi.org/10.1074/jbc.M116.749689
https://doi.org/10.1038/s41388-017-0057-3
https://doi.org/10.1002/hep.29586
https://doi.org/10.1007/s00418-020-01878-6
https://doi.org/10.1016/j.lfs.2019.116596
https://doi.org/10.1016/j.canlet.2019.06.007
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Shicheng Guo,

University of Wisconsin-Madison,
United States

Reviewed by:
Jian Zhang,

University of Texas Health Science
Center at Houston, United States

Wei Zhao,
Chengdu Medical College, China

Xin Zhang,
Jiangmen Central Hospital, China

Vaibhav Shukla,
Manipal Academy of Higher Education,

India
Nan Lin,

Regeneron Genetic Center,
United States

*Correspondence:
Shuhui Song

songshh@big.ac.cn
Zhang Zhang

zhangzhang@big.ac.cn

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Cancer Genetics,
a section of the journal
Frontiers in Oncology

Received: 31 October 2020
Accepted: 06 January 2021

Published: 23 February 2021

Citation:
Liu X, Wang P, Teng X, Zhang Z and

Song S (2021) Comprehensive
Analysis of Expression Regulation for

RNA m6A Regulators With Clinical
Significance in Human Cancers.

Front. Oncol. 11:624395.
doi: 10.3389/fonc.2021.624395

ORIGINAL RESEARCH
published: 23 February 2021

doi: 10.3389/fonc.2021.624395
Comprehensive Analysis of
Expression Regulation for RNA m6A
Regulators With Clinical Significance
in Human Cancers
Xiaonan Liu1,2†, Pei Wang1,3†, Xufei Teng1,3†, Zhang Zhang1,2,3,4* and Shuhui Song1,3,4*

1 National Genomics Data Center, Beijing Institute of Genomics (China National Center for Bioinformation), Chinese Academy
of Sciences, Beijing, China, 2 School of Future Technology, University of Chinese Academy of Sciences, Beijing, China,
3 College of Life Sciences, University of Chinese Academy of Sciences, Beijing, China, 4 CAS Key Laboratory of Genome
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Background: N6-methyladenosine (m6A), the most abundant chemical modification on
eukaryotic messenger RNA (mRNA), is modulated by three class of regulators namely
“writers,” “erasers,” and “readers.” Increasing studies have shown that aberrant
expression of m6A regulators plays broad roles in tumorigenesis and progression.
However, it is largely unknown regarding the expression regulation for RNA m6A
regulators in human cancers.

Results: Here we characterized the expression profiles of RNA m6A regulators in 13
cancer types with The Cancer Genome Atlas (TCGA) data. We showed that METTL14,
FTO, and ALKBH5 were down-regulated in most cancers, whereas YTHDF1 and
IGF2BP3 were up-regulated in 12 cancer types except for thyroid carcinoma (THCA).
Survival analysis further revealed that low expression of several m6A regulators displayed
longer overall survival times. Then, we analyzed microRNA (miRNA)-regulated and DNA
methylation-regulated expression changes of m6A regulators in pan-cancer. In total, we
identified 158 miRNAs and 58 DNA methylation probes (DMPs) involved in expression
regulation for RNA m6A regulators. Furthermore, we assessed the survival significance of
those regulatory pairs. Among them, 10 miRNAs and 7 DMPs may promote cancer
initiation and progression; conversely, 3 miRNA/mRNA pairs in kidney renal clear cell
carcinoma (KIRC) may exert tumor-suppressor function. These findings are indicative of
their potential prognostic values. Finally, we validated two of those miRNA/mRNA pairs
(hsa-miR-1307-3p/METTL14 and hsa-miR-204-5p/IGF2BP3) that could serve a critical
role for potential clinical application in KIRC patients.

Conclusions: Our findings highlighted the importance of upstream regulation (miRNA and
DNA methylation) governing m6A regulators’ expression in pan-cancer. As a result, we
identified several informative regulatory pairs for prognostic stratification. Thus, our study
provides new insights into molecular mechanisms of m6A modification in human cancers.
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February 2021 | Volume 11 | Article 6243951190

https://www.frontiersin.org/articles/10.3389/fonc.2021.624395/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.624395/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.624395/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.624395/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:songshh@big.ac.cn
mailto:zhangzhang@big.ac.cn
https://doi.org/10.3389/fonc.2021.624395
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.624395
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.624395&domain=pdf&date_stamp=2021-02-23


Liu et al. Upstream Regulation of m6A Regulators
INTRODUCTION

N6-methyladenosine (m6A) is the most abundant modification
on eukaryotic mRNA. It plays crucial roles in various biological
processes, including neuronal development, spermatogenesis,
immune response, cell fate transition, and tumorigenesis (1–5).
Dynamic m6Amodification is regulated by RNAm6A regulators
including methyltransferases, demethylases, and binding
proteins, also known as “writers,” “erasers,” and “readers.”
METTL3, METTL14, and WTAP are core components of m6A
methyltransferase complex (6–8). In addition to the core
components, other associated regulatory subunits were also
reported in succession, including KIAA1429, ZFP217, RBM15,
RBM15B, and CBLL1 (9–11). The m6A demethylases FTO and
ALKBH5 can remove m6A mark in the nucleus (2, 12). Several
m6A binding proteins have been identified, such as YTH family
proteins (YTHDF1/2/3, YTHDC1/2) (13–15) and IGF2BP
family proteins (IGF2BP1/2/3) (16–18). Moreover, HNRNPC,
HNRNPA2B1, and EIF3A also function as “readers” (19, 20).
Overall, it is of great significance to elucidate the potential
molecular mechanisms of m6A regulators in distinct
biological contexts.

Studies have revealed that m6A modification is of essence in
tumorigenesis and progression (e.g., bladder cancer, gliomas,
ovarian carcinoma, colorectal carcinoma, hepatocellular
carcinoma, clear cell renal cell carcinoma, endometrial cancer,
breast cancer, and non-small cell lung cancer) (21–29) by
controlling distinct oncogenic pathways. In addition, it has
been discovered that m6A regulators have widespread genetic
alterations and transcriptional dysregulation in pan-cancer,
which can disturb a large number of cancer-related molecular
pathways (30). Although the role of m6A modification in
oncogenic pathways has been extensively documented in
previous studies, the molecular determinants responsible for
transcriptional dysregulation of RNA m6A regulators remain
unclear. Thus, a deeper understanding is urgently needed.

As known, gene expression is regulated at multiple levels, such as
epigenetics, transcription, post-transcription, and post-translation.
Among them, microRNA (miRNA) and DNA methylation were
widely studied for gene expression regulation (31, 32).
Accumulating evidences imply that miRNA can affect the
expression of oncogenes and tumor suppressor genes (33–35). For
example, hsa-miR-140-5p influences cervical cancer growth and
metastasis by targeting IGF2BP1 (36). In addition, aberrant DNA
methylation patterns can also alter gene expression during cancer
onset and progression (37–39). For example, hypomethylation of
IGF2BP3 can result in its overexpression in breast cancer (40).
Therefore, comprehensive analysis of RNA m6A regulators
Abbreviations: BRCA, breast invasive carcinoma; COAD, colon adenocarcinoma;
HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe;
KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell
carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma;
LUSC, lung squamous cell carcinoma; PRAD, prostate adenocarcinoma; STAD,
stomach adenocarcinoma; THCA, thyroid carcinoma; UCEC, uterine corpus
endometrial carcinoma; m6A, N6-methyladenosine; TCGA, The Cancer
Genome Atlas; DMPs, DNA methylation probes; ssGSEA, single sample gene
set enrichment analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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transcriptional dysregulation from miRNA and DNA methylation
levels would be desirable to better understand the underlying
mechanisms of m6A expression regulation.

In this study, we first profiled the expression variation map of
RNA m6A regulators in multiple cancers. Then, we explored the
regulatory roles of miRNA and DNA methylation in m6A
regulators transcriptional changes. Moreover, we uncovered
several key miRNAs and DNA methylation probes (DMPs). They
could not only alter the expression of their corresponding m6A
regulators but also act as prognostic predictors. Further analysis of
these identified miRNA/mRNA regulatory pairs in kidney renal
clear cell carcinoma (KIRC) clearly depicted their associations with
cancer progression. Overall, our integrative analysis revealed the
upstream regulatory landscape of m6A regulators, which may
provide new insights into molecular mechanisms of m6A
modification in human cancers and help researchers develop
novel targets for cancer diagnosis and treatment.
MATERIALS AND METHODS

A bioinformatics pipeline was developed to identify upstream
regulatory factors of m6A regulators (Figure S1). The detailed
methods and tools were described as follows.

Data Collection and Processing
Multidimensional omics data (including mRNA expression,
miRNA expression, and DNA methylation) of The Cancer
Genome Atlas (TCGA) cancers and the corresponding clinical
data were downloaded from the Broad GDAC Firehose
(Stddata_2016_01_28 version, http://gdac.broadinstitute.org/).
The mRNA expression data at level 3 in RNA-Seq by
expectation maximization (RSEM) format, miRNA expression
data in normalized reads per million (RPM) format, 450K DNA
methylation array data in b-value format, as well as clinical data
at level 4 were used for further analysis. To increase the
credibility of comparison between tumor and normal samples,
primary solid cancers with more than 25 normal samples were
retained. The details of all collected datasets used in this study
were summarized in Table S1.

Integrative Analysis of miRNA and mRNA
Expression Profiles
For miRNA-regulated m6A regulators analysis, the regulatory
pairs were downloaded from TargetScan (v7.0, http://www.
targetscan.org/) (41) and miRTarBase (v8.0, http://mirtarbase.
mbc.nctu.edu.tw/) (42). Thus, for each miRNA/mRNA pair,
Spearman correlation analysis was performed using normalized
expression values of mRNA-seq and miRNA-seq data. Anti-
correlated miRNA/mRNA regulatory pairs (Spearman
correlation coefficient (r) < 0, p-value < 0.05) were identified in
tumor and normal samples, respectively (43, 44). Furthermore,
the Wilcoxon rank sum test was used to identify differentially
expressed miRNAs and genes (adjusted p-value < 0.05),
separately. The p-value was adjusted by the false discovery rate
(FDR) method. The definition of up-regulation (or down-
regulation) was that the average expression value of tumor
February 2021 | Volume 11 | Article 624395
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samples was greater (or lower) than that of normal samples. All
regulatory pairs, consisting of an up-regulated (or down-
regulated) miRNA and its target, a down-regulated (or up-
regulated) gene, were screened to build a network with the
igraph package in R. The network allowed identifying hub
nodes. The nodes with connections greater than or equal to 4
in each cancer were defined as hub genes. The definition of hub
miRNA was that the connection of the node was not less than 2
in one cancer. Specifically, the disease and pathway enrichment
analyses were performed with the online tool miEAA (v2.0,
http://www.ccb.uni-saarland.de/mieaa_tool/) (45). The
miRNAs from the network were picked to run miEAA using
the miRNA enrichment analysis, in which two categories
(disease items from the MNDR database and pathway items
from the miRWalk database) were selected with default
parameters’ setting. The ggplot2 package in R was used
for visualization.

Integrative Analysis of DNA Methylation
and Gene Expression Profiles
To determine the regulation of DNA methylation on m6A
regulators, DMPs in the promoter regions (TSS200 and TSS1500)
of m6A regulators were selected. Spearman correlation analysis was
performed on m6A regulators and their corresponding DMPs (46).
As those DMPs are negatively regulating their target genes, anti-
correlated regulator pairs (r < 0, p-value < 0.05) in tumor and
normal samples were obtained. Afterward, differential methylation
analysis was performed on DMPs using the ChAMP package in R.
The DMPs were defined as hypermethylation (or hypomethylation)
when the average b value of tumor samples was greater (or lower)
than that of normal samples. Only those DMPs satisfying the
criteria of FDR < 0.05 were considered as statistically significant
(47). All these regulatory pairs were used to construct a biological
network. The igraph package in R was used to visualize the
regulatory network.

Identification of Potential Prognostic
Regulatory Pairs From the Network
To assess the regulatory pairs with survival outcomes, patients were
divided into two groups according to the median value of gene
expression or methylation. Patients were defined as high expression
or hypermethylation group if their expression or methylation values
were greater than the median value. Otherwise, patients were
defined as low expression or hypomethylation group. Patient
survival between the two groups was assessed via Cox regression
analysis. The significance of survival differences was estimated in
terms of p-value. The regulatory pairs will be considered to have an
impact on the prognosis of patients if both p-values were lower than
0.05. Kaplan-Meier survival curves were plotted using two R
packages (survminer and survival).

Construction of Prognostic Risk
Prediction Model
To acquire the main factors with better prediction effect, the least
absolute shrinkage and selection operator (LASSO) Cox
regression algorithm was implemented on four potential
Frontiers in Oncology | www.frontiersin.org 3192
prognostic regulatory pairs in KIRC with paired miRNA-seq
and mRNA-seq data from TCGA. The patients were randomly
divided into training dataset (n = 200) and test dataset (n = 49).
The survival and glmnet packages in R were utilized to determine
key factors. The risk model was constructed by the following
formula:

RiskScore =on
1ri Exp (i)

where ri is regression coefficient, and Exp(i) is the expression
value of the corresponding factor. According to the median value
of risk scores, patients were divided into high-risk and low-risk
groups respectively. The LASSO regression factor was selected by
the minimum value of partial likelihood binomial deviance.

GO and KEGG Enrichment Analysis
Differentially expressed genes (DEGs) between the high-risk and
low-risk groups were determined utilizing the Wilcoxon rank
sum test. The functional enrichment analysis of DEGs was
performed using DAVID (48). Those terms with p-value lower
than 0.05 were selected for subsequent analysis. The ggplot2
package was used to visualize the enrichment analysis results.
The similarity of these enriched terms was measured with the R
package GOSemSim (49).

Protein-Protein Interaction (PPI)
Network Construction
The PPI network was constructed on STRING (v11.0, https://
string-db.org/). The key different modules were selected using
MCODE in Cytoscape (v3.7.0).

Immune Infiltration Analysis
The ESTIMATE algorithm was used to calculate the immune
score, stromal score, and tumor purity. The marker genes of each
immune cell type were collected from previous studies (50). The
ssGSEA method (51) was applied to quantify the infiltration
degrees of 28 immune cell types in the tumor microenvironment.
RESULTS

Comprehensive Expression Analysis
Revealed the Prognostic Values of m6A
Regulators in Cancers
The dynamic m6A modification is regulated by m6A “writers,”
“erasers,” and “readers” (Figure 1A). We totally obtained 21
RNA m6A regulators including 8 “writers,” 2 “erasers,” and 11
“readers” through literature curation. We first elucidated the
expression characteristics of these regulators in a pan-cancer
context (Figure 1B): (i) Expression changes of some clusters
(YTHDF family, IGF2BP family, METTL14, FTO, and ALKBH5)
were consistent in selected cancers. For example, YTHDF1 and
IGF2BP3 were up-regulated in 11 cancer types except for THCA.
METTL14 was down-regulated in all 11 cancer types while FTO
and ALKBH5 were down-regulated in most cancer types except
for KIRC. (ii) Expression alterations of m6A regulators in THCA
February 2021 | Volume 11 | Article 624395
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exhibited a specific pattern among all 13 cancers. Most RNA
m6A regulators were significantly down-regulated in THCA
except for RBM15B, HNRNPC, and IGF2BP2. These findings
suggest that there are multiple mechanisms capable of controlling
gene expression of m6A regulators in distinct cancers.

Combined with clinical data, we further investigated expression
patterns of all m6A regulators in four different cancer stages (stage I,
stage II, stage III, and stage IV), a widely used signature for
predicting the outcomes of patients (Table S2). Two patterns
significantly associated with cancer staging were observed: a
decreased expression level of RBM15B in breast invasive
carcinoma (BRCA) and ZC3H13 in KIRC was accompanied by
the progression of cancer stages, while YTHDF1 in liver
hepatocellular carcinoma (LIHC) and IGF2BP3 in kidney renal
papillary cell carcinoma (KIRP) showed the increased expression
pattern (Figure 1C). Since cancer staging is primarily defined by
clinicopathologic features, these observations suggest that m6A
regulators may influence patients’ survival. Furthermore, we
Frontiers in Oncology | www.frontiersin.org 4193
depicted a landscape for strongly survival-related genes across 13
cancer types, and then identified several potential oncogenes and
tumor suppressor genes (Figure 1D). For instance, IGF2BP1 and
IGF2BP3 showed an oncogenic role in KIRC and lung
adenocarcinoma (LUAD). While METTL14 and YTHDC2
functioned as tumor suppressors in KIRC. Both the IGF2BP
family proteins, METTL14, and YTHDC2 can function in cancers
through directing m6A-modified mRNAs. Together, these results
indicate that m6A regulators can be used to develop novel
treatment strategies.

Identification of miRNAs Targeting m6A
Regulators in Pan-Cancer
As mentioned above, the expression of m6A regulators had a
significant difference between tumor and normal samples. Thus,
in what follows, we aimed to investigate their upstream
regulatory factors that can regulate the expression of these
genes. From 1,255 predicted and experimentally confirmed
A B

DC

FIGURE 1 | Pan-cancer expression alterations and prognostic values of m6A regulators. (A) RNA m6A modification is regulated by RNA m6A regulators, including
“writers”-methyltransferase, “erasers”-demethylase, and “readers”-RNA m6A binding proteins. “Writers” consist of core components METTL3, METTL14, WTAP and
other factors (KIAA1429, ZFP217, RBM15, RBM15B, and CBLL1). FTO and ALKBH5 are two “erasers.” “Readers” include HNRNPC, HNRNPA2B1, YTHDF1,
YTHDF2, YTHDF3, YTHDC1, YTHDC2, IGF2BP1, IGF2BP2, IGF2BP3, and EIF3A. (B) Expression profiles of RNA m6A regulators in 13 cancer types. Up represents
higher expression and down represents lower expression. The circle size represents the statistical significance after controlling FDR. (C) Representative examples of
expression patterns of m6A regulators across four cancer stages. *P < 0.05, **P < 0.01, and ***P < 0.001. (D) Overview of prognostic effects of m6A regulators.
High represents the patients with better prognosis when gene expression level is high, and low represents the patients with better prognosis when gene expression
level is low.
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miRNA/mRNA regulatory pairs, 629 regulatory pairs showing
negative correlation (r < 0) across 12 cancer types were selected
for further analysis. Among them, 45% (282 out of 629)
significantly differentially expressed (p-value < 0.05; tumor vs
normal) pairs (consisting of 158 miRNAs and 20 m6A
regulators) (Table S3) were used to construct a pan-cancer
miRNA-gene regulatory network (Figure 2A). The network
showed some observations: i) RBM15-associated regulatory
pairs were only identified in BRCA. ii) HNRNPC-associated
regulatory pairs were presented in 11 cancer types, of which
BRCA had the most 9 regulatory pairs. iii) HNRNPA2B1 had the
maximum connection. The hsa-miR-195-5p and hsa-miR-326
Frontiers in Oncology | www.frontiersin.org 5194
regulating HNRNPA2B1 were found in more than one cancer
type (Figure 2B). Next, we picked out all the hub miRNAs and
genes (see methods for details) involving in the transcriptional
regulatory network. A case in point is hsa-miR-181a-5p
belonging to miR-181 family can target several m6A regulators
in BRCA, LIHC, LUSC, and UCEC (Figure 2C). The hsa-miR-
181a-5p has been reported to be associated with acute myeloid
leukemia, papillary thyroid cancer, endometrial carcinoma and
so on (52–54). Some m6A regulators, such as HNRNPC,
HNRNPA2B1, and FTO, can also be targeted by several
miRNAs (Figure 2D). In addition, statistical analysis of the
network showed that 159 regulatory pairs were found in only
A B

D

E F

C

FIGURE 2 | The regulatory network and enriched pathways of miRNA-m6A regulators. (A) The regulatory network of miRNAs and m6A regulators in pan-cancer. In
the pie chart, different colors represent different cancers, and size reflects the number of regulatory pairs. The circle represents miRNAs. The m6A regulators’ names
were labeled. (B) The HNRNPA2B1 associated regulatory pairs in the pan-cancer network. The line width represents the number of cancers with this regulatory pair.
(C) Statistics of hub miRNAs in 12 cancer types. When the connection of miRNA node in the network is greater than or equal to 2, the node is defined as hub
miRNA. The top bar out of chart represents the number of hub miRNAs for each cancer and the right bar indicates the number of cancers for each miRNA. The
redder the color, the more the connections. (D) Statistics of hub genes in 12 cancer types. When the connection of gene node is greater than or equal to 4, the
node is defined as hub gene. The top bar out of chart is the number of hub regulators for each cancer. The right bar presented the number of cancers for each
regulator. (E) Disease enrichment analysis of miRNAs. (F) Pathway enrichment analysis of miRNAs.
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one cancer type and 13 regulatory pairs were found in at least 5
cancer types (Table S4). These results indicate that these
miRNAs may play important roles in expression alterations of
m6A regulators.

To further understand the functional characteristic of miRNAs
in the regulatory network, we performed miRNA enrichment
analysis. Among disease ontology items, they were significantly
associated with several cancers (such as endometrial cancer, renal
cell carcinoma, and breast ductal carcinoma) (Figure 2E). In
addition, results from miEAA revealed that the candidate set of
miRNAs was enriched in some pathways associated with cancer,
immune and cellular processes, such as p53 signaling pathway, RIG
I like receptor signaling pathway, and cell cycle (Figure 2F). More
importantly, 13 of the above regulatory pairs have been reported in
published studies (Table 1). For example, hsa-miR-145 could
regulate the expression of YTHDF2 in hepatocellular carcinoma,
which further affected the m6A modification and promoted the
disease progression (33). Another example, hsa-miR-188 could
inhibit the proliferation, migration and invasion of glioma by
suppressing the expression of IGF2BP2 (55).

Survival analysis identified some miRNA/mRNA regulatory
pairs with prognostic value (Figures S2–S4). Taken the hsa-miR-
204-5p/IGF2BP3 pair in KIRC for example, low expression of
IGF2BP3 and high expression of hsa-miR-204-5p exhibited a
favorable outcome. Therefore, this regulatory pair was defined as
a tumor-promoting pair. As for hsa-miR-96-5p/YTHDC2, high
expression of YTHDC2 and hsa-miR-96-5p exhibited favorable
and opposite outcome respectively, which was thus defined as a
tumor-antagonizing pair. Totally, 12 prognosis-related miRNA/
mRNA regulatory pairs (9 tumor-promoting and 3 tumor-
antagonizing pairs) in four cancer types were finally obtained
(Figure 3). Besides, several miRNAs including hsa-miR-204-5p,
hsa-miR-1307-3p, hsa-miR-96-5p, and hsa-miR-106b-5p may
affect the survival and prognosis of patients by regulating the
expression of IGF2BP3, METTL14, YTHDC2, and YTHDF3,
respectively, in KIRC; hsa-let-7c-5p may target multiple m6A
regulator genes (including IGF2BP1 and IGF2BP3) in LUAD.
Together, those identified miRNAs can account for the
differential expression of m6A regulators, and they can serve as
potential targets for cancer therapy.
Frontiers in Oncology | www.frontiersin.org 6195
DNA Methylation Probes (DMPs)
Targeting m6A Regulators Are Predictive
of Patients’ Outcome
DNAmethylation, an extensively studied epigenetic mark, can affect
transcriptional dysregulation in cancers (56). Then, we addressed
the effect of DNA methylation on m6A regulators transcriptional
dysregulation. Spearman correlation analysis showed that DMPs
were negatively correlated with their target genes in most cancers
(Figure 4A), except that THCA exhibited minor differences
between positive and negative correlations in both tumor and
normal tissues. Totally, we identified 154 regulatory pairs showing
the negative correlation across 11 cancer types. Among the 154
regulatory pairs, 58 unique DMPs were differential methylation.
We detected much more frequent hypermethylation than
hypomethylation in most cancers (Figure 4B). Collectively, most
DMPs were hyper-methylated and negatively regulated their target
genes (m6A regulators) in a pan-cancer layer. These results indicate
that DNA methylation can also account for m6A expression
alterations in cancers.

To show a landscape for all potential DMP/gene regulatory
pairs across 11 cancer types, we further built a regulatory
network (Figure 4C) using 100 anti-correlated regulatory
pairs, involving 58 differentially methylated DMPs and 13
differentially expressed m6A regulators (Table S5). The
network showed that METTL14 was targeted by multiple
DMPs in most cancer types. Oppositely, KIAA1429, YTHDC2,
and EIF3A associated pairs were only found in one cancer. Based
on statistical analysis of the network, we found that 33 regulatory
pairs occurred only in one cancer, and 13 regulatory pairs
presented in at least three cancer types (Table S6). In addition,
we also found that IGF2BP3 and YTHDF2 were regulated by
eight different DMPs across six cancers (Figure 4D). Subsequent
survival analysis identified seven regulatory relationships, which
may serve as tumor-promoting regulatory pairs (Figure 5). For
example, IGF2BP3 targeted by cg02860543 and cg07297397
could affect the survival and prognosis of patients in LIHC.
Two methylation probes (cg03711622 and cg17671317) could
target HNRNPA2B1 in KIRC. The Kaplan-Meier curves showed
that the expression and methylation levels of patients with better
outcome were the opposite (Figure S5). Our findings indicate
TABLE 1 | Regulatory relationships with literature evidence.

miRNA Gene PMID Journal Disease TCGA m6A

hsa-miR-497 EIF3A 28322466 J Cell Biochem. Pulmonary fibrosis LIHC –

hsa-miR-30b-5p FTO 31728912 J Physiol Sci. Hypoglycemia-associated autonomic failure KICH, STAD, UCEC –

hsa-miR-495 FTO 31709454 Pflugers Arch. Type 2 diabetes KIRC, STAD –

hsa-miR-30a-5p FTO 31728912 J Physiol Sci. Hypoglycemia-associated autonomic failure KIRP –

hsa-miR-491-5p IGF2BP1 27158341 Am J Transl Res. Non-small cell lung cancer LIHC –

hsa-miR-150 IGF2BP1 26561465 Tumour Biol. Osteosarcoma KIRP –

hsa-miR-150 IGF2BP1 30220021 Pathol Oncol Res. Osteosarcoma KIRP –

hsa-miR-98-5p IGF2BP1 28244848 Oncol Res. Hepatocellular carcinoma LIHC –

hsa-miR-140-5p IGF2BP1 27588393 Oncotarget. Cervical cancer KIRP –

hsa-let-7b IGF2BP2 27513293 Exp Dermatol. Wound healing HNSC, LUSC, STAD –

hsa-miR-188 IGF2BP2 28901413 Mol Med Rep. Glioma KIRC –

hsa-miR-145 YTHDF2 28104805 J Biol Chem. Hepatocellular carcinoma BRCA, THCA m6A
hsa-miR-106b-5p YTHDF3 30341748 Breast Cancer. Breast cancer KICH, LUSC, UCEC –
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that m6A regulators with clinical significance in human cancers
can be influenced by dynamic DNA methylation.

Potential Application of miRNA-m6A
Regulator Pairs in KIRC Prognosis
To further explore the potential application of miRNA/mRNA
regulatory pairs, subsequent in-depth analyses were focused on
KIRC. We wonder whether there are any key regulators in
specific cancer type. Based on 4 regulatory pairs (hsa-miR-
1307-3p/METTL14, hsa-miR-106b-5p/YTHDF3, hsa-miR-96-
5p/YTHDC2, and hsa-miR-204-5p/IGF2BP3) identified above
in KIRC, we screened prognostic regulatory pairs that could
best separate risk groups using LASSO regression analysis
(Figure 6A). The most appropriate number of factors was 4
when the partial likelihood binomial deviance reached the
minimum value. Then the four factors (hsa-miR-1307-3p,
METTL14, hsa-miR-204-5p, and IGF2BP3, composed two
regulatory pairs hsa-miR-1307-3p/METTL14 and hsa-miR-204-
5p/IGF2BP3) were selected to construct the prediction model
(see details in Materials and Methods). Next, patients’ risk score
was imputed by the expression values and regression coefficients
Frontiers in Oncology | www.frontiersin.org 7196
of these 4 factors. The risk score was used to divide the patients
into high-risk and low-risk groups, of which the low-risk group
was associated with better survival (p-value < 0.0001). Similar
findings were also observed in additional validation dataset
(Figures S6). These results disclose that expression profiles of
hsa-miR-1307-3p/METTL14 and hsa-miR-204-5p/IGF2BP3
pairs can well characterize the survival status of patients in KIRC.

We further identified 1,314 DEGs in high-risk group against the
low-risk group, including 267 up-regulated and 1047 down-
regulated genes. KEGG pathway enrichment analysis of these
DEGs detected multiple immune-related pathways (including
complement and coagulation cascades, hematopoietic cell lineage,
and chemokine signaling pathway) (Figure 6B). In addition,
pathways related to signal transduction were enriched, such as
cytokine-cytokine receptor interaction, neuroactive ligand-receptor
interaction, and cell adhesion molecules, etc. Meanwhile, Gene
Ontology (GO) enrichment analysis also showed that these DEGs
were related to immunity and signal transduction, such as immune
response, cell-cell signaling, chemokine-mediated signaling
pathway, and inflammatory response (Figure 6C). The similarity
matrix of enriched terms (Figure 6D) further confirmed that
A

B

FIGURE 3 | Summary of regulatory relationships between miRNAs and m6A regulators that potentially function as tumor-promoting (A) and tumor-antagonizing
regulatory pairs (B). Lines of the same color represent the same type of cancer.
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immune-related terms presented high similarities with those terms
related to signal transduction or other processes, such as immune
response and cytokine-cytokine receptor interaction. Moreover, we
constructed the PPI network for DEGs with clinical significance and
identified four important modules (Figure S7A). Of note, several
immune-related genes were found in those PPI modules, such as
chemokine family (CXCL8, CXCL4, CXCL6, CCL5, and C3),
interleukin (IL1A and IL6) and so on. These results indicate that
these regulatory pairs may function through immune-
related mechanisms.

As the functional classes of DEGs were mainly related to
immunity, we further calculated the immune score, stromal
score, and tumor purity of samples belonging to each risk
group. It is worth mentioning that the high-risk group had
higher immune score and lower tumor purity by comparison
with the low-risk group (Figure S7B). Recent studies found that
m6A regulators were closely correlated with immune infiltration
in glioma and gastric cancer (57, 58), and thus we wondered
whether the immune infiltration was different between the two
groups. Most immune cells have significantly higher infiltration
score in the high-risk group than low-risk group (Figure 6E).
From the correlation analysis between m6A regulators’
Frontiers in Oncology | www.frontiersin.org 8197
expression and immune cell infiltration score (Table S7), we
found that the expression of IGF2BP3 was positively correlated
with the infiltration scores across 11 immune cells, suggesting
that highly expressed IGF2BP3 may contribute strong immune
infiltration and poor survival. In short, we speculate that hsa-
miR-204-5p may affect the immune-related processes and
immune infiltration by regulating IGF2BP3. Such a regulatory
axis may promote the occurrence and development of KIRC.
DISCUSSION

Withmore effective sequencing technologies and tools (59–61), how
dysregulated m6A is involved in cancer pathogenesis and
progression has attracted much more attention than ever. Here,
we profiled the expression variation map of RNAm6A regulators in
multiple cancers and explored the upstream regulation of m6A
regulators from miRNA and DNA methylation. Furthermore, we
identified the potential miRNA-regulated and DNA methylation-
regulated regulatory pairs and investigated the effects of miRNA/
mRNA regulatory pairs on patients in KIRC.
A B

DC

FIGURE 4 | Construction of DMP-mRNA regulatory network. (A) Boxplot of Spearman’s correlation between DNA methylation data and mRNA-seq data across 11
cancer types. *P < 0.05, ***P < 0.001, and ****P < 0.0001. (B) The number of differentially methylated probes in different cancer types. (C) The regulatory network of
DNA methylation probes and m6A regulators in pan-cancer. In the pie chart, different colors represent different cancers, and size reflects the number of regulatory
pairs. The circle represents DMPs. (D) Statistics of the number of DMPs regulating m6A regulators in the pan-cancer regulatory network.
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Till now, a few of studies have showed that transcriptional
dysregulation of m6A regulators in pan-cancer (30). Here we
reported the altered expression of RNA m6A regulators across 13
cancer types in comparison with normal samples, revealing two
rules in expression dynamics: the expression of “reader” proteins
IGF2BP family and YTHDF family were up-regulated in most
cancers, while methyltransferase METTL14, demethylase FTO and
ALKBH5 were down-regulated in most cancers. Besides, these
varied expression levels were correlated with survival advantages
or disadvantages. Although some of them have been reported to
play an oncogenic or tumor-suppressive role in different cancers,
the role of m6A regulators was only involved in the regulation of
cancer-related gene expression (62). The reasons of m6A regulators
dysregulation were unclear. As we know, miRNA (63) and DNA
methylation (64) are two essential modulation for controlling gene
expression, and a large amount of miRNA and DNA methylation
sequencing data have been generated. Correlation analysis was first
performed on individual m6A regulators for methylation and
expression. Then, differential expression and methylation analysis
were performed on individual miRNA and DMP. We built
regulatory networks with identified potential miRNA/gene and
DMP/gene regulatory pairs, in which some pairs had been
reported to exert positive effect on cancer pathogenesis and
progression. For example, hsa-miR-150/IGF2BP1 regulatory pair
was reported to be a novel potential therapeutic target for
osteosarcoma treatment (65), and IGF2BP1 was identified as a
novel target gene of hsa-miR-98-5p in hepatocellular carcinoma
(66). Similarly, the DNA demethylation in the promoter region of
IGF2BP3 could influence the progression of G-CIMP gliomas (67),
and cg07166550/ALKBH5 could be used as prognostic biomarkers
in prostate cancer (68). Finally, we identified some regulatory pairs
with prognostic significance in several cancers. Moreover, studies
have reported that differential expression or methylation is highly
Frontiers in Oncology | www.frontiersin.org 9198
related with tumorigenesis through regulating gene expression (69–
72). Our study identified miRNAs/probes that were differentially
expressed/methylated between tumor and normal samples,
indicating their potential association with tumorigenesis. Based on
four cancer stages, we found that two miRNAs and one probe were
relevant to tumor progression (Figure S8). Among them, a
decreased expression of hsa-miR-204-5p in KIRC and
cg03769349 in LIHC was accompanied by the progression of
cancer stages, while hsa-miR-106b-5p in KIRC showed the
opposite pattern. These findings suggest that miRNA or DNA
methylation can affect the tumorigenesis and progression. In
addition, when searching for BBcancer (http://bbcancer.renlab.
org/; 73), we found that each member of YTHDC2/hsa-miR-96-
5p regulatory pair had higher expression abundance in peripheral
blood. This finding suggests that this regulatory pair can serve as a
biomarker for early diagnosis of cancers. All these studies indicate
that the detailed mechanisms of miRNA-mRNA and DMP-mRNA
regulatory pairs in human cancers warrant further investigation.

Renal cell carcinoma (RCC) is the most lethal urogenital
tumor, among which clear cell RCC (ccRCC, also known as
KIRC) constitutes 70% to 80% of all RCCs. Few studies found
that the prognostic value of some m6A regulators in KIRC (74),
but the detailed mechanisms remained unclear. Here we totally
identified four miRNA/mRNA regulatory pairs (hsa-miR-1307-
3p/METTL14, hsa-miR-106b-5p/YTHDF3, hsa-miR-96-5p/
YTHDC2, and hsa-miR-204-5p/IGF2BP3) in KIRC. For the
four regulatory pairs, we verified the expression relationship of
these regulatory pairs using an independent dataset from GEO.
As a result, we did find hsa-miR-106b-5p/YTHDF3 regulatory
pair in GSE16441. This finding makes our analysis more credible.
To explore the potential application of them in KIRC prognosis.
We first performed LASSO Cox regression analysis and
identified two regulatory pairs (including hsa-miR-1307-3p/
METTL14 and hsa-miR-204-5p/IGF2BP3) in KIRC as
significant prognosis-related pairs. The role of METTL14 and
IGF2BP3 in human cancers was studied before. The promotion
function by METTL14 in pancreatic cancer was uncovered (75)
and IGF2BP3 was found to be a potential prognosis marker and
therapeutic target of colon cancer (76). Yet the miRNA-mediated
mechanisms of METTL14 and IGF2BP3, if any, remain unclear.
According to the expression level of these two pairs, we built a
risk model to divide the patients into high-risk and low-risk
groups. We found that DEGs between high-risk and low-risk
groups were enriched in immune-related biological processes.
Moreover, the infiltration score of 28 kinds of immune cells in
tumor tissues showed statistically different patterns in the two
risk groups. Notably, the expression level of IGF2BP3 had a
strong positive correlation with the infiltration scores of multiple
immune cells, suggesting that different features of tumor
infiltration may contribute by the expression change of IGF2BP3.

In summary, our study demonstrated that miRNA- or DNA
methylation- regulated m6A regulators expression involved in
tumor progression and strongly correlated with patients’
prognosis. Although three types of sequencing data (miRNA-
seq, mRNA-seq, and methylation array data) from TCGA were
used in our study, a large-scale and multi-omics (such as CNV,
FIGURE 5 | Summary of regulatory relationships between DNA methylation
probes and m6A regulators that potentially affect patients prognosis in cancers.
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lncRNA, and proteomic data) integrative analysis would be
desirable as future directions. Furthermore, validation
experiments are highly needed to convince our results in the
future. Accordingly, all these data should be integrated to build a
multi-dimensional regulatory network for better understanding
the complex mechanisms of m6A regulators in cancers.
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RNA methylation is a reversible post-transcriptional modification to RNA and has a
significant impact on numerous biological processes. N6-methyladenosine (m6A) is
known as one of the most common types of eukaryotic mRNA methylation
modifications, and exists in a wide variety of organisms, including viruses, yeast, plants,
mice, and humans. Widespread and dynamic m6A methylation is identified in distinct
developmental stages in the brain, and controls development of neural stem cells and their
differentiation into neurons, glial cells such as oligodendrocytes and astrocytes. Here we
summarize recent advances in our understanding of RNA methylation regulation in brain
development, neurogenesis, gliogenesis, and its dysregulation in brain tumors. This
review will highlight biological roles of RNA methylation in development and function of
neurons and glial cells, and provide insights into brain tumor formation, and diagnostic and
treatment strategies.

Keywords: N6-methyladenosine (m6A), brain development, neural stem cell, glial cell, brain tumor, glioma
INTRODUCTION

N6-methyladenosine (m6A) is the most common and abundant methylation modification in RNA
molecules present in eukaryotes (1, 2). More than 150 distinct chemical marks on cellular RNAs
have been identified to date, and m6A modifications account for over 80% of all RNA methylations
(3). High-throughput m6A sequencing studies have shown that thousands of mRNAs and non-
coding RNAs are modified by m6A, which in turn affects gene expression, participates in animal
development and pathogenesis of human diseases (4, 5). m6A is the most prevalent internal mRNA
modification, with an average of one to three modifications per transcript, and potentially regulates
every step in mRNA metabolism to some extent (6).

m6A methylation is catalyzed by an m6A methyltransferase complex (MTC) composed of
methyltransferase-like 3 and 14 (METTL3 and METTL14) and their cofactors such as Wilms tumor
1-associated protein (WTAP), termed as “writer” (7–9). Removal of m6A is facilitated by Fat mass
and obesity-associated (FTO) and AlkB homolog H5 (ALKBH5), two m6A demethylases that
recognize distinct sets of target mRNAs, termed as “eraser” (10, 11). YTHDF1/2/3 and YTHDC1,
members of the YT521-B homology (YTH) domain family proteins, are m6A direct “readers,”
which affect translation, stability, and splicing of target mRNAs (12) (Figure 1). m6A modification
has emerged as a multifaceted controller for gene expression regulation, mediated through its
effector proteins—writers, readers, and erasers (6).
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m6A modifications in mRNAs or non-coding RNAs play
important roles in virtually all types of bioprocesses including
tissue development, self-renewal and differentiation of stem cells,
heat shock response, circadian clock control, DNA damage
response, and maternal-to-zygotic transition (8, 12). m6A is
an important epitranscriptomic mark with high abundance
in the central nervous system (CNS), and plays a crucial role
in neural development and function (13). Dysregulation of m6A
modifications also is associated with tumorigenesis of various
cancers, such as gliomas (14).

In this review, we first summarize the recent advance in our
understanding of biological functions and underlying molecule
mechanisms of m6A regulation in neural development, with an
emphasis in neurons and glial cells. We then highlight m6A
regulatory roles in formation of brain tumors.
N6-METHYLADENOSINE (m6A)
MODIFICATIONS

As the most common and prevalent internal modification in
eukaryotic mRNAs, m6A methylation has a significant impact on
various physiological events (6, 15).

Components and Functions of m6A
Modifications
Modification of m6A on mRNAs is post-transcriptionally
installed, erased, and recognized by m6A methyltransferases,
Frontiers in Oncology | www.frontiersin.org 2204
demethylases and m6A-specific binding proteins, respectively.
Methyltransferases include METTL3/14, WTAP, RBM15/15B,
and KIAA1429, also termed as “writers” (1, 7, 9) (Figure 1).
METTL3 is the catalytic subunit, and METTL14 is an essential
component to facilitate RNA binding (16). m6A methyltransferase
is widely conserved among eukaryotic species that range from
yeast, plants, and flies to mammals (17, 18). Demethylases consist
of FTO and ALKBH5, termed as “erasers” (10, 11, 19). And m6A-
specific binding proteins include YTHDF1/2/3 and IGF2BP1,
termed as “readers” (20) (Figure 1).

In mammals, m6A is widely distributed in multiple tissues,
with a higher expression in the liver, kidney, and brain than in
other tissues (21). In the rodent brain, the global level of m6A is
developmentally regulated, with expression peaking in the adult
brain (22). Studies of m6A modifications have revealed m6A
binding sites in over 25% of human transcripts, with enrichment
in long exons, near stop codon and 3′ untranslated terminal
region (3’-UTR) (2, 21, 22).

m6A modification in eukaryotic mRNAs exhibits substantial
contributions to post-transcriptional gene expression regulation,
and plays crucial and evolutionarily conserved roles in fundamental
cellular processes such as meiosis and cell differentiation in yeast,
plants, and mammals (18). m6A methyltransferase is crucial for
yeast meiosis, differentiation of mouse embryonic stem cells, and
viability of human cells (18, 23, 24). Depletion of the METTL3
homologs in yeast and flies leads to developmental arrest and
defects in gametogenesis (18, 25). The m6A demethylase AlkBH5
deficient male mice are characterized by impaired fertility, resulting
FIGURE 1 | Scheme of m6A modifications. The writers, erasers, and readers of N6-methyladenosine (m6A). The m6A writer complex, which comprises the core
methyltransferase-like protein 3 (METTL3) and its adaptors, is located in the nucleus. m6A demethylation is executed by two demethylases FTO and ALKBH5. The
m6A erasers also are localized in the nucleus. In the nucleus, m6A can bind specific nuclear reader proteins such as YTHDC1 and HNRNPA2/B1, which may affect
RNA splicing and mRNA export. Upon mRNA being exported to the cytoplasm, m6A binds to specific reader proteins, which affects stability, translation and/or
localization of mRNAs. In the cytoplasm, translation of m6A modified mRNAs is mediated by the m6A readers YTHDF1, YTHDF3, and YTHDC2, the eukaryotic
translation initiation factor eIF3, and METTL3. YTHDF2 and YTHDF3 regulate degradation of m6A modified mRNAs, while the insulin-like growth factor 2 mRNA-
binding proteins (IGF2BPs) enhances stability m6A modified mRNAs.
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from apoptosis that affects meiotic metaphase-stage spermatocytes
(19). Moreover, m6A modifications improve the stability of
mRNAs and can control protein production (15, 26). For
example, YTHDF1/2/3 exhibit 5- to 20-fold higher binding
affinity for methylated RNAs compared to unmethylated RNAs
(12). YTHDF1 and YTHDF3 bind m6A at the 3′ end of transcripts
and increase their cap-dependent translation, possibly through a
looping interaction with eukaryotic elongation factor 3 (eIF3) (15,
27). And the mRNA-binding protein IGF2BP1 enhances stability
and translation of oncogenic mRNAs, including c-Myc, and in turn
promotes cell proliferation and tumorigenesis (28).

m6A Modifications in mRNAs
m6Amodification appears to directly affect biological activities of
RNAs with unclear molecular mechanisms (Figure 1). m6A
modification directly recruits m6A-specific proteins of the YTH
domain family (29). These proteins contribute methyl-selective
RNA binding with an amount of cellular processes, and produce
m6A-dependent regulation of pre-mRNA processing, microRNA
(miRNA) processing, translation initiation, and mRNA decay
(5). Mature mRNAs with m6A methylation are regulated in the
cytoplasm by the YTH family proteins. YTHDF1 is associated
with initiating ribosomes, and delivers its target mRNAs for
enhanced translation efficiency in HeLa cells (15). A second YTH
family protein, YTHDF2, directly recruits the CCR4-NOT
deadenylase complex and accelerates degradation of methylated
transcripts (12, 30).

Moreover, some RNA transcripts exhibit increased half-lives
upon m6A methylation. The well-established RNA stabilizer
protein (HuR)/microRNA pathway mediates m6A-upregulated
RNA stability (8). m6A modifications can assist protein binding
either by destabilizing the helix around it, in turn allowing
protein access, or by causing a conformation change to place
m6A in a single-stranded context (31).

m6A Modifications in Translational
Regulations
Interestingly, the methyltransferase complex may also function as
a protein scaffold in RNA-processing and metabolism (19, 32).
Translation regulation by m6A occurs during initiation and
elongation. Sequences in the 5’-UTR of mRNAs are important
for ribosome recruitment and translation initiation (33). m6A
residues within 5’-UTR can act as an m6A-induced ribosome
engagement site (MIRES), which promotes cap-independent
translation of mRNAs (34). Moreover, eukaryotic elongation
factor 3 family (eIF3a/b/h) can function as m6A readers, and
physically interact with METTL3 to enhance translation by
forming densely packed polyribosomes through recognizing
m6A modifications at the 5’-UTR of mRNAs (35, 36). METTL3,
independent of METTL14, is associated with chromatin and
localized to the transcriptional start sites of active genes that
have the CAATT-box binding protein CEBPZ present. Promoter-
bound METTL3 can induce m6A modifications within the coding
region of the associated mRNA transcript, and enhance its
translation by relieving ribosome stalling (34, 37). In addition,
METTL13-mediated methylation of eukaryotic elongation factor
Frontiers in Oncology | www.frontiersin.org 3205
1A (eEF1A) increases translation elongation and enhances protein
synthesis to promote tumorigenesis (38).

Based on above biochemical and genetic evidence, m6A
methylation plays a broad role in many aspects of bioprocesses
by direct modifications on mRNAs, and through regulating RNA
transcription and translation.
m6A MODIFICATIONS IN NERVOUS
SYSTEM DEVELOPMENT

Proper development of the brain is critical for its function.
Deficits in neural development have been implicated in many
brain disorders. In the adult mouse brain, almost half of stably
expressed RNAs are methylated, indicating important roles of
m6A in brain development and function.

m6A Modifications in Development of the
Cerebral Cortex
The cerebral cortex controls social interactions, decision-making,
behavioral output, and other complex cognitive behaviors (39).
In the developing cortex, m6A modifications are enriched in
transcripts involved in neurogenesis and neuronal differentiation
(40, 41). Studies have shown that Mettl14 deletion leads to a
significant reduction of m6A levels in cortical mRNAs in vivo and
in cultured cortical neural progenitors (40). Mettl14 deletion in
the embryonic mouse brain causes prolonged cell cycle in
cortical radial glia cells (RGCs), results in delayed neurogenesis
and gliogenesis (40) (Figure 2).

Moreover, Fto knockout mice show a significant increase of
m6A levels in transcripts of hippocampus (42). Altered
expression of genes with m6A modifications contributes to
impaired adult neurogenesis (42, 43). In addition, conditional
depletion of Ythdf2 in mice causes decreased self-renewal of
neural stem/progenitor cells (NSPCs) and defects in
spatiotemporal generation of neurons in the embryonic cortex
(44). Ythdf1 knockout mice exhibit impaired hippocampal
synaptic transmission and long-term potentiation (13). Ythdf1
re-expression in hippocampus in adult Ythdf1 knockout mice
rescues behavioral and synaptic defects, while hippocampus-
specific acute knockdown of Ythdf1 or Mettl3 recapitulates the
hippocampal deficiency (13) (Figure 2).

m6A Modifications in Cerebellar
Development
Studies have shown that m6A levels are higher in the cerebellum
than in the cerebral cortex, and a substantial number of cerebellar
RNAs exhibits developmentally regulated methylation (45). m6A
writers (METTL3, METTL14, and WTAP) and erasers
(ALKBH5 and FTO) are highly expressed at the early stage of
cerebellar development by postnatal day 7 (P7), and show a
gradual reduction towards the maturation of cerebellar neurons
by P60 (45). From P7 to P60, numbers of temporal-specific m6A
peaks in start codon regions of RNA transcripts are greatly
increased, while they are decreased in the coding sequence
(CDS) and stop codon regions, which suggests that m6A
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modification status might be associated with cerebellar
development (45).

Knocking out Mettl3 in the mouse embryonic brain causes
cerebellar hypoplasia, due to drastically enhanced apoptosis of
newborn cerebellar granule cells (CGCs) in the external granular
layer (EGL) (46) (Figure 2). Key developmental genes such as
Atoh1 and Cxcr4 are abnormally upregulated due to the extended
mRNA half-lives induced by m6A depletion (46). Ectopic
expression of Mettl3 leads to a disorganized laminal structure
of both Purkinje cells and glial cells (45). Moreover, deletion of
the eraser gene Alkbh5 causes increased nuclear export of
hypermethylated RNAs, and abnormal proliferation and
differentiation in the cerebellum (45). In addition, the
cerebellum of Fto-deficient mouse is smaller than that of wild-
type mouse (42).

m6A Modifications in Synaptogenesis and
Axon Guidance
m6A modifications also contribute to neuronal growth and
regeneration as well as to the local regulation of synaptic
functions (22, 47). Synaptic m6A epitranscriptome (SME),
which is functionally enriched in synthesis and modulation of
tripartite synapses, has been identified in mouse adult forebrains
using low-input m6A-sequencing of synaptosomal RNAs (48).
The synaptic m6A peak distribution along mRNAs shows
characteristic accumulation at the stop codon (22, 40).

Increased adenosine methylation in a subset of mRNAs
important for neuronal signaling, including many in the
dopaminergic (DA) signaling pathway has been found in the
midbrain and striatum of Fto-knockout mice (43). Inhibition of
FTO leads to increased m6A modifications and decreased local
Frontiers in Oncology | www.frontiersin.org 4206
translation of axonal GAP-43mRNA, which eventually represses
axon elongation (49). Moreover, knockdown of Ythdf1 in
hippocampal neurons reduces the cell surface expression of
AMPA receptor subunit GluA1 and causes altered spine
morphology and reduced excitatory synaptic transmission
(48). Mutation of m6A sites in Robo3.1 mRNA or YTHDF1
knockdown or knockout leads to reduction of Robo3.1 protein,
but not Robo3.1 mRNA, indicating that YTHDF1-mediated
translation of m6A-modified Robo3.1 mRNA controls pre-
crossing of axon guidance in the spinal cord (50). In addition,
YTHDF3-knockdown neurons display a decreased percentage of
spines containing a postsynaptic density (PSD) and surface
GluA1 expression, indicating synaptic deficits in both structure
and transmission (48).

In summary, these studies demonstrate important functions
of m6Amodifications in the nervous system. Mechanistic roles of
m6A in regulating proliferation and differentiation of neural
progenitors remain unclear. Whether such a mechanism is
widespread within the brain will be an important area of
future research.
m6A MODIFICATIONS IN GLIAL CELL
DEVELOPMENT

Glial cells, including oligodendrocytes and astrocytes, which are
derived from the neuroepithelium in the CNS, and microglia,
which are derived from mesodermal hematopoietic cells, make
up 10–20% of the cells in the Drosophila nervous system and at
least 50% of the cells in the human brain (51).
FIGURE 2 | The biological impact of m6A modifications in mouse brain development. m6A modifications play a key role throughout brain development during mouse
embryonic and postnatal stages. Mettl14 conditional knockout mouse (cKO) in the mouse embryonic brain causes prolonged cell cycle in cortical radial glial cells,
results in delayed neurogenesis and gliogenesis, compared to wild type (WT) mice. Conditional depletion of Ythdf2 in mice causes decreased self-renewal of neural
stem/progenitor cells (NSPCs) and defects in spatiotemporal generation of neurons in the embryonic cortex. Knocking out Mettl3 in the mouse embryonic brain
causes cerebellar hypoplasia. Ectopic expression of Mettl3 leads to a disorganized laminal structure of both Purkinje cells and glial cells. Key developmental genes
such as Atoh1 and Cxcr4 are abnormally upregulated due to the extended mRNA half-lives induced by m6A depletion.
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m6A Regulations in Gliogenesis
Embryonic neurogenesis and gliogenesis involve NSC
proliferation, differentiation of NSCs into various neural and
glial cell types, and their migration to their final destinations in
the nervous system.

In the developing mouse cortex, NSCs or RGCs initially give
rise to neurons in embryonic stages, and later switch to produce
glial cells in early postnatal stages (52). Recent studies have
shown that epigenetic mechanisms are involved in the precise
spatiotemporal gene expression program, which controls
transition in the developmental competence of progenitor cells
in the sequential generation of neural and glial progeny and the
maintenance of their differentiated identities (53). Several studies
have investigated the mechanisms by which m6A regulates RGC
differentiation. Reduction of m6A level decreases RGC
proliferation, resulting in delayed neurogenesis and gliogenesis
(40). Mettl3 depletion not only inhibits neuronal proliferation
and differentiation, but also interferes differentiation of NSCs
towards the glial lineage (54).

m6A Regulation of Oligodendrocytes
Transcripts that encode a number of histone modifiers are
dynamically marked by m6A in oligodendrocytes precursor
cells (OPCs) and oligodendrocytes, suggesting that m6A RNA
modifications may play a role in regulating the expression of
epigenetic modifiers in distinct oligodendrocyte lineages (55).
Inactivating an m6A writer component METTL14 results in
unchanged numbers of OPCs, decreased numbers of
oligodendrocytes and hypomyelination in the CNS (56). A
number of RNA transcripts that encode transcription factors
implicated in oligodendrocytes lineage progression is
dynamically marked by m6A at different stages of the
oligodendrocyte lineage. Mettl14 ablation disrupts postmitotic
oligodendrocyte maturation and has distinct effects on
transcriptomes of OPCs and oligodendrocytes (56). Moreover,
loss of Mettl14 in oligodendrocyte lineage cells causes aberrant
splicing of myriad RNA transcripts, including those that encode
the essential paranodal component neurofascin 155 (NF155)
(56). These results indicate a time-specific post-transcriptional
regulatory role of m6A in OPCs and oligodendrocytes.

Moreover, studies have shown that m6A reader PRRC2A
controls OPC generation, proliferation, and fate determination.
Deletion of Prrc2a in mouse OPCs leads to hypomyelination and
consequent locomotive and cognitive defects, without affecting
neurogenesis (57). PRRC2A binds and stabilizes the methylated
transcript of oligodendrocyte transcription factor 2 (Olig2), a key
oligodendroglial lineage determination transcription factor, in an
m6A-dependent manner (57).

m6A Regulation of Astrocytes
Studies have shown that astrocytes and neurons are derived from
a common neuroepithelial precursor (58). Mettl3 regulates
lineage commitment during NSC differentiation, with a
preference towards a neuronal fate. Mettl3-mediated m6A
modification reduces the percentage of new born astrocytes
(54). Knockout of Mettl14 in the mouse developing nervous
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system results in a significant decrease in the number of S100b+

astrocytes (40). Knocking down Mettl3 causes reduced astrocyte
numbers in the developing cerebellum (45). Alkbh5 deficiency
leads to reduced dendritic arborization of Purkinje cells,
concomitant with an increase in disorganization of the radial
fibers in astrocytes (45).

In summary, these results indicate that m6Amodifications are
critical for proper temporal progression of gliogenesis including
oligodendrocytes and astrocytes.
m6A MODIFICATIONS IN PRIMARY BRAIN
TUMORS

Brain tumors are categorized into various types based on their
nature, origin, rate of growth, and progression stage (59).
Primary brain tumors can be broadly classified as malignant or
non-malignant (benign) tumors, and graded from I to IV using a
classification scheme specified by theWorld Health Organization
(WHO) (60). Glioblastoma (GBM), a grade IV glioma, is the
most prevalent (80% of all brain tumors) malignant and lethal
intrinsic tumor in the CNS (61, 62).

RNA modifications, especially m6A modifications, have been
shown to be essential for tumor development (63, 64). In
particular, m6A modifications seem to play pivotal roles since
both m6A writers and erasers contribute to the tumorigenesis of
glioblastoma, especially glioma stem cells (GSCs) (62). Studies
have shown that as the WHO grade is increased, the expression
of WTAP, RBM15, YTHDF, and ALBKH5 is increased, while the
expression of FTO is decreased in glioma (65).

m6A Writers Play an Oncogenic Role in
Glioblastoma
Studies have shown that high expression ofMETTL3 is associated
with clinical aggressiveness of malignant gliomas. METTL3 plays
an oncogenic role by modulating nonsense-mediated mRNA
decay (NMD) of splicing factors and alternative splicing of
BCLX and NCOR2 isoform switches in glioblastoma (66).
Silencing METTL3 or overexpressing dominant-negative mutant
form of METTL3 suppresses growth and self-renewal of GSCs.
METTL3 maintains the stability of a specific set of transcripts,
such as apoptosis pathways and glial differentiation genes
including SRSF1/2/3/6/11, CASP3/7, CASPB, DFFB, BMP2, LIF,
IL1B, and HES1 in glioblastoma (66) (Figure 3). It appears that
the oncogenic ability of METTL3 is dependent upon its
methyltransferase catalytic domain. Knockdown of METTL14
expression reduces m6A levels in transcripts in GSCs, however,
knockout of METTL14 has no effect on tumorigenesis of
glioblastoma, suggesting that catalytic activity in METTL3
might be crucial in tumorigenesis (21, 67).

In addition, low levels of METTL3 or METTL14 lead to
decreased m6A modifications on ADAM19 and increased level
of ADAM19 in GSCs, ultimately causing glioma (67). The elevated
sphere-formation rate induced by knockdown ofMettl3 orMettl14
in GSCs can be reversed by knockdown of ADAM19, suggesting
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thatADAM19 acts as a target of m6A RNAmethylation to regulate
GSC self-renewal. It appears that knockdown ofMettl3 orMettl14
dramatically promotes human GSC growth, self-renewal, and
tumorigenesis (67). These controversial discoveries suggest that
the role of METTL3 in glioblastoma requires further studies based
on large amount of tumor samples and well-designed
experimental systems.

Moreover, WTAP, an important component of the m6A
methyltransferase complex, can regulate migratory and invasive
capabilities of glioblastoma cells by increasing expression of
epidermal growth factor receptor (EGFR) (68) (Figure 3).

Suppressing m6A Erasers May Inhibit
Tumorigenesis
In glioma, mutations occur only in 0.1% of cases for m6A
ereasers ALKBH5 and no mutations have been reported in
FTO (69). Knockdown of Alkbh5 inhibits cell growth and
decreased DNA replication in GSCs, and causes decreased
Foxm1 transcription, and extended survival with a lower rate
of tumor formation in mice (70) (Figure 3). These results
demonstrate that the demethylation activity of ALKBH5 is
critical to represses GSC-induced tumorigenesis.

Moreover, mutation of isocitrate dehydrogenase 1 (IDH1)
occurs frequently, which results in accumulation of the metabolic
byproduct 2-hydroxy-glutarate (2-HG) in glioma. 2-HG can
inhibit FTO activity, and in turn increase global m6A
modifications and contribute to cancer initiation (66) (Figure
3). In addition, treatment of GSCs with an FTO inhibitor MA2
suppresses GSC-initiated tumorigenesis and prolongs the
lifespan of GSC-engrafted mice (67). Studies also have shown
that FTO may play an oncogenic role via maintaining the
stability of transcripts of avian myelocytomatosis viral
oncogene homolog (c-Myc) and CCAAT enhancer binding
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protein alpha (CEBPA) in glioma, especially IDH1/2 mutant
glioma (71).

m6A Readers Promote Progression of
Glioblastoma
Studies have shown that YTHDF1 and YTHDF2 mRNA
expression levels are positively correlated with malignancy of
gliomas, with significant increases in higher grade gliomas,
suggesting a role for these m6A readers in glioma progression
(65, 69) (Figure 3). YTHDF2 may recognize specific methylated
mRNAs, lead to their decay and subsequently to decreased cell
apoptosis and differentiation, and in turn promote glioblastoma
growth and de-differentiation, and also stabilizeMYC and VEGFA
transcripts in GSCs in an m6A-dependent manner (12, 72).

Moreover, a major splicing factor serine and arginine rich
splicing factor 3 (SRSF3) is frequently upregulated in clinical
glioma specimens (73). Knockdown of YTHDC1 leads to
accumulation of NMD of SRSF3 mRNAs in glioblastoma cells,
which can accelerate the proliferation of tumor cells (66).

In summary, altered m6A modifications are associated with
the occurrence and development of glioblastoma, likely through
regulating self-renewal of glioma stem cells. It appears that both
m6A writers and erasers play an oncogenic role, and m6A readers
function in progression in development of glioblastoma.
However, inconsistent results indicate complicity of m6A
modifications in brain tumor formation, likely through
regulating distinct downstream genes.
CONCLUSIONS AND PERSPECTIVES

Brain development is based on coordinated spatiotemporal cell
fate decisions, and tightly regulated gene expression.
FIGURE 3 | Functions of m6A modifications in brain tumors. N6-methyladenosine (m6A) modifications play a crucial role in brain tumorigenesis. Inadequate or
dysregulated expression of writers, erasers, and readers of m6A is associated with brain tumor formation.
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Accumulating studies have shown that m6A methylation plays
an important role in brain development and even in brain
tumorigenesis. A major challenge is to identify specific target
RNAs for m6Amodifications in specific cell types and at different
developmental stages. Recent improvements to m6A mapping
methods will undoubtedly facilitate studies of activity-dependent
changes to the epitranscriptome within distinct RNA
populations in the brain. Moreover, an interesting research will
be to determine whether changes to the mRNA modification
landscape are causing factors or a consequence of activity-
dependent regulation of gene expression.

How m6A methylation regulates brain tumor formation
remains obscure. Taking the advantage of technical development
of m6A methylation analysis at the single-cell level, mechanistic
understanding of RNA methylation in different cell types will be
revealed. Interestingly, in the late stage of glioma, high m6A
modification levels may increase epigenetic reprogramming
of non-GSCs into GSCs, whereas knockdown of METTL3
may reduce the ratio of GSCs in glioblastoma (66). Thus,
Frontiers in Oncology | www.frontiersin.org 7209
a more profound breakthrough in the role of m6A methylation
in brain tumor diagnostics and treatment strategy also should
be developed.
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m6A RNA methylation, which serves as a critical regulator of transcript expression, has
gathered tremendous scientific interest in recent years. From RNA processing to nuclear
export, RNA translation to decay, m6A modification has been studied to affect various
aspects of RNA metabolism, and it is now considered as one of the most abundant
epitranscriptomic modification. RNA methyltransferases (writer), m6A-binding proteins
(readers), and demethylases (erasers) proteins are frequently upregulated in several
neoplasms, thereby regulating oncoprotein expression, augmenting tumor initiation,
enhancing cancer cell proliferation, progression, and metastasis. Though the potential
role of m6A methylation in growth and proliferation of cancer cells has been well
documented, its potential role in development of therapy resistance in cancer is not
clear. In this review, we focus on m6A-associated regulation, mechanisms, and functions
in acquired chemoresistance, radioresistance, and resistance to immunotherapy
in cancer.

Keywords: m6A methylation, cisplatin, PD-1, METTL3, YTHDF1, ALKBH5
INTRODUCTION

Cancer remains a key public health concern posing a major threat to the world’s population.
According to Siegel et al. each year approximately1,806,590 new cases of cancer are being diagnosed
and around 606,520 people lose their life to cancer alone in the United States (1). The most
frequently used therapeutic regimens for cancer include surgery, chemotherapy, radiotherapy, and
more recently immunotherapy (2, 3). Although there have been breakthroughs and successes in
treating specific types of cancer, most strategies have not proven as efficacious as hoped or predicted.
One of the major causes of failure to treat cancer is a lack of understanding of the molecular
mechanism behind the therapy resistance. Chemoresistance is one of the major factors for treatment
failure in cancer. The chemotherapy drugs efficiently eradicates the rapidly dividing cells but poorly
eliminates the slow dividing cells, particularly when lower dose of drug is provided to balance its
cytotoxic effect on normal or non-transformed cells. This population of cells, which partially
responds to chemotherapy drug, contributes to development of chemoresistance. Ultimately, the
patients experience tumor relapse, which culminates with continued tumor growth and metastatic
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spread (4). The chemoresistance can be divided into two
categories: “intrinsic chemoresistance” where cancer cells are
inherently resistant prior to chemotherapy and “acquired
chemoresistance” where cancer cells acquire resistance during
prolonged treatment with agents that they initially displayed
sensitivity. The chemoresistant phenotype of cancer cells can be
attributed due to impaired apoptosis, altered cellular metabolism,
decreased drug accumulation, reduced drug-target interactions,
and increased populations of cancer stem cells (2). However,
these are the endpoint events and the causative factors
responsible for acquired chemoresistance is yet to be known.
Similarly, cancer cells develop resistance against ionizing
radiation (radioresistance) by enhancing DNA damage
response, altering the expression of oncogene/tumor
supressors, manipulating the tumor microenvironment, and by
regulating the cell cycle (5). Understanding the molecular
mechanisms behind the therapy resistance will enable us to
overcome the drug resistance in cancer.

With the discovery of methylation of O6-methylguanine-DNA
methyltransferase (MGMT) that sensitizes glioblastoma
multiforme (GBM) cells to temozolomide, epigenetic alterations
have been extensively studied to uncover the molecular
mechanism behind therapy resistance (6, 7). Approximately 100
different types of modifications can be observed at RNA level, but
m6A modification of RNA has gathered much attention. Since
then, researchers pushed their focus and discovered Writer,
Reader, and Erasers for RNA modification (8). Advancement of
techniques like high throughput sequencing enabled the scientific
community to uncover m6A enrichment at RNA. Modification of
m6A in transcriptome is not random, but happens at a consensus
sequences like DRACH (D =G, A, or U; R =G or A; H =A, C, or U),
which are enriched mostly in CDS as well as 3’UTR region (9, 10).
RNA methylation occurs on several sites including 5-methylcytosine
(m5 C), 7-methylguanosine (m7G), m1G,m2 G,m6G, N1 -methyl
adenosine (m1A), andm6A (11). Them6Amodification occurs via
“writers” (i.e., m6A methyltransferases), recognized by “readers”
(i.e., m6A-binding proteins), and removed by “erasers” (i.e., m6A
demethylases) in eukaryotes (12). Methyltransferase-like 3
(METTL3), METTL14, Wilms tumor 1-associated protein
(WTAP), KIAA1429, RNA-binding motif protein 15 (RBM15),
and zinc finger CCCH domain-containing protein 13 (ZC3H13)
forms the “writer” complex that initiates the m6A modification
(13, 14). YT521-B homology(YTH) proteins, insulin-like growth
factor 2 mRNA binding proteins (IGF2BPs), eukaryotic initiation
factor 3 (eIF3), heterogeneous nuclear ribonucleoproteins
(HNRNPs), and fragile X mental retardation proteins (FMRPs)
are included under “reader” complex that recognizes the m6A
RNA modification and initiates downstream signaling (13).
Obesity-associated protein (FTO) and alkB homolog 5
(ALKBH5) stimulate the demethylation process and are
included under “eraser” complex (15, 16). Extensive studies on
m6A modification indicated toward its contribution in regulation
of mRNA (17), long non-coding RNA (lncRNA) (18), microRNA
(19), and circular RNA (circRNA) (20). m6A modification being
an important RNA regulatory mechanism has been proved to play
a critical role in regulating RNA processing, transportation,
Frontiers in Oncology | www.frontiersin.org 2213
translation, and decay. Methyltransferase-like 3 (METTL3)
methylates pri-miRNAs, enabling them to be recognized by
RNA-binding protein DGCR8 and thereby leading to miRNA
maturation (21). The global RNA modification study suggests that
RNA demethylase FTO was found to regulate pre-mRNA
processing including alternative splicing and 3′ UTR processing
(22). Studies also revealed that m6A is added to exons in nascent
pre-mRNA and its addition in the nascent transcript is a
determinant of cytoplasmic mRNA stability (22). Interestingly,
selective down regulation of METTL3 reduces the translation of
mRNAs bearing 5’ UTR methylation. In this study, it was found
that ABCF1 coordinates with METTL3 in m6A-facilitated and
eIF4F independent mRNA translation (23), demonstrating the
role of m6A methylation in mRNA translation. m6A-binding
protein YTHDC1 mediates export of methylated mRNA from the
nucleus to the cytoplasm, demonstrating the potential role of m6A
modification in RNA translocation (24). There is emerging
evidence indicating that m6A modification is strongly associated
with acquired therapy resistance in cancer. In this review, we have
focused on the mechanisms of RNA m6A modification-associated
therapy resistance and possible approaches to overcome it.
IMPLICATION IN CHEMORESISTANCE

Reprogramming chemoresistant cells to undergo drug induced
apoptosis is a viable approach to treat recurrent neoplastic
diseases. This can be achieved by selective downregulation of
anti-apoptotic factors or activation of pro-apoptotic factors in
tumor cells (2). Among several novel approaches, modulation of
N6-methyladenosine(m6A) RNA modification was found to be
an important strategy in various types of cancer cells to
overcome drug induced cell death. Various studies indicate
that m6A modification confers drug resistance by regulating
ABC transporters directly on transcript level or via upstream
signaling pathways (19). Similarly, studies suggested that m6A
modification affects the expression of BCL-2 with variable
outcomes depending on the different cancer types (25, 26).
Recent studies indicate that the m6A modification is involved
in the maintenance of CSCs in tumors, leading to drug resistance
and recurrence. Considering the potential role of m6A RNA
modification in development of chemoresistance, it can be a
viable therapeutic target to overcome chemoresistance.

Cisplatin Resistance and m6A Modification
Cisplatin is the first line of treatment for several neoplasms. In
1965, Barnett Rosenberg accidently discovered the role of
cisplatin in cell division. Further studies substantiated that it
is the most promising agent for treatment of cancer (27).
Writer protein METTL3 is involved in acquired cisplatin
resistance by regulating TRIM11 expression. Methylated RNA
immunoprecipitation (Me-RIP) study suggests that TRIM11
m6A level was higher in cisplatin resistant cells compared to
sensitive cells in nasopharyngeal carcinoma (NPC) lines.
Depletion of METTL3 results in reduced TRIM11 expression
that sensitizes NPC lines to cisplatin (28). Similarly, METTL3
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enhances the YAP1 m6A methylation at mRNA level and
stabilize its expression in human lung cancer lines. The
elevated YAP1 mediates cisplatin resistance in NSCLC (19).
Reader protein YTHDF1 depletion mediates cisplatin
resistance in NSLCC through KEAP1/NRF2/AKR1C1 axis and
higher expression of YTHDF1 showed better clinical outcome of
NSCLC patient (29). Erasers also play an important role in
acquired cisplatin resistance in several neoplasms. FTO
demethylates b-catenin mRNA and stabilizes the b-catenin in
cervical squamous cell carcinoma, thereby inducing chemo-radio
therapy resistance (30). In our study, we found that ALKBH5 is
directly regulated by human RNA helicase DDX3, which leads to
decreased m6A methylation in FOXM1 and NANOG nascent
transcript that contribute to cisplatin resistance in OSCC (31).

Kinase Inhibitor and m6A Modification
Kinase inhibitors have emerged as a potential strategy for
treatment of cancer. Currently, several FDA approved kinase
inhibitors are being evaluated in different phases of clinical trials
to treat cancer (32). m6A RNA modifications play an important
role in acquiring resistance against kinase inhibitors. A
comparative study in NSCLC cell lines suggests that higher
m6A enrichment scores can be found in afatinib resistant lines
as compared with sensitive cells (33). Similarly, RNA
methylation status was compared between TKI (tyrosine kinase
inhibitor) resistant and sensitive cells and it was found that cells
having hypomethylation showed greater tolerance for TKI and
better growth rate. FTO- enhances mRNA stability of prosurvival
transcripts and further induces resistance to tyrosine kinase
inhibitors (TKIs) in leukaemia cells (26). Depletion of
METTL3 induces sorafenib resistance in human liver cancer
lines. Mechanistically, it was found that depletion of METTL3
reduces the stabilization of FOXO3 mRNA and ectopic
overexpression of FOXO3 restores sorafenib sensitivity (34).

5-Fluorouracil Resistance and m6A
Modification
5-Fluorouracil (5FU) is a widely used anticancer drug in many
cancers. It is an analogue of uracil, which gets incorporated into
nucleic acids and interfere with nucleotide metabolism (35, 36).
For treatment of several neoplasms, the common chemotherapy
regimen involves TPF (Taxol, Platinum, and Fluorouracil) or
FOLFOX (Folinic acid, Fluorouracil and Oxaliplatin) (37). The
role of m6A in 5 FU resistance is not well studied except few
reports, which indicates m6A RNA modification augments the
chemosensitivity of 5 FU. METTL3 knockdown increases the
5FU sensitivity in pancreatic ductal adeno carcinomas (38).
Similarly, reader protein YTHDF1 knockdown results in
enhanced 5FU sensitivity in colorectal cancer (39).

PARP Inhibitor and m6A Modification
DNA damage is a common mode of action for most of the
anticancer drugs and absence of an efficient DNA repair system
in cancer cells leads to drug induced death. PARP (poly (ADP-
ribose) polymerase) is a key enzyme that plays important roles in
DNA damage response. PARP1 identifies and interacts with
single stranded DNA damage through its DNA binding
Frontiers in Oncology | www.frontiersin.org 3214
domain. Further, PARP1 synthesizes poly(ADP) ribose (PAR)
and transfers it to acceptor proteins. PAR recruits repair proteins
to the damaged DNA site. Henceforth, PARP1 has been
established as an important target for cancer therapy. As many
as 8 different PARP inhibitors are in different phases of clinical
trial against various neoplasms (40–42). PARP inhibitors
generally bind to the cofactor and catalytic domain and
inhibits its enzyme activity (43). The most commonly used
PARP1 inhibitors are Olaparib, Rucaparib, Niraparib, and
Talazoparib (44). Olaparib is the first inhibitor used for clinical
trial in BRCA 1 mutant solid tumor (45). Only few studies with
m6A modification and PARP1i resistance are available in
literature. Fukumoto et al. (2019) performed a global m6A
modification profiling and found that in BRCA-mutated lines,
m6A modification stabilizes the expression of FZD10 mRNA,
which ultimately contributes to PARP inhibitor resistance.
Mechanistically it was found that enhanced expression of
FZD10 leads to activation of Wnt/b-Catenin signalling.
ALKBH5 and FTO knockdown decreased FZD10 mRNA
stability and sensitize the cell to PARP inhibitor (46). This
study clearly indicated that m6A modification plays a crucial
role during the development of PARPi resistance.

Gemcitabine and m6A Modification
Gemcitabine, a pyrimidine analogue, is used as chemotherapeutic
regimen in several neoplasms including pancreatic, ovarian,
breast, bladder, and small lung carcinoma. Moreover,
Gemcitabine enhances the survival rate of pancreatic cancer
patients up to 20% (47). Interestingly, Gemcitabine decreased
the expression of ALKBH5 in PDAC xenografts. Ectopic
overexpression of ALKBH5 sensitizes PDAC lines to
Gemcitabine. On the other hand, knockdown of ALKBH5 in
PDAC lines enhanced cell growth, proliferation, and migration.
RNA immunoprecipitation followed by sequencing data suggests
that in ALKBH5 knock down cells, increased m6Amodification at
the 3′ UTR region of the WIF-1 (Wnt inhibitory factor 1) mRNA
can be observed. Henceforth, the expression of WIF-1 is down
regulated in ALKBH5 KD cells, which in turns activate
Wnt pathway and enhances the expression of Wnt target genes
like C-MYC, Cyclin D1, and MMP-2 (48). On the contrary, knock
down of METTL3 enhanced the sensitivity towards many
chemotherapeutic drugs including gemcitabine (38).
IMPLICATION IN IMMUNOTHERAPY

Interestingly, m6A RNA modification also plays an important
role in regulating immune response in cancer patients. He et al.
analyzed the RNA sequencing data of 24 different m6A
regulators in 775 breast cancer patients from TCGA database
and categorized them in two subgroups. One group had a lower
RNA methylation status (RM1) and other had a high
methylation status (RM2). The RM1 group showed shorter
overall survival rate and higher enrichment of PI3K and KRAS
signalling. On the other hand, the RM2 group showed higher
numbers of tumor-infiltrating CD8+ T cells, helper T cells, and
activated NK cells, but lower expressions of PD-L1, PD-L2,
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TIM3, and CCR4 than RM1 group (49). Similarly, the study by
Winkler et al. suggested that m6A modifications serve as a
negative regulator of interferon response by modulating the
turnover of interferon mRNAs (50). Writer, reader, and erasers
play important roles in immune surveillance. Rubio et al. suggest
that writer METTL14 depletion induces IFNb1 production,
whereas ALKBH5 depletion reduces IFNb1 production (51). T
cell homeostasis is very important for any kind of defense
balance, but depletion of writer METTL3 in CD4 cells
hampered the homeostasis of T cells (52). METTL3 depletion
in dendritic cells resulted in impaired maturation of dendritic
cell and led to weak costimulatory signal by CD40-CD80 as well
as exerted reduced T cell stimulation (53).The reader protein
YTHDF1 regulates immune response in melanoma cancer.
YTHDF1 deletion in mice showed slower growth of melanoma
and higher survival rate compared to WT YTHDF1 by
enhancing antigen specific CD8+ T cell antitumor response.
With depletion of YTHDF1 in dendritic cells, increased cross-
presentation of tumor antigens and the cross-priming of CD8+ T
cells was observed in vivo. It was found that lysosomal protease
enzyme in dendritic cells with m6A was recognized by
YTHDF1 (54).

After landmark discovery of PD1/PD-L1 and its role in
immune evasion of cancer cells, the immune check point
inhibitors (PD-1 inhibitors) have been established as potential
anti-tumor agents. Immunotherapy has contributed immensely
in terms of survival and quality of life in addition to
chemoradiotherapy. The m6A modifications are also reported
to play a key role in acquiring therapy resistance against
checkpoint inhibitors. FTO inhibition suppresses melanoma
Frontiers in Oncology | www.frontiersin.org 4215
tumorigenicity and increased the m6A methylation in PD-1,
CXCR1, and SOX10 mRNA, henceforth enhancing the decay of
mRNA by YTHDF2. Selective blocking of FTO restores IFN-g
response and sensitizes anti-PD-1 treatment in vivo (55). A study
by Yi L et al. (56) suggest that m6A regulators are upregulated in
HNSCC as compared to normal counterpart. Further they have
demonstrated that m6A regulators show positive correlation
with PDL-1 in tumor immune microenvironment (TIME),
hence presenting the m6A regulators as viable therapeutic
targets in HNSCC (56). Zhang et al. (57) suggested that low
m6A scores activate immune cells to infiltrate TIME and
increases the survival rate of gastric cancer patient compared
with high m6A score with low survival rate. Low m6A score
increased the neoantigen load as well as sensitized anti PDL-1
immunotherapy. Eraser protein ALKBH5 modulates TIME,
deletion of ALKBH5 in colon and melanoma syngeneic tumor
model enhances the immune cells infiltration in TIME.
Mechanistically ALKBH5 modulates Mct4/Slc16a3 expression
and lactate content in TIME, which ultimately suppressed the
Treg and myeloid derived Cell. Deletion of ALKBH5 sensitizes
the tumor against the anti PD-1 treatment and GVAX vaccine
(58). Overall, these studies suggest that m6A methylation is a
major regulator of immune response in tumor cells and TIME.
IMPLICATION IN RADIOTHERAPY

Other than chemotherapy, radiation therapy is a major treatment
regimen for cancer patients that target cancer cells by damaging the
DNA. The concurrent chemo radio therapy is the most common
FIGURE 1 | Overview of m6A regulation in Chemotherapy, Immunotherapy, and Radiotherapy- 1) Chemotherapeutic drugs Cisplatin, Kinase inhibitor modulates
m6A regulator (Writer-METTL3, Raeder-YTHDF1, Eraser-ALKBH5, FTO) stabilizes the oncogene mRNA and induces chemoresistance. 2) Tumor immuno
microenvironment (TIME) (B cells, dendritic cells, T cells, NK cells, fibroblast) activated by m6A regulator and induces immunotherapy resistance for cancer cells. 3)
Radiation induces m6a regulator and stabilizes mRNA of cancer stem cell. In the figure, the small upward black arrow indicates “upregulation” and the downward
black arrow indicates “down regulation”.
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therapeutic regimen followed by surgery (59). Radiation in GBM
(glioblastoma) cells enhances the METTL3 expression and it
increases the stability of SOX2 by recruiting hUR (human antigen
R) and induces resistance against radiation (60). Similarly, selective
knock down of METTL3 results in sensitizing pancreatic cancer
lines to radiotherapy (38). Eraser protein FTO also induces chemo
radio resistance in cervical squamous carcinoma by demethylation
of b-catenin mRNA, which stabilizes its expression (30).
CONCLUSION

Therapy resistance in cancer is a consequence of multiple factors
such as individual variability in sensitivity to the drug, location of
the tumor, tissue lineage, tumor aggressiveness, and intracellular
molecular alteration. As discussed earlier, deciphering the
consequences of m6A modification on selective transcripts can
lead to understanding the molecular mechanism of the therapy
resistance (Figure 1 and Table 1), thereby enabling us to optimize
the combination therapy of existing drugs or to design specific
drugs to overcome resistance property. However, the disadvantage
lies on the insufficient studies regarding the selectivity of target
Frontiers in Oncology | www.frontiersin.org 5216
mRNA by m6A methyltransferases, demethylases, and binding
reader proteins. Along with that localization of m6A modified
target transcripts, target specificity of m6A writer, reader, and
eraser protein and their varied mode of action in different
neoplasms remain unclear.
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5-Methylcytosine (m5C) methylation is a major epigenetic technique of RNA modification

and is dynamically mediated by m5C “writers,” “erasers,” and “readers.” m5C RNA

modification and its regulators are implicated in the onset and development of many

tumors, but their roles in head and neck squamous cell carcinoma (HNSCC) have

not yet been completely elucidated. In this study, we examined expression patterns of

core m5C regulators in the publicly available HNSCC cohort via bioinformatic methods.

The differentially expressed m5C regulators could divide the HNSCC cohort into four

subgroups with distinct prognostic characteristics. Furthermore, a three-gene expression

signature model, comprised of NSUN5, DNMT1, and DNMT3A, was established to

identify individuals with a high or low risk of HNSCC. To explore the underlyingmechanism

in the prognosis of HNSCC, screening of differentially expressed genes, followed by the

analysis of functional and pathway enrichment, from individuals with high- or low-risk

HNSCC was performed. The results revealed a critical role for m5C RNA modification in

two aspects of HNSCC: (1) dynamic m5C modification contributes to the regulation of

HNSCC progression and (2) expression patterns of NSUN5, DNMT1, and DNMT3A help

to predict the prognosis of HNSCC.

Keywords: head and neck squamous cell carcinoma, m5C RNA methylation, prognostic signature, TCGA,

expression pattern

INTRODUCTION

According to the most recent report, head and neck squamous cell carcinoma (HNSCC) is a
relatively lethal type of cancer, and HNSCC ranks among the top six in terms of incidence and
mortality, seriously threatening public health and the quality of life of patients with HNSCC
worldwide (1). Despite consecutive forms of treatment, namely, surgery, chemotherapy, and
radiotherapy, and considerable advancement in the therapeutic schedule for HNSCC, the 5-
year survival rate of patients with HNSCC remains far from satisfactory, owing to end-stage
diagnosis, rapid development, high recurrence rate, and induction of metastasis to distant sites
(2). Mounting evidence has demonstrated that molecular markers hold a promising function
not only because of their prognostic value but also because of their role as molecular targets.
For example, HNSCC therapy has undergone a significant change in recent years with the
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development of precision medicines, such as bevacizumab,
against vascular endothelial growth factor (VEGF)/VEGF
receptor (VEGFR) based on the special gene expression
signature, and prognostic outcomes in HNSCC (3–5). More
recently, increasing knowledge has brought into focus the
features of several macromolecules (protein, RNA, DNA, and
sugar) that are involved in tumorigenesis and progression,
especially in epigenetic modifications; and the value of these
features as prognostic indicators and potential therapeutic targets
has been gradually recognized (6–8). To date, the molecular
mechanism of HNSCC occurrence and development has not yet
been completely elucidated. Therefore, it is imperative to gain a
deeper insight into the molecular mechanism of carcinogenesis
of HNSCC and thereby provide valuable detection and effective
targets for patients with HNSCC.

To date, RNA modification methods have become prominent
because of the development of detection technologies and the
realization that RNA not only serves as the intermediate molecule
for translation or as an auxiliary function for protein synthesis
(rRNA and tRNA) but also acts as a functional regulator
for the transmission of genetic signals (lncRNA and miRNA)
(9, 10). Among these methods, RNA methylation is one of
the most common techniques in the epigenetic modification
of posttranscriptional RNA, even though extensive effort has
been made on studying protein and DNA modifications (11).
Generally, RNAmethylation predominantly includes m6A, m5C,
m1A, and m7G, among which m6A and m5C modification
techniques are two of the most major and most representative
types of posttranscriptional RNA modification in over 170
chemical modification schemes (12–15). The m6A modification
technique has been predominantly studied in HNSCC, but that
of m5C does not attract much attention since the current
knowledge of its functions is limited to regulation of the
exportation of mRNA and the maintenance of the structure
and stability of mRNA (12, 16–18). Its modulating effects have
been characterized to be reversible and dynamic, similar to
those of histone and DNA modification methods, owing to
the involvement of m5C writers, erasers, and readers (19, 20).
Taking these regulators further, m5C was established by adding
the methyl group through a number of methyl transferases
(NOP2, NSUN2, NSUN3, NSUN4, NSUN5, NSUN6, NSUN7,
TRDMT1, DNMT3A, DNMT3B, and DNMT1), was removed
by demethylase (TET2 and TET3), and was recognized by
binding proteins (ALYREF and YBX1), which were jargonized as
“writers,” “erasers,” and “readers,” respectively (12, 13, 21–23).

At present, accumulating evidence has demonstrated that
the aberrant expression of m5C RNA regulators and specific
methylated genes is involved in the pathogenesis of abnormal
differentiation in progenitors, fertility damage in males, and
cancer oncogenesis (24–27). For instance, DNMT1- and EZH2-
mediated epigenetic silencing promotes the progression of
glioblastoma and gastric cancer (28). Furthermore, NSUN6
promotes the activation of breast cancer metastasis by
incorporating the adaptor proteins, LLGL2, and lncRNA
MAYA, to accumulate YAP1 in the nucleus for transcriptional
activation (29). In addition, one of the main m5C RNA writers,
NSUN2, was also noted to be overexpressed in different types

of cancer and was deemed an effective prognostic biomarker
(25, 27). However, the gene features and prognostic values of
m5C-related regulators in HNSCC remain obscure and need
in-depth investigation.

In this study, we systematically analyzed and evaluated the
expression patterns of 15 widely studied m5C-related regulators
in 501 tumor and 44 normal control tissues and the association
between clinicopathological and survival parameters from The
Cancer Genome Atlas (TCGA) database.

MATERIALS AND METHODS

HNSCC Dataset Acquisition and
Bioinformatic Analysis
The transcriptome TCGA-HNSCC datasets and the
corresponding clinical features applied in this study were
obtained from the TCGA database via the GDC Data Portal, as
described earlier (https://portal.gdc.cancer.gov/) (30). In total,
501 tumor and 44 normal control datasets from 527 patients
were available for further experimental procedure. In addition,
the mutation data and the expression values in the pan-cancer
analysis of three selected risk genes were obtained from the
cBioPortal database (https://www.cbioportal.org/) and the Gene
Expression Profiling Interactive Analysis 2 (GEPIA2) database
(http://gepia2.cancer-pku.cn/) (31–33). The differentially
expressed genes (DEGs) were generated by the R (3.6.0) package
“limma,” the heat map by “pheatmap,” the volcano plots and the
bubble plots by “ggplot2,” and the chord plots by “GOplot.”

Landscape of m5C RNA Methylation
Regulators
In total, 15 m5C-associated regulators composed of 11 writers
(NOP2, NSUN2, NUSN3, NSUN4, NSUN5, NSUN6, NSUN7,
DNMT1, DNMT3A, DNMT3B, and TRDMT1), two erasers
(TET2 and TET3), and two readers (ALYREF and YBX1)
were retrieved from the published literature. The expression
profile of these 15 regulators, accompanied by clinicopathological
parameters, was then systematically extracted and analyzed in
patients with HNSCC.

Consensus Clustering of m5C-Related
Regulators
To better investigate and construct the distinct classification
model, the 13 selected m5C-related regulators were screened out
to primarily conduct the consensus clustering analysis using the
“ConsensusClusterPlus” package of R (3.6.0) (34). Furthermore,
the survival analysis of different clusters was performed to
determine the best clustering in HNSCC samples.

Construction of Prognostic Prediction
Model
To obtain a better prediction of m5C RNA methylation
regulators in HNSCC, first, we calculated the hazard ratio
(HR), which indicates the result of comparing the hazard
function between individuals who are exposed to the hazard
function and those who are not, and 95% confidence interval
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(CI) of the m5C-related regulators to identify the appropriate
candidate genes by univariate Cox regression analysis. Second,
the appropriate candidate m5C-related regulators were assigned
and built for potential HNSCC prognostic signatures using
LASSO Cox regression, which was calculated with the formula
described below:

Risk Score =

n∑

i=1

coefi× xi

where n represents the number of module RNAs, coefi is
the coefficient, and xi denotes the z-score-transformed relative
expression level (log2 (FPKM + 1)) for each gene. Then, the
HNSCC cohort from TCGA was divided into two subgroups,
high risk and low risk, on account of the median risk score.
The Kaplan–Meier survival analysis/risk prediction model was
applied to estimate the prognostic values of the candidate
risk genes.

Protein-Protein Interactions and
Functional Annotations Analysis
Protein-protein interactions (PPIs) of the 15 m5C-related
regulators with a combined confidence score > 0.4 and the
DEGs between the two risk subgroups were evaluated via the
STRING database (https://string-db.org/) and visualized using
Cytoscape (3.7.1) (35, 36). The Reactome (https://reactome.org/),
the Kyoto Encyclopedia of Genes and Genomes (KEGG), and the
Annotation, Visualization, and Integrated Discovery (DAVID)
databases (https://david.ncifcrf.gov/) were used to evaluate the
enriched functional annotations (37–41).

Immunofluorescence Analysis
Following the guidelines set by the Research Ethics Committee
of the Shanghai Ninth People’s Hospital, which is affiliated to
the Shanghai Jiao Tong University School of Medicine, 10 pairs
of tumors, in which the pathological results revealed HNSCC,
were selected for this study. Normal human oral mucosal
epithelial tissues obtained from the oral mucosa during the
surgical resection of HNSCC were used as a control. Paraffin-
embedded samples corresponding to the most representative
tumor area on H&E-stained slides were selected for performing
the IF assay. Briefly, the original fresh-frozen IF sections with
a thickness of 6µm were acquired through cryosection, air-
dried for 10min, fixed with acetone, washed with phosphate
buffered saline (PBS) (1×), and incubated at room temperature
for 2 h with NSUN5 (Proteintech Group, Rosemont, IL, USA,
1:50), DNMT1 (Bioworld Technology, Inc., St. Louis Park, MN,
USA, 1:50), and DNMT3A (Novus Biologicals, Littleton, CO,
USA, 1:170) primary antibodies. The sections were rinsed with
sterile PBS (1×) and then incubated with a Goat Anti-Rabbit IgG
secondary antibody (Abcam, Cambridge, UK, 1:200) protected
from light. Next, the nuclei of the sections were counterstained
with DAPI (Beyotime, Shanghai, China). Primary antibodies
were replaced with PBS as a negative control.

Statistical Analysis
Statistical analysis was conducted using R software (3.6.0).
Moreover, the DEGs between the two groups were analyzed by
the Student’s t-test. p < 0.05 was deemed statistically significant.

RESULTS

Expression Patterns of m5C RNA
Methylation Regulators in HNSCC
The overall flowchart of the procedure that was applied to in
this study and that elucidated the risk score for investigating
the prognostic values of HNSCC is summarized in Figure 1. To
decipher the expression of essential biological functions of m5C-
related regulators in HNSCC, we first downloaded and extracted
the efficacious gene expression data from the TCGA database.
Expression levels of the individual m5C RNA methylation
catalase in HNSCC and control samples are presented in the
heat map (Figure 2A). Among the 545 cases, 14 of the 15
m5C methylation regulatory genes were differentially expressed
between tumors and healthy samples, with p < 0.05. Specifically,
NOP2, NSUN2, NSUN3, NSUN4, NSUN5, NSUN6, NSUN7,
DNMT1, DNMT3A, DNMT3B, TET2, TET3, ALYREF, and
YBX1 exhibited different expression patterns. However, no
distinct discrepancies in the TRDMT1 (p = 0.83) expression
were analyzed in HNSCC tissues when compared with normal
tissues (Figure 2B). Of these 14 genes, the majority of writers
(NOP2, NSUN2, NSUN3, NSUN4, NSUN5, NSUN6, DNMT3A,
DNMT3B, and DNMT1) were more substantially upregulated
in the HNSCC samples compared with normal tissues, with the
exception of NSUN7, which showed an opposite expression trend
with the other 9 m5C writers (p < 0.05). In addition, in HNSCC
tumor tissues, the expression level of the m5C eraser TET3 was
significantly elevated, while that of TET2 was downregulated.
Similarly, the readers ALYREF and YBX1 showed a higher
expression level in HNSCC compared to normal tissues. In
summary, we concluded that m5C RNA methylation regulators
had distinct expression changes in HNSCC and corresponding
normal tissues.

Interaction and Correlation Patterns
Among the m5C RNA Methylation
Regulators in HNSCC
To investigate the associations between the main m5C RNA
methylation regulators, we built a PPI network. The interactions
among the 15 m5C-related regulators are shown in Figure 2C.
TRDMT1 appeared to be the hub gene of the interaction network
and was predominantly associated with most of the m5C RNA
methylation regulators, except for ALYREF and YBX1. Since the
PPI network did not provide details of correlation, we performed
a further correlation analysis on HNSCC, as shown in Figure 2D.
There was a close correlation between TET2 and TET3, two
members of the TET gene family. Except for NSUN5 and
DNMT3B, NSUN6 was correlated with the other 12 m5C RNA
methylation regulators. Moreover, the expression of DNMT1
was positively related to the other m5C-related methylation
genes but not to TRDMT1 and NSUN5. Similarly, NSUN4 also
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FIGURE 1 | Workflow of the study design and different analyses conducted in the study.

shows a positive relationship with otherm5C-relatedmethylation
regulators except for NSUN5 and DNMT3B. Furthermore, it is
worthwhile to note that both erasers, TET2 and TET3, were most
negatively correlated with NSUN5 among all the correlations of
m5C RNA methylation regulators with the Pearson’s correlation
coefficient of−0.34 and−0.19, respectively.

Identification of Four Clusters of HNSCC
Samples With Different Clinical Outcomes
and Characteristics
Transcriptome data of 545 HNSCC samples from the TCGA
database were used for consensus clustering analysis. From
the differentially expressed m5C-related methylation regulators
described above, we used 13 m5C-related genes (NOP2, NSUN2,
NSUN3, NSUN4, NSUN5, NSUN6, DNMT1, DNMT3A,
DNMT3B, TET2, TET3, ALYREF, and YBX1) for further
research. Based on the expression similarity profiling of the 13
m5C-related regulators combined with consensus clustering

cumulative distribution function (CDF) and relative change in
the area under the CDF curve, as shown in Figures 3A,B, k
= 4 was deemed as the appropriate number of clusters when
the clustering stability datasets varied from k = 2 to k = 10
(Figures 3C,D). Then, the HNSCC samples with survival
parameters were classified accordingly into four groups. A
noticeably shorter overall survival (OS) was observed in HNSCC
cases in cluster 1 compared with the other clusters. We highly
postulate that the expression of these 13 m5C-related genes
can divide the HNSCC samples into four groups with distinct
prognoses (Figure 3E). Additionally, to better predict the
clinicopathological characteristics of HNSCC with these four
subgroups, a heat map was applied to present the significant
difference in grade and survival condition with both p < 0.01,
while no huge difference was witnessed with other features, such
as TNM classification, gender, age, and clinical stage (Figure 3F).
Overall, we can conclude that the expression features of the
13m5C-related genes were associated with the grade and survival
condition of patients with HNSCC.
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FIGURE 2 | Expressional and interactive landscape of the m5C modification signature in head and neck squamous cell carcinoma (HNSCC). (A) The heat map shows

the expression levels of 15 m5C RNA decoration regulators in each clinical sample (N, normal; T, tumor; *p < 0.05; **p < 0.01; ***p < 0.001). (B) A violin plot was

(Continued)
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FIGURE 2 | applied to demonstrate the significantly differentially expressed m5C RNA modification regulators between tumor tissues and those of normal control. (C)

The protein–protein interaction (PPI) network of 15 m5C-related regulators was constructed to visualize the interaction (the size of the node is applied to reflect the

degree of regulator; the size of the line is applied to denote the combined_score). (D) Pearson correlation analysis was delineated to determine the correlation among

15 selected m5C-related regulators in The Cancer Genome Atlas (TCGA) HNSCC cohort.

FIGURE 3 | Differential patterns of expressional and clinical features of patients with TCGA HNSCC in cluster 1–4 subgroups. (A) Consensus clustering cumulative

distribution function (CDF) and (B) relative change in the area under the CDF curve from k = 2 to k = 9. (C) Consensus clustering matrix was assessed by k = 4. (D)

The tracking plot of the HNSCC samples. (E) The survival analysis for the four clusters by the Kaplan–Meier method. (F) The clinicopathological characteristics of the

four clusters were determined by coexpression patterns of the consensus expression of 13 selected m5C-related regulators (*p < 0.05; **p < 0.01; ***p < 0.001).

Construction of a Three-Gene Risk
Signature With Distinct Prognostic Value
To investigate the prognostic role of m5C RNA methylation

regulators in HNSCC, univariate Cox regression analysis

was applied to the 13 m5C-related gene expression profiles.

According to the details contained in these results (Figure 4A),
three (NSUN5, DNMT1, and DNMT3A) of the 13 genes that

presented a significant prognostic value (p< 0.1) were specifically
selected to establish the risk signature. Among these three
selected genes, DNMT1 and DNMT3A were protective genes
with HR < 1, while NSUN5 served as a risk factor with HR > 1.

Then the three screened genes with prognostic values
were applied to build the survival risk model using LASSO
Cox regression. The coefficients of individual candidate genes
were generated based on the minimum criteria (Figure 4B).
Subsequently, the risk score of each patient with HNSCC
from the TCGA database was calculated as follows: risk

score = (−0.029572) ∗expression of DNMT1 + (−0.038603)
∗expression of DNMT3A + (0.021496) ∗expression of NSUN5
(Figure 4C). Afterward, patients with HNSCC were divided
into two subgroups, low risk and high risk, according to the
median bound. It was observed that patients in the high-
risk subgroup had a significantly shorter OS than patients
in the low-risk subgroup (Figure 4D, p < 0.05). Taken
together, these results suggest that the three risk genes can
be used as a predictor for the clinical outcomes of HNSCC.

The Prognostic Patterns of
Signature-Based Risk Scores Were
Associated With Clinical Features in
HNSCC
To evaluate the clinical parameters with the three selected m5C
methylation regulators in the two subgroups, a heat map was
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FIGURE 4 | The prognostic risk signature was created with the three m5C RNA methylation regulators. (A) The process of analyzing the signature regulators by the

univariate Cox regression model. (B,C) LASSO Cox regression analysis shows the coefficients of the three selected regulators (NSUN5, DNMT1, and DNMT3A). (D)

The Kaplan–Meier overall survival analysis of the two subgroups of TCGA HNSCC cohorts assigned to high- and low-risk groups followed by risk scores. (E)

Significant differences were observed in the area of M stage and grade across the high- and low-risk subgroups. (F) Univariate and (G) multivariate Cox regression

showed the relationship between clinicopathological features and the risk score.

generated to visualize the relationship pattern. The expression
of DNMT1 and DNMT3A was high in the low-risk subgroup,
whereas, the expression of NSUN5 mainly emerged in the
high-risk subgroup. Furthermore, significant differences were

disclosed in this heat map concerning the M stage and grade
(Figure 4E, p < 0.01).

Next, we further performed univariate and multivariate Cox
regression analyses to confirm whether the risk signature was an
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FIGURE 5 | The expression and genetic alteration patterns of three risk genes of various types of cancer in human. The expression values of (A) NSUN5, (B) DNMT1,

and (C) DNMT3A in pan-cancers and corresponding normal tissues. (D) Expression levels of three risk genes in HNSCC and normal controls based on the GEPIA2

database. (E) The profiling of the expression alterations of the three genes in the HNSCC sample (n = 1,332) from TCGA datasets.

independent prognostic element. Remarkably, age (p = 0.002,
HR = 1.021, 95% CI = 1.008–1.034), gender (p = 0.036, HR
= 0.726, 95% CI = 0.538–0.979), T stage (p = 0.013, HR
= 1.164, 95% CI = 1.033–1.312), N stage (p < 0.001, HR
= 1.278, 95% CI = 1.129–1.447), and the risk score (p <

0.001, HR = 2.545, 95% CI = 1.548–4.184) were determined
to be independent prognostic factors from univariate analysis
(Figure 4F), while these parameters were calculated by the
multivariate Cox regression model. The valuable factors was
reduced to age (p = 0.008, HR = 1.018, 95% CI = 1.005–1.032),
N stage (p = 0.012, HR = 1.203, 95% CI = 1.042–1.390), and
the risk score (p = 0.004, HR = 2.048, 95% CI = 1.256–3.340)
(Figure 4G).

External Confirmation of the Expression
Patterns and Genetic Alterations of Three
Risk Signature Genes in HNSCC
To better explore the expression profiles of NSUN5, DNMT1,
and DNMT3A in human organs and corresponding tumors, the

GEPIA2 database was utilized to investigate the distinct organ
expression features of these three prognostic markers. As shown
in Supplementary Figure 1 and Supplementary Table 1, these
three markers were almost overexpressed in tumors compared
with normal organs in 26 pairs of comparison. Next, further
comparison of the three genes at the transcriptional level among
the 31 human pan-cancer samples was conducted, and an almost
identical result was obtained from these contrasts. This validation
indicates that NSUN5, DNMT1, and DNMT3A were nearly
overexpressed in human tumors compared with normal samples
(Figures 5A–C).

Considering the complexity of the posttranscriptional
regulation and the protein expression, we further employed
the GEPIA2 database and IF at the protein level to evaluate
and verify the expression of three m5C signature writers.
The GEPIA2 database contains TCGA and Genotype-Tissue
Expression (GTEx) data with a larger sample population, which
may increase the statistical confidence in a precise estimate.
The mRNA expression profiles illustrate that all the three
risk signature genes were upregulated in GEPIA2, and similar
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FIGURE 6 | Immunofluorescence analysis of NSUN5, DNMT1, and DNMT3A in tissues of HNSCC tumors and normal oral epithelium (×100). Compared with oral

epithelium controls (A’–C’), a higher expression of (A) NSUN5, (B) DNMT1, and (C) DNMT3A was detected in HNSCC tumor tissues.

results were obtained from IF (Figures 5D, 6). Among the 1,330
patients with HNSCC, 92 patients (7.1%) had genetic mutations
of NSUN5, DNMT1, or DNMT3A (Figure 5E).

Functional Annotation and Pathways of
Two Risk Subgroups Determined by Three
Prognostic Genes
The results mentioned above suggest that the two risk subgroups
may be closely related to the prognostic capacity of patients
with HNSCC. Next, we sought to explore the potential markers
targeting the two subgroups and identified the involved biological
functions. In total, 725 DEGs, with 359 being upregulated
(p < 0.05, log2FC > 0.5) and 366 being downregulated (p
< 0.05, log2FC < −0.5), were screened in the high-risk
subgroup by the limma package (p < 0.05). Among them,
we ranked the DEGs followed by log2FC. From a total of 20
polar DEGs, 10 upregulated mRNAs (KRT83, BPIFA1, KRT79,
FABP4, LOR, LINC01214, FLG2, IGFL2, DSC1, and S100A12)

and 10 downregulated mRNAs (PRR27, NPS, STATH, DEFA6,
FGF3, TKTL1, BPIFA2, IGKV2D-28, PIP, and ZG16B), were
found to be at the top of rankings with the highest |log2FC|
(Figure 7A). To better understand the interactions between the
upregulated and downregulated genes, we also evaluated the PPIs
via the STRING database and visualized them by Cytoscape
(Supplementary Figures 2, 3). In addition, to better summarize
the function of DEGs, Reactome, GO, and KEGG analyses were
performed to illustrate the functional annotations of DEGs using
the GOplot and ggplot2 packages.

The GOplot and ggplot2 data of the relationship between the
listed 359 upregulated and 366 downregulated genes and their
corresponding metabolic pathways in the Reactome database,
together with the log2FC of the two-part genes, are presented in
Figures 7B–E (p < 0.05). Furthermore, we also applied ggplot2
to demonstrate the functional annotations in the GO database.
The leading highly enriched GO terms of biological process
(BP), cellular component (CC), and molecular function (MF)
in the high-risk subgroup were “translation,” “cytoplasm,” and
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FIGURE 7 | The profiling of differentially expressed genes (DEGs) and their functional annotations from the two risk subgroups. (A) The volcano plot shows the DEGs

in the two subgroups. The top 10 upregulated and downregulated genes with the highest |log2FC| value are labeled with blue dots. Significantly enriched the

Reactome pathway analysis of (B) 359 upregulated genes and (C) 366 downregulated genes was visualized using the package GOplot in R. The plot includes eight

Reactome pathway terms. The genes with at least two terms and the terms that included at least eight genes are demonstrated in this plot. log2FC represents the

difference between the high- and low-risk subgroups. The bubble chart shows the top 10 significant enrichment terms of (D) 359 upregulated genes and (E) 366

downregulated genes in the Reactome database.
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“protein binding,” respectively (Figures 8A–E, p < 0.05). On
the other hand, in the low-risk subgroup, the principal terms
of these three aspects degenerated into “positive regulation
of transcription from RNA polymerase II promoter,” “plasma
membrane,” and “ATP binding” (Figures 8B–F, p < 0.05).
Moreover, the enriched signaling cascade for the 359 upregulated
and 366 downregulated genes identified by the analysis of the
KEGG pathway was selected according to log2FC (p < 0.05). In
the high-risk subgroup, the top-ranking terms were associated
with “ribosome,” “oxidative phosphorylation,” “non-alcoholic
fatty liver disease,” and “synaptic vesicle cycle,” and so on (p
< 0.05); among them, “oxidative phosphorylation” was testified
to be related to larger tumor size of HNSCC (Figure 8G) (42).
Verification of the low-risk subgroup with KEGG analysis also
revealed that “cell cycle” and “HTLV-infection” were linked with
these genes (Figure 8H).

DISCUSSION

Recently, increasing evidence has demonstrated that HNSCC is
a complex and heterogeneous disease that is attributed to the
combination of virus infection, environmental risk factors, and
genetic predisposition. Of note, tobacco smoking and alcohol
abuse are considered to be the leading carcinogenic factors for
HNSCC (43). In addition, m5CRNAmodification in HNSCC has
garnered substantial attention among researchers worldwide. Its
functions should include numerous BPs, such as mRNA export,
RNA stability, translation, and alternative splicing (12, 17, 18, 44–
47). m5C RNA modification can be detected in most types of
RNA and is associated with a wide range of disorders (13, 48).
In particular, abnormal m5C methylation has been implicated in
the development of many malignant tumors, namely human skin
squamous cell carcinomas and breast cancer (8). Although, Xue
et al. (49) reported that the gene significance of m5C regulators
can predict the prognosis of patients with HNSCC, the role
of m5C modification in HNSCC is still obscure, and in-depth
investigations in the field are urgent. In this study, we analyzed
the expression patterns of 15 m5C regulators in HNSCC and
constructed a three-gene risk signature to predict the prognosis
of patients with HNSCC.

Because of the advancements in sensitive, quantitative,
and specific technologies, the identification of modification
techniques on the low abundance RNA m5C regulators has
been brought into focus. Mounting evidence has shown
that these regulators, namely m5C “writers,” “erasers,” and
“readers,” modulate the occurrence and progression of tumors
primarily through their methylation function. For example, the
well-identified “writer” NSUN5 exhibits tumor-suppressing
characteristics in gliomas. DNA methylation-associated
epigenetic silencing of NSUN5 is observed in human gliomas,
and it helps glioma cells overcome hostile stress conditions
(50). Chen et al. (21) revealed that YBX1 is an m5C “reader”
that recognizes m5C-modified mRNAs in human urothelial
carcinoma of the bladder (UCB) and maintains the stability of its
target mRNAs. Moreover, YBX1 targets the m5Cmethylation site
in the HDGF 3′ untranslated region to drive UCB pathogenesis

(21). Notably, most m5C regulators have been reported to
participate in cancer pathogenesis via non-methylated pathways.
Xu et al. revealed the critical role of YBX1 in modulating
abnormal ubiquitination in hepatocellular carcinoma (HCC).
Protection of YBX1 from PRP19-mediated ubiquitination
degradation by circRNA-SORE, a newly discovered circRNA
highly expressed in HCC, increases sorafenib resistance in
patients with HCC (51).

In this study, we intend to investigate the expression
profile of 15 m5C-related regulators in HNSCC. Analysis
of the TCGA HNSCC cohort revealed that 14, namely,
NOP2, NSUN2, NSUN3, NSUN4, NSUN5, NSUN6, NSUN7,
DNMT1, DNMT3A, DNMT3B, TET2, TET3, ALYREF, and
YBX1, out of 15 m5C-related RNA regulators exhibited different
expression hallmarks among tumors and normal controls.
Considering that m5C regulators are differentially expressed
in other tumors and involved in the regulation of their
pathogenesis, interpretation of the analyzed results somewhat
indicates that the differentially expressed regulators may affect
HNSCC development and therapy. For example, the levels
of DNMT3B, NSUN2, DNMT3A, NOP2, DNMT1, NSUN4,
NSUN5, and ALYREF were upregulated in lung adenocarcinoma
(52). Zhang et al. (53) have found that DNMT1 could enhance
the radiosensitivity of HPV-positive HNSCC through suppressor
of morphogenesis in genitalia 1 (SMG1). The NSUN family
member, NSUN2, is found to be implicated in regulating cell
cycles and accumulates in a variety of tumor lesions compared
with normal samples (25, 54). Therefore, it seems valuable to
further investigate the role of m5C regulators in HNSCC.

This study attempted to uncover the prognostic effects of
m5C RNAmethylation regulators in HNSCC. We identified four
subgroups of HNSCC based onm5CRNAmethylation regulators
bymeans of consensus clustering and found that the classification
was related to OS and tumor grade, implying that the expression
pattern of m5C-related genes was positively correlated with
the malignant process and prognosis of HNSCC. A previous
study divided the TCGA HNSCC cohort into two subgroups
depending on the 13 m6A RNA methylation regulators and
applied consensus clustering (55). The OS and tumor grade of
patients were also found to be strongly different between two
identified subgroups. Taken together, these results indicate that
RNA methylation regulators (m6A, m5C) might be associated
with the prognosis of HNSCC.

Afterward, the prognostic three-gene risk signature,
comprised of NSUN5, DNMT1, and DNMT3A, was built
to effectively distinguish between patients with high risk
and patients with low risk and robustly predict OS in the
subgroups of HNSCC. Specifically, we observed that low
NSUN5, together with high DNMT1 and DNMT3A levels,
were positively associated with favorable functional outcomes in
patients with HNSCC. Besides, both univariate and multivariate
Cox analyses revealed that the risk score could act as an
independent prognostic factor in HNSCC, implying that
NSUN5, DNMT1, and DNMT3A could be involved in tumor
oncogenes and suppressors. It is noteworthy that all three risk
genes were m6A “writers,” though they showed the opposite
effect on survival in HNSCC, which may hint that the NSUN
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FIGURE 8 | Bubble chart of the enriched terms in GO and KEGG. Functional annotations of upregulated genes in the high-risk subgroup and low-risk subgroup are

analyzed by (A,B) GO biological processes, (C,D) cellular component, (E,F) molecular function, and (G,H) KEGG pathways.
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FIGURE 9 | The presumptive outline of m5C RNA modification in HNSCC. Methyltransferases of the NSUN family and DNMT family are the main m5C “writers.”

Among them, NSUN5 is predicted to methylate KRT83, KRT79, and BPIFA1; whereas DNMT1 and DNMT3A target PRR27, NPS, and STATH. TET2 and TET3 serve

as m5C “erasers,” which regulate RNA m5C dynamics together with “writers” in the nucleus. m5C readers bind m5C-modified RNA and modulate the processes of

mRNA translation, alternative splicing, and RNA decay. Specifically, ALYREF functions in the nucleus and regulates mRNA export, while YBX1 maintains mRNA

stability in the cytoplasm.

and DNMT family proteins affect the OS in HNSCC with
diverse impacts.

Currently, the roles of NSUN5, DNMT1, and DNMT3A
in tumors have been widely explored. NSUN5 was reported
to be responsible for modifying the second m5C position in
eukaryotic rRNA and maintaining global protein synthesis and
normal growth in mice (56, 57). Another study demonstrated
that NSUN5 epigenetic inactivation is a hallmark of long-term
survival for patients with glioma (50). Additionally, emerging
research has indicated that DNMT1 and DNMT3A share
oncogene affections (58, 59). These results agree well with the
constructed risk model using the three risk genes. Taken together,
the risk model offers a basis for further studies of pathogenesis,
and for the determination of the novel classification and
construction of the prognosis model of HNSCC.

Moreover, the m5C-related risk model was found to be
associated with the signaling pathways and biological functions
of HNSCC. The role of m5C RNA regulators was discovered not
so long ago. Thus, we identified several functional annotations
and signaling pathways related to the two risk subgroups. In
the high-risk subgroup, the translation, protein binding, and
oxidative phosphorylation terms were enriched by the Reactome,
the GO, and the KEGG databases, which were ascertained
to be correlated with tumorigenesis (60–62). On the other

hand, the top 20 DEGs identified in the two risk groups are
probably associated with a high likelihood of underregulation
by the three m5C writers (NSUN5, DNMT1, and DNMT3A).
In detail, the results suggest an m5C-regulated mechanism
in HNSCC, by which NSUN5 might target KRT83, KRT79,
and BPIFA1, while DNMT1 and DNMT3A methylate PRR27,
NPS, and STATH. Consistent with these m5C “writers,” m5C
“readers” ALYREF and YBX1 might be implicated in HNSCC by
functioning as mediators of the mRNA output from the nucleus
and by maintaining the stability of their target mRNAs (12, 21).
Based on this, the hypotheses on the role of m5C in HNSCC
initiation and progression through its internal interactions and
signaling pathways have been proposed (Figure 9). Besides,
the IF analysis revealed that NSUN5, DNMT1, and DNMT3A
were similarly overexpressed at the protein level, which was
concordant with the transcriptomic level. This is the first
characteristic for detecting RNA methylation regulators using
IF. These findings, if verified in a larger cohort of prospective
clinical cases combined with prognostic data, might be precise
for the forecasting and management of patients with HNSCC.
In addition to this shortcoming, we also need to acknowledge
another limitation that we came across.Whether m5C decoration
on RNA was associated with HNSCC prognosis was not
directly proven.
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CONCLUSION

In summary, we systematically illustrated the expression profile,
biological function, and clinical prognostic value of m5C
regulators in HNSCC. The association between m5C-related
genes and HNSCC progression has been identified. Furthermore,
a 3-m5C-related gene-based risk score model was built using
NSUN5, DNMT1, and DNMT3A, hinting at a prognostic value
in HNSCC.
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Background: Uterine fibroids(UF) are the most common benign tumors in women, with
high incidence and unknown causes. We aimed to explore the correlation between
Methylenetetra-hydrofolate reductase (MTHFR) C677T polymorphism and UF.

Methods: This is a retrospective cohort study. Data were collected from 2411 women
detected for MTHFR C677T polymorphism in the Fifth Affiliated Hospital of Sun Yat-sen
University from 2018 to 2020. B-ultrasound (BU) and the first page of medical records
were used to analyze whether they had ever been diagnosed with UF. The collected data
were analyzed. Using the chi-square test and regression analysis to explore the
correlation, and the risk factors was screened by multifactor logistic regression analysis.

Results: A total of 2411 pregnant women were in the MTHFR C677T polymorphism
detection. Among them, 226(9.37%) were diagnosed as UF by BU or clinical diagnosis. The
allele and genotype of MTHFR C677T were significantly different between the case and
control group (p<0.05), and the distribution of the allele was following Hardy-Weinberg (H-
W) equilibrium. Comparing with the wild-type (C/C), the mutant group (C/T+T/T) was more
likely to form UF(OR,1.43;OR95%CI,1.07-1.89). After adjusting for confoundings, the
heterozygous mutant (C/T) was more susceptible to UF than the wild-type (aOR,1.41;
aOR95%CI,1.41-1.91). In the case group, BMI, gravidity and parity were not associated
with the size and number of UF and the MTHFR C677T polymorphism (p>0.05). However,
older maternal age was associated with the incidence of UF, especially the multiple UF
(p<0.05).

Conclusion: Our results found that MTHFR C677T polymorphism was associated with
UF occurrence for the first time. This could imply that it may increase the risk of forming UF
in women of gestational age.
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Shen et al. Correlation Between MTHFR and Fibroids
INTRODUCTION

Uterine fibroids (UF), originating from the Smooth muscle layer
of the uterus and are composed of Smooth muscle cells (SMC)
and connective tissue, are the most common benign tumour in
gynecology with specific hereditary characteristics (1). They are
highly prevalent, the incidence is as high as 70% and more
common in women of childbearing age, and most of them are
asymptomatic, and the rate of malignant degeneration is low.
However, it often causes abnormal uterine bleeding, secondary
anemia, pelvic organ pressure, infertility and pregnancy. It may
even appear during pregnancy with severe complications such as
red degeneration and is one of the main diseases leading to
hysterectomy (2). With the development of ultrasound
technology, the incidence of UF infertile women has increased
from about 35% (clinically diagnosed only) to about 50%
(ultrasono-graphy) (3). Moreover, the annual treatment cost is
high that imposes a considerable burden on medical resources
and poses a severe threat to women’s physical and mental health
by the end of their reproductive years. With the opening of
China’s two-child policy, more attention had paid to the impact
of UF on women of childbearing age (4). It has a significant
impact on the preparation, process and outcome of pregnancy on
women of childbearing age that increasing the incidence of
adverse pregnancy outcomes and maternal mortality to a
certain extent. Therefore, it is crucial to identify the risk factors
for UF and long-term quality of life in young women of
childbearing age.

However, the widespread prevalence of the disease and the
mechanisms involved in its growth are largely unknown, leading
to slow progress in developing effective treatment options (5).
Most previous studies have shown that UF are related to the level
of sexual arousal in women and the number of hormone
receptors expressed on the myometrium’s surface, but the
cause and mechanism of action are still unclear that the
treatment means are limited (6). Recently, an increasingly
popular view suggested that UF may result from a
consequence of a chronically active inflammatory immune
system that secreted related inflammatory factors as mediators
of sexual steroids and involved in UF’s formation and
proliferation fibrosis and angiogenesis (7). Therefore, It is
defined by the accumulation of excess extracellular matrix
(ECM) components. Its occurrence may be related to the
imbalance of the inflammatory process, oxidative stress (OS),
and the differential expression of various growth factors involved
in angiogenesis. At the same time, hormones may promote
fibroids’ growth by activating fibroblasts, but the mechanism is
not certain (8). Reactive oxygen species (ROS) is the main source
of superoxide and subsequent oxidative stress. Folic acid (FA) is
an antioxidant that can reduce the production of ROS (9). Recent
Abbreviations: UF, Uterine fibroids; MTHFR, Methylenetetrahydrofolate
reductase; BU, B-ultrasound; H-W, Hardy-Weinberg; SMC, Smooth muscle
cells; ECM, extracellular matrix; OS, oxidative stress; ROS, Reactive oxygen
species; FA, Folic acid; Hcy, homocysteine; VEGF, vascular endothelial growth
factor; UNG, uracil- N-glycosylase; OR, odd rate; CI, confidence interval; PPV,
positive predictive values; NPV, negative predictive values; P-ENOS,
phosphorylated-endothelial nitric oxide synthase.
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studies have shown that FA supplementation can reverse the
disease by reducing oxidative stress and fibrosis (10), and high
homocysteine(Hcy) can up-regulate vascular endothelial growth
factor(VEGF) promoting the occurrence and development of
the disease.

MTHFR plays a key role in the enzymatic process in the folate
metabolism pathway, and its principal function is to convert
5,10-methylenetetrahydrofolate to 5-methy- ltetrahydrofolate
with biological functions, and then participate in DNA
synthesis, modification and methylation (11). The MTHFR
gene is composed of 11 exons and located on the short arm of
chromosome1(1p36.3) (12). It is one of the most common
mutations at position 677 in exon 4 that the cytosine (C) was
replaced by the thymine (T) (13). Its 222nd amino acids in the
protein alanine into valine and eventually leads to the decrease of
MTHFR activity, the increase of Hcy level, and the decrease of
DNA synthesis and methylation (14). Numerous epidemiological
studies have shown that abnormal folate metabolism and high
Hcy are resulting in abnormal DNA methylation, vascular
endothelial cell injury and dysfunction of blood coagulation,
and causing many systems many kinds of diseases, such as the
tumors of gynecology, digestive system and nervous system,
cardiovascular diseases and systemic diseases (15). At present,
there are no relevant reports on UF and MTHFR C677T
polymorphism, and the correlation between them remains
unclear. MTHFR C677T polymorphism mostly leads to
abnormal FA metabolism and increased Hcy level, while FA
supplementation can significantly reduce the Hcy content in
tissues (16). At the same time, studies have shown that UF has a
specific genetic correlation (10), but there have been no reports
on the MTHFR C677T polymorphism and UF’s occurrence and
development, and its effect on the occurrence and development
of UF is unknown.

The authors undertook a retrospective study to analyze the
correlation between MTHFR C677T polymorphism and UF to
explore UF’s pathogenesis factors and that will be a promising
intervent approach for the prevention and treatment of UF.
MATERIALS AND METHODS

Patient Enrollment
This study’s subjects were women aged 20-45 years of childbearing
age who visited the Fifth Affiliated Hospital of Sun Yat-sen
University and underwent the MTHFR C677T polymorphism
detection between 2018 and 2020. Considering MTHFR C677T
genotypes can differ depending on ethnicity and smoking incidence,
and ethnicity or maternal smoking may be a confounding factors.
Our study’s ethnicity is Han, and the women with a history of
smoking was excluded. The first page of the medical record and B-
ultrasound system were used to screen the diagnosis of UF. Relevant
data obtained through the outpatient medical record system,
examination system, ultrasonic examination system, and inpatient
electronic medical record system, and these data were analyzed
retrospectively. Subjects were separated into the case group and the
control the control group based on the diagnosis of UF.
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MTHFR A1298C and C677T mutations are associated with
folate metabolism, however, it is common to detect MTHFR
C677T polymorphism in our hospital. The number of cases
detected by MTHFR A1298C polymorphism is still too small to
be included in the study, so our study has not been included in
the analysis.

Inclusion criteria were as follows: (1) All women are Han
women, and women had detected the MTHFR C677T
polymorphism in our hospital; (2) She had B-ultrasound
examination in our hospital and indicated or not that she had
uterine fibroids. (3) She had hospitalized in our hospital or
another hospital for UF.

Exclusion criteria: (1) women who had the detection of the
MTHFR A1298C polymorphism but without the detection of
MTHFR C677T polymorphism, (2) women who had the
detection of the MTHFR C677T polymorphism in our hospital,
but they never had the B-ultrasound examination in our hospital
or outside the hospital. (3) other minority women. (4) women
with a history of smoking. (5) women who had the detection of
the MTHFR A1298C polymorphism.

The Review Committee of the Fifth Affiliated Hospital of Sun
Yat-sen University approved the study. Considering that our
study was retrospective, no informed consent is required.

Genotyping Methods
The MTHFR C677T polymorphism was detected in the
Molecular Biology Laboratory of the Fifth Affiliated Hospital of
Sun Yat-sen University. And the PCR reaction solution of the
MTHFR C677T Polymorphism Detection Kit contains (Wuhan
Youzhiyou, China, batch number: C12Q1/68): PCR buffer,
dN I P S , s p e c ifi c p r o b e (MTHFR 6 7 7C : 5 ’ - FAM-
GTGTCTGCGGGAGCCG-NFQ-MGB-3’ and MTHFR 677T:
5’-VIC-GTGTCTGCGGGAGTCG-NFQ-MGB-3’), internal
standard primers(F sequence of forward internal standard
primer:5’-CGCGAACTCCGT-3’ and R sequence of reverse
internal standard primer:5’-CACTAGGCGCTCACTGT-3’),
internal Standard Probe (ROX-5’-CACCTTCCCCATGG
TGTCT-3’ -BHQ2), Taq enzyme,uracil- N-glycosylase (UNG)
enzyme, positive control solution (plasmid DNA mixture of
MTHFR 677C and MTHFR 677T) and blank control solution
(Tris-HCl buffer (10mM))

Genomic DNA Extraction from Peripheral Blood Samples:
Whole anticoagulant blood of 200 mL EDTA was extracted from
the subjects’ peripheral veins, and genomic DNA was extracted
according to the instructions of the blood genome extraction kit.
Tia Namp Blood DNA Kit (DP348, Beijing Tiangen Biochemical
Technology Co, Ltd.). Genomic DNA concentration was
detected by Nano Drop, and the genomic DNA was stored
at -80°C.

Detect ion of MTHFR C677T polymorphism(PCR
fluorescence probe): the genomic DNA of the samples to be
tested, the positive control and the blank control were added into
the reaction tube with the PCR reaction solution at the addition
amount of 2ml, and then water was added to form the reaction
system of 25mL.Procedures for quantitative fluorescence PCR
reaction under the real-time quantitative fluorescence PCR
instrument (AB 7500): treatment at 37°C for 10min,
Frontiers in Oncology | www.frontiersin.org 3237
pre-denaturation at 95°C for 5min, 40 cycles were performed
according to the following procedure: 95°C for 15s, 60°C
for 1min.

MTHFR genotyping: According to the amplification curve,
the appropriate baseline (starting set at 3, ending set at 15) and
fluorescence threshold were determined to obtain Ct values of
different ROX channels after PCR amplification. Then, according
to the Ct value of ROX channel, genotypes can be distinguished
as follows: wild-type(C/C): FAM channel acuities were 36 Ct
values, VIC channel Ct value >36 or without Ct value;
heterozygous mutant (C/T): FAM channel Ct value ≤36, VIC
channel Ct value ≤36; homozygous mutations (T/T): FAM
channel Ct value > 36 or no Ct, VIC channel Ct value does
not exceed 36.

UF diagnosed by BU was obtained by the BU examination
system and diagnosed by the clinical obtained by the first page of
our hospital’s medical records. Specific clinical characteristics
(such as age, height, weight, BMI, number of pregnancies,
number of births, size and number of UF) were obtained by
the examination system, outpatient and inpatient medical
records system. And the height and weight measurements was
taken by the health care provider in our hospital. Considering the
age, BMI, and gestational history may have an effect on UF, so
will be discrete as classification variables for analysis.

Statistical Analysis
Epidada software was used to establish a database, and statistical
software SPSS 25.0 was used to analyze and process the data. The
counting data were expressed by mean ± SD (Standard
deviation), and the composition ratio expressed the
measurement data. The allele frequencies were calculated by
the gene frequency counting method, and H-W equilibrium was
tested by goodness-fit chi-square test. Genotype and gene
frequency were compared between the two groups by the chi-
square test, and the relative risk was estimated by the odd rate
(OR) value and its 95% confidence interval(CI). A bilateral p
value <0.05 was considered statistically significant.
RESULTS

Study Characteristics
In this study, a total of 2411 women were detected for peripheral
blood MTHFR C677T polymorphism and 226(9.73%) women
who had been clinically and ultrasonically diagnosed with UF.
The mean age when the UF was first detected was (30.9 ± 4.37)
years. Relevant demographic characteristics (such as age, height,
weight, BMI, parity and gravidity) and UF (size and number of
fibroids) in the case and control groups were shown in Table 1.
There were no statistically significant differences in height,
weight, BMI, parity and gravidity, frequency of UF, or
distribution of MTHFR C677T polymorphism between the
case and control groups (p>0.05).In terms of age, older
maternal age women were more likely to develop UF(p<0.05).
The size and number of UF correlated with MTHFR C677T
polymorphism (p<0.05).
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Correlation Analysis Between UF and
MTHFR C677T Polymorphism
The incidence of UF was 9.73%(226/2411), which was
correlated with MTHFR C677T polymorphism (p<0.05). The
allele distribution in the case group and the control group was
equal to the H-W equilibrium(p>0.05). The incidence of UF
for mutations group(C/T+T/T)(12.0%,143/1196) is higher
than wild-type(C/C)(8.4%,83/989). Regression analysis
showed that the mutant group (C/T+T/T) had a higher risk
of UF than the wild-type group(C/C)(OR,1.43;OR95%CI,1.07-
1.89). After adjusting for age, height, weight, BMI, parity, and
gravidity, heterozygous mutant(C/T) incidence was still
higher than wild-type(C/C) (aOR,1.41;aOR95%CI,1.41-1.91)
(Table 2).

The Predictive Value of MTHFR C677T
Polymorphism in the Diagnosis of UF
The positive predictive values(PPV) of the allele and gene
mutation for UF were 10.4%[173/(1494 + 173)] and 10.7%
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[143/(143 + 1196)], and the negative predictive values(NPV)
were 91.2% [2876/(2876 + 279)] and 93.3% [989/(989 + 83)]. The
allele sensitivity was 38.3%[173/(173 + 279)], and the specificity
was 65.8%[2876/(2876 + 1494)]. Mutation genotype of
sensitivity was 63.3% [143/(83 + 143)], and the specificity was
45.3% [989/(989 + 1196)].

Correlation Analysis Between MTHFR
C677T Polymorphism and the Size and
Number in the Case Group
Table 3 showed that the incidence of single UF in the case group
was 84.51%(191/226), and the incidence of multiple UF was
15.49%(35/226). The number of UF and the distribution
difference of MTHFR C677T polymorphism were statistically
significant (p<0.05) in the mutant group (C/T+T/T). The
probability of occurrence of a single UF was relatively high
(85.3%). However, there were no significant differences between
MTHFR C677T polymorphism and the size distribution of
UF(p>0.05).
TABLE 2 | Correlation analysis between UF and MTHFR C677T polymorphism.

MTHFR Controls Cases c2 value P value OR95%CI

n n Unadjusted adjusted

Allele 3.03 0.08
C 2876 279 1 –

T 1494 173 0.84(0.69-1.02) –

Genotype 7.25 0.03
C/C 989 83 1
C/T 898 113 1.50(1.11-2.02)* 1.41(1.04-1.91)*
T/T 298 30 1.20(0.78-1.86) 1.01(0.64-1.58)
C/T+T/T 1196 143 6.05 0.01 1.43(1.07-1.89)* 1.31(0.98-1.75)
June 2021 | Volume 11
*P value <0.05, the different was considered statistically significant. OR, odd rate; CI, confidence interval.
TABLE 1 | General characteristics of study subjects.

Variable group P value Genotype P value

Controls n=2185 Cases n=226 C/C n=1072 C/T+T/T n=1339

Age(y,mean ± SD) 29.83 ± 4.25 32.56 ± 4.73 0.00 29.77 ± 4.36 30.34 ± 4.37 0.75
<35 1863(92.3) 156(7.7) 0.00 908(45.0) 1111(55.0) 0.25
≥35 322(82.1) 70(17.9) 164(41.8) 228(58.2)

Height(cm,mean ± SD) 159.84 ± 5.35 159.64 ± 4.78 0.69 159.65 ± 4.87 159.96 ± 5.62 0.06
weight(kg,mean ± SD) 54.60 ± 9.20 55.45 ± 7.96 0.53 54.22 ± 8.93 55.05 ± 9.20 0.06
BMI(kg/m2,mean ± SD) 21.41 ± 4.48 21.74 ± 2.87 0.44 21.28 ± 3.39 21.58 ± 4.99 0.07
<18.5 326(92.4) 27(7.6) 0.28 159(45.0) 194(55.0) 0.13
18.5-25 1610(90.6) 167(9.4) 804(45.2) 973(54.8)
≥25 249(88.6) 32(11.4) 109(38.8) 172(61.2)

Gravidity(n,mean ± SD) 1.94 ± 1.07 2.08 ± 1.23 0.27 1.92 ± 1.09 1.99 ± 1.09 0.83
1 923(90.3) 99(9.7) 0.66 471(46.1) 551(53.9) 0.17
≥2 1261(90.9) 127(9.1) 601(43.3) 787(56.7)
Parity(n,mean ± SD) 1.43 ± 0.58 1.42 ± 0.62 0.23 1.43 ± 0.57 1.44 ± 0.59 0.40
unipara 1258(90.4) 137(9.6) 0.60 630(44.3) 792(55.7) 0.85
pluripara 900(91.0) 89(9.0) 442(44.7) 547(55.3)

size(mm,mean ± SD) – – 22.12 ± 9.03 29.33 ± 10.40 0.02
number <0.05
single – – 71 123
multiple – – 12 20
| Article
BMI, Body Mass Index; SD, Standard deviation.
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The Influence of Different Demographic
Characteristics on the Incidence of UF in
the Case Group
In the case group, the distribution between BMI, age, parity and
gravidity, the size and number of UF and MTHFR C677T
polymorphism was shown in Table 4 . There was no
correlation between them. But age was associated with the
number of UF, and older maternal age were more likely to
have multiple UF (p<0.05).
DISCUSSION

As the most common benign tumor of the female genital tract,
UF seriously affects women’s health. Currently, UF etiology has
been reported that it is related to genetic factors, fibrosis, OS, and
hormone levels. Nevertheless, the specific etiology of that is still
unclear. For the first time, our study found that UF incidence was
related to MTHFR C677T polymorphism, but was not related to
the size and number of UF, which may be involved in the
occurrence of UF in some way.

Previous studies have shown that the genetic alteration and
epigenetic mechanism of leiomyoma are involved in UF occurrence,
but the specific mechanism is unclear (1). Maekawa and Tamura
et al. found the X chromosome’s abnormal DNA hypomethylation
in UF through whole genome DNA methylation analysis (17). Sato
Frontiers in Oncology | www.frontiersin.org 5239
found that the UF samples had the hypomethylation of TSPYL2.
And the expression of some genes decreased related to X
chromosome inactivation (18). Their study suggests that a specific
UF type may be associated with abnormal DNA hypomethylation
of chromosomes. As a key enzyme in folate metabolism,MTHFR is
involved in DNA synthesis, modification and methylation (19). The
gene mutation may lead to the decrease of related to DNA
methylation, which leads to related chromosomal abnormalities
and contributes to UF occurrence. A retrospective study of UF
showed significant genomic heterogeneity in leiomyoma lesions and
identified gene mutations associated with intercellular interaction
and extracellular matrix remodeling (20). However, there is no
report about the relation of MTHFR C677T mutation and UF.
Moreover, whether it involves in UF occurrence is unclear.MTHFR
gene detection in UF samples should further explore.

Fibrosis is a pathological feature of many chronic
inflammatory diseases caused by the accumulation of excessive
ECM (7). The ECM of UF is mainly composed of collagen,
fibronectin and proteoglycan, 50% more than the corresponding
myometrium, and is generally considered as a fibrosis disease
(21). An animal study showed that FA supplementation
significantly reduced blood sugar levels and Hcy levels of heart
tissue in mice, thereby reducing myocardial fibrosis and
reversing cardiac dysfunction caused by a high-fat diet (9).
Another clinical study showed a higher frequency of vitamin
B12 and FA deficiency in patients with oral submucosal fibrosis
(22). These findings suggest that low FA levels are associated
TABLE 3 | Correlation analysis between MTHFR C677T polymorphism and the size and number in the case group.

Single n (%) Multiple n (%) P value OR95%CI ≤40mm n (%) >40mm n (%) P value OR95%CI

MTHFR 0.04 0.54
C/C 69(83.1) 14(16.9) 1 64(77.1) 19(22.9) 1
C/T 101(89.4) 12(10.6) 0.59(0.26-1.34) 90(79.6) 23(20.4) 0.86(0.43-0.71)
T/T 21(70.0) 9(30.0) 2.11(0.80-5.57) 26(86.7) 4(13.3) 0.52(0.16-1.67)
C/T+T/T 122(85.3) 21(14.7) 0.66 0.20(0.41-1.77) 116(81.1) 27(18.9) 0.47 0.30(0.41-1.52)
June 2021
 | Volume 11
OR, odd rate; CI, confidence interval.
TABLE 4 | The influence of different demographic characteristics on the incidence of UF in the case group (n=226).

Variable number P value size P value Genotype P value

Single n=191 Multiple n=35 ≤40mm n=180 >40mm n=46 C/C n=83 C/T+T/T n=143

Age(y) <0.01 0.79 0.61
<35 139(89.1) 17(10.9) 125(80.1) 31(19.9) 59(37.8) 97(62.2)
≥35 52(74.3) 18(25.7) 55(78.6) 15(21.4) 24(34.3) 46(65.7)
BMI(kg/m2) 0.40 0.72 0.33
<18.5 25(92.6) 2(7.4) 22(81.5) 5(18.5) 10(37.0) 17(63.0)
18.5-25 139(83.2) 28(16.8) 131(78.4) 36(21.6) 65(38.9) 102(61.1)
≥25 27(84.4) 5(15.6) 27(84.4) 5(15.6) 8(25.0) 24(75.0)
parity 0.65 0.16 0.45
unipara 117(85.4) 20(14.6) 105(76.6) 32(23.4) 53(38.7) 84(61.3)
multiple 74(83.1) 15(16.9) 75(84.3) 14(15.7) 30(33.7) 59(66.3)
gravidity 0.22 0.05 0.20
1 87(87.9) 12(12.1) 73(73.7) 26(26.3) 41(41.4) 58(58.6)
≥2 104(81.9) 23(18.1) 107(84.3) 20(15.7) 42(33.1) 85(66.9)
| Article
BMI, Body Mass Index.
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with fibrosis and may promote the formation of fibrosis. Recent
studies have shown that ECM’s deposition, cell proliferation, and
angiogenesis are critical cellular events associated with
leiomyoma growth (7). In this study, it found that the
incidence of UF in the mutant group (CT+TT) was higher
than that in the wild type (C/C), and heterozygous mutation
(C/T) was still a risk factor for UF after the correction of mixed
ligation factors. Moreover, the sensitivity of genotype mutation
to the occurrence prediction of UF is as high as 63.3%. BU still
has a certain rate of missed diagnosis of UF, and its combination
with BU is helpful for the diagnosis of UF. But its specificity is
low, easy to lead to over-examination. A multi-center
randomized control analysis was still needed in clinical
practice that will be our future research plan.

Previous studies showed that the overall 677T allele frequency
was 36.9% in China, which exceeds that of many other countries
(23), Our study found that the ratio of heterozygous mutations
(C/T)(1011/2411) was higher than that of homozygous
mutations (T/T)(328/2411). As a key enzyme in folate
metabolism, MTHFR gene mutation may reduce the activity of
folate metabolizing enzymes and increase the concentration of
plasma Hcy, leading to oxidative stress and promoting the
deposition of extracellular matrix in fibroids. Therefore, the
heterozygous mutations (C/T) may give the most significant
phenotype. There is no relevant research, which may need to
be further proved by basic experiments.

FA is an antioxidant that reduces the production of reactive
oxygen species. Previous studies have shown that FA
supplementation can reduce cardiac dysfunction caused by the
OS during ischemia (24). Fibroid cells are characterized by a
unique NOX profile, which was the primary source of superoxide
and subsequent OS to promote severe prooxidant states (25).
And NOX derivative of ROS is SMC proliferation, a vital part of
the signal transduction pathways (8). It suggests that OS may be
an essential factor in UF formation. The mutation of theMTHFR
C677T gene leads to the disorder of folate metabolism, the
decrease of antioxidant capacity, the increase of uterine related
ROS, and the proliferation of uterine smooth muscle cells, thus
leading to the formation of UF. Besides, this study found no
statistically significant difference between MTHFR C677T
polymorphism and the size and number of UF, which may
only be involved in UF formation. Studies have shown that
estrogen promotes UF proliferation by activating fibroblasts, so
its size may be correlated with hormone levels (10, 26), but not
with MTHFR C677T polymorphism. How the gene mutation
regulates the signaling pathway of the OS and thus promotes UF
occurrence has not been studied yet, which needs to explore
later further.

Recently, some emerging ideas have suggested that UF is the
result of the chronic active inflammatory immune system, and
their occurrence may be related to inflammatory disorders. As
mediators of sex steroids, relevant inflammatory factors are
involved in the formation and proliferation of UF, fibrosis, and
angiogenesis (9). Studies have shown that hyperhomocysteine
unregulated the protein expression of mesenteric VEGF.
Moreover, phosphorylated-endothelial nitric oxide synthase
Frontiers in Oncology | www.frontiersin.org 6240
(P-ENOS) and FA treatment can reverse these effects (16).
Studies have shown differential expression of various growth
factors involved in angiogenesis in leiomyomas, such as VEGF,
basic fibroblast growth factor, activin A and TGF-b, Etc.MTHFR
C677T polymorphism was associated with increasing Hcy levels
(8). The incidence of UF was higher in the homozygous mutation
(C/T) (Table 3). Whether the MTHFR C677T polymorphism
leads to folate metabolism disorder which in turn leads to
increased Hcy levels, promotes the secretion of VEGF, and is
involved in the formation of UF. A case-control study proved
that eating fruits and green vegetables had a protective effect on
UF occurrence (27).

Advantages and disadvantages: Our study found that
MTHFR C677T polymorphism was associated with UF
incidence for the first time and was accorded with H-W
balance in the case and control groups. It causes mutations,
maybe by reducing DNA methylation, promoting UF fibrosis,
promote the secretion of OS and abnormal growth factor
mediating the happening of the UF, and provide clues for the
mechanism of UF. However, this study focused on the
relationship between MTHFR C677T polymorphism and UF.
FA, Hcy, estrogen, progesterone, and related receptors were not
included in the analysis, so its promoting effect on UF occurrence
could not be excluded. Meanwhile, this study’s number of case
groups was still small, and multi-center randomized control
analysis was still needed. In the meantime, in clinical practice,
the cost of detecting and obtaining mRNA gene expression value
is high, and some patients cannot afford the related costs, leading
to the delay of diagnosis and treatment of related diseases and
adverse outcomes. The same is true for other diseases or tumors.
The detecting of mRNA gene expression value has not been
widely used in clinical practice.

Prior research has not yet found that the correlation of
MTHFR C677T polymorphism and uterine fibroids. Here, we
observed through PCR-RFLP that the MTHFR C677T
polymorphism is associated with the onset of UF. A study in
the future, we will further test the mutation ofMTHFR C677T in
the myometrium tissue and compare to the difference of
peripheral blood and local tissue and the case and control
tissue, and further explore the mechanism of MTHFR C677T
polymorphism participate in forming UF.

In conclusion, The results show that MTHFR C677T
polymorphism was associated with the occurrence of UF. A
broader assessment of this association is necessary to provide a
reference for exploring UF’s pathogenesis and address additional
genetic variation in FA metabolism pathways. The report
suggests that using the larger study populations with
prospective sampling in the future to minimize other factors’
opportunities and influence on possible survival advantages.
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