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Purpose: N6-methyladenosine (m6A) is reported to play a critical role in cancer through
various mechanisms. We aimed to construct and validate an m6A RNA methylation regula-
tors-based prognostic signature for Esophageal cancer (ESCA).

Materials and Methods: The RNA sequencing transcriptome data of 13 m6A RNA methyla-
tion regulators as well as clinical data were obtained from The Cancer Genome Atlas (TCGA)
ESCA database. The differential expression of the regulators between ESCA tissues and normal
tissues was assessed. Consensus clustering was conducted to explore the different ESCA clusters
based on the expression of these regulators. LASSO Cox regression analysis was used to
generate a prognostic signature based on m6A RNA methylation regulators expression.
Results: Eight regulators (KIAA1429, HNRNPC, RBM15, METTL3, WTAP, YTHDFI,
YTHDCI1, and YTHDF2) were found to be significantly upregulated in ESCA tissues.
Significant differences of survival rate and clinicopathological features were found between
the two clusters. A prognostic signature, which consists of HNRNPC and ALKBHS, was
constructed based on the TCGA ESCA cohort, which can serve as an independent prognostic
predictor. The results of bioinformatics analysis were further successfully validated in the
clinical ESCA cohort by qRT-PCR and immunohistochemistry staining.

Conclusion: Our study constructed and validated an m6A RNA methylation regulators-
based prognostic signature. This might provide important information for developing diag-
nostic and therapeutic strategies.
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Introduction

Esophageal cancer (ESCA) is reported to be the sixth most common cause of
cancer-related death globally, and it remains a challenging disease due to limited
treatment options and poor prognosis.l Extensive treatment might be associated
with a considerable decline in health-related quality of life and yet still a poor
prognosis.” Neoadjuvant therapy with chemotherapy or chemoradiotherapy has
supplemented surgery as the standard treatment of ESCA, and surgery has become
more standardized and centralized.> Developing a robust prognostic predictor for
patients with ESCA is critical for precise individualized treatment. The Tumor,
Node, Metastasis (TNM) staging system is currently the most commonly used
indicator for ESCA staging and prognostic prediction. Identification of novel and
reliable prognostic predictors in addition to the TNM staging system is of great
importance for developing appropriate therapeutic strategies for ESCA.
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N6-methyladenosine (m6A) modification is one of the
most frequent chemical modifications in eukaryotic
mRNAs.* Emerging evidence suggests that aberrant m6A
RNA methylation plays a critical role in cancer through
various mechanisms,™® such as mRNA stability, splicing,
and translation.” The level of m6A methylation is regulated
by methyltransferases, demethylases, and binding proteins.
m6A RNA modification can be installed enzymatically by
various methyltransferases, termed m6A  “writers”
(METTL3, METTL14, WTAP, KIAA1429, RBM15, and
ZC3H13). N6-methyladenosine in RNA can be removed by
demethylases, termed m6A “erasers” (FTO and ALKBHY).
Proteins that selectively bind m6A can be defined as m6A
“readers” (HNRNPC, YTHDF1, YTHDF2, YTHDC2, and
YTHDC1) that exert regulatory functions by selective recog-
nition of methylated RNA.® Previous studies have demon-
strated that m6A RNA methylation regulators were
aberrantly expressed in various types of cancers.” In addition,
emerging evidence has revealed the cancer promoter or sup-
pressor role of m6A regulators in the development of various
malignancies.'®'? Zhang et al demonstrated m6A regulator-
mediated methylation modification patterns and tumor
microenvironment infiltration characterization in gastric
cancer.'> METTLS3 is significantly upregulated in hepato-
blastoma, and it regulates B-catenin to promote tumor
proliferation.” Yang et al revealed that FTO promoted mela-
noma tumorigenesis and anti-PD-1 resistance, and suggest
that the combination of FTO inhibition with anti-PD-1 block-
ade may reduce the resistance to immunotherapy in
melanoma.'® However, the roles of m6A methylation regu-
lators in ESCA are unclear.

In the present study, the differentially expressed m6A
RNA methylation regulators between normal and tumor
samples were identified using the RNA sequencing data
from The Cancer Genome Atlas (TCGA) ESCA dataset.
The interactions among these regulators were assessed,
and their correlation with clinicopathological features
were assessed. Then, consensus clustering was conducted
to explore two clusters of ESCA patients according to the
expression of m6A RNA methylation regulators to predict
clinical outcome. Subsequently, a two-gene prognostic
signature was generated, that demonstrated good perfor-
mance for predicting prognosis. More importantly, the
bioinformatics prediction was further experimentally vali-
dated in a clinical ESCA cohort (Figure 1). Our study
showed that m6A RNA methylation regulators might

exert an essential role in the carcinogenesis of ESCA,

and that the prognostic signature can serve as a useful
tool for predicting the prognosis of ESCA patients.

Materials and Methods
TCGA Data Acquisition

RNA transcriptome data in the Fragments Per Kilobase of
transcript, per Million mapped reads (FPKM) format, as
well as the corresponding clinicopathological and survival
information for ESCA patients, were obtained from The
Cancer Genome Atlas (TCGA, https://cancergenome.nih.

gov/). All analyses were conducted according to the pub-
lication guidelines of TCGA. A total of 161 ESCA sam-
ples and 11 normal tissue samples were enrolled for
subsequent analysis. According to previously published
literature, 13 well-acknowledged m6A RNA methylation
regulators (YTHDC1, YTHDC2, YTHDF1, YTHDF2,
ALKBHS5, FTO, METTL3, METTL14, HNRNPC,
WTAP, RBM15, KIAA1429, and ZC3H13) were selected
for further analysis.

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

Eighty ESCA tissues and paired normal tissues were
obtained from Outdo Biotech (Shanghai, China). The
mRNA and protein expression of HNRNPC and
ALKBHS5 were quantified by immunohistochemistry
(IHC) staining and quantitative real-time PCR (qRT-
PCR), as per previously described methods.'* The valida-
tion cohort was grouped into low- and high-risk groups
according to the risk scores calculated by the TCGA
cohort. Detailed information regarding PCR primers and
antibody used in this study was provided in Table S1.
Written informed consent was obtained from all the
patients. The wvalidation study was approved by the
Ethics Committee of Fudan University.
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Figure | Flow chart of construction and validation of a m6A RNA methylation regulators-based prognostic signature for ESCA.

Statistical Analysis

The Chi-square test was used to compare the clinicopatho-
logical features between different groups. The Student’s
t-test (two-tailed) was applied to compare the differences
between groups. Univariate and multivariate Cox regres-
sion analyses were used to identify the independent prog-
nostic factors for patients with ESCA. Kaplan-Meier
method and Log rank test were used to compare the over-
all 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 value of less than 0.05 was considered statis-
tically significant.

Bioinformatics Analysis

Differential expressions of 13 m6A methylation regula-
tors between different sample groups were identified by
“limma” package in R software. Gene expression levels,
as well as their correlation with clinicopathological fea-
tures, 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—pro-
tein interaction network was established and visualized
by the STRING and Cytoscape 3.6.0. The genetic altera-
tions of the m6A methylation regulators were analyzed
by cBioPortal using data from TCGA. The ESCA cohort
was clustered into different groups by consensus expres-
sion of m6A RNA methylation
“ConsensusClusterPlus” package. Principal component

regulators  with

analysis “PCA” package was used to assess the efficiency
of cohort clustering. The Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis and gene ontol-
ogy (GO) annotation were performed by “clusterProfiler”
package and visualized using circos plots generated by
“ggplot2” package.

Results
Expression of m6A RNA Methylation

Regulators in ESCA

The mRNA expression levels of m6A RNA methylation
regulators were analyzed using transcriptome data from
the TCGA-ESCA database. A Heatmap was generated to
visualize the differential expression of 13 regulators
between ESCA and normal tissues (Figure 2A). The
mRNA expression levels of 8 regulators (KIAA1429,
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HNRNPC, RBMI15, METTL3, WTAP, YTHDF]I,
YTHDCI1, and YTHDF2) were significantly increased in
ESCA compared with normal tissues. No significant dif-
ference was found for the other 5 regulators (METTL14,
YTHDC2, ZC3H13, FTO, and ALKBHS5) (Figure 2B).
Moreover, we also investigated the differential expression
of these 13 regulators in tissues with regard to clinico-
pathological variables. The results showed that YTHDC2

A B

expression was higher in ESCA tissues from female
patients (Figure 2C). HNRNPC and FTO tended to
increase in ESCA tissues from patients younger than 65
years (Figure 2D). A high level of HNRNPC was asso-
ciated with advanced TNM stage. However, YTHDC2 was
underexpressed in stage III/IV ESCA (Figure 2E), and in
adenocarcinoma compared with squamous cell carcinoma
(Figure 2F).
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Figure 2 The expression, correlation and interaction of 13 méA RNA methylation regulators in TCGA ESCA cohort.

Notes: (A) The heatmap showed the expression of |13 méA RNA methylation regulators in each sample. (B) The violin plot showed the differentially expressed regulators
between normal tissues and ESCA tissues. (C—F) Differential expression of méA regulators between different groups regarding gender, age, TNM stage and histological type.
(G) The correlations among m6A RNA methylation regulators were analyzed by Pearson correlation. (H) PPl network showed the interactions among méA RNA

methylation regulators. **P<0.01, **P<0.001.
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Correlation and Interaction of 13 m6A
RNA Methylation Regulators in ESCA

To further understand the relations among 13 m6A RNA
methylation regulators, correlations among the mRNA
expression of these genes were analyzed by Pearson cor-
relation analysis (Figure 2G), and the protein—protein
interactions (PPI) were analyzed via String database
(Figure 2H). Correlation analysis demonstrated that all
the regulators were positively correlated with each other,
and METTL14 was significantly correlated with YTHDC1
(r = 0.57). The PPI network demonstrated that five writers
(METTL3, METTL14, RBM15, KIAA1429, and WTAP)
were all significantly associated 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

To explore the effects of genetic alteration on the expres-
sion of m6A RNA methylation regulators, the CNV and
mutation were analyzed via the cBioPortal database using
TCGA data (Figure 3A). The results indicated that the
frequencies of genetic alteration for YTHDF1, ZC3H13,
and KIAA1429 (VIRMA) were 7-8%, and the most com-
mon alteration was amplification. Frequencies for other
regulators were less than 3%, suggesting that changes in
the expression levels of these regulators were not caused
by genetic alteration.

Consensus Clustering Identified Two
Clusters of Patients with ESCA

By using the “ConsensusClusterPlus” package, we tried to
divide the ESCA cohort into several clusters according to the
consensus of mRNA expression of the 13 m6A RNA methy-
lation regulators. When the clustering index “k” increased
from 2-9, k = 2 was demonstrated to be the optimal point to
obtain the largest differences between clusters (Figure 3B and
C). Meanwhile, the interference between clusters was minimal
when k=2 (Figure 3D and E). Therefore, the cohort was
divided into two clusters, namely Cluster 1 and Cluster 2. To
validate the effect of the division, we performed principal
component analysis (PCA) and found significant separation
between these two clusters, indicating that the clustering was
feasible (Figure 3F). Kaplan-Meier survival analysis was
employed to compare the overall survival of the two clusters,
and we found that Cluster 1 had a significantly worse survival
outcome than Cluster 2 (Figure 3G).

Functional Annotation for Differential

Expressed Genes (DEGs) Between Clusters
To explore the differences of genetic features and biological
roles between these clusters, the 337 DEGs between clusters
were identified. GO analysis for biological processes and the
KEEG pathway analysis were conducted for these DEGs.
GO-BP analysis indicated that DEGs were mainly enriched
in biological processes associated with the development of
the digestive system (Figure 3H). KEGG pathway analysis
suggested that DEGs were enriched in Chemical carcinogen-
esis and metabolism pathways (Figure 31).

Correlation Between the Clustering and

Clinicopathological Features

The clinicopathological features were then compared
between the two clusters. As showed in the heatmap,
Cluster 1 was remarkedly correlated with advanced
T stage, higher body mass index (BMI), and more likely
to be adenocarcinoma (Figure 4A).

Identification of Prognostic Signature

To evaluate the prognostic significance of the m6A RNA
methylation regulators in ESCA, Kaplan-Meier survival ana-
lysis was conducted for these 13 regulators, and we found
that high expression levels of ALKBHS, YTHDF2, and
METTL14 were associated with better survival
(Figure 4B-D), while high expression levels of HNRNPC
and WTAP were correlated with shorter OS (Figure 4E
and F).

A prognostic signature was constructed using the LASSO
Cox regression model to analyze the expression levels of
m6a RNA methylation regulators (Figure 5A and B). Two
regulators, namely HNRNPC and ALKBHS, were selected
to construct the prognostic signature according to the mini-
mum criterion, where the coefficient of HNRNPC was
0.0626, and the coefficient of ALKBHS5 was —0.0246. The
risk score for each ESCA patient was calculated with the
following formula: risk score = 0.0626 * HNRNPC - 0.0246
* ALKBHS. On the basis of the median risk score, the ESCA
cohort was divided into low-and high-risk groups.

Prognostic and Clinicopathological
Significance of Risk Grouping in ESCA

To validate the prognostic value of risk grouping, Kaplan-
Meier survival analysis was conducted and showed that
patients in the high-risk group had a significantly worse overall
survival than those in the low-risk group (P = 4.34e-05)
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Figure 3 Consensus clustering identified two clusters of patients with ESCA.

Notes: (A) Genetic alteration was analyzed via cBioPortal database using TCGA data. (B) The cumulative distribution function (CDF) when k ranges from 2 to 10. (C) Area
under CDF curve when k ranges from 2 to 10. (D) Distribution of each sample when k ranges from 2 to 10. (E) The ESCA cohort was separated into two clusters when k =
2. (F) PCA analysis showed the separation between these two clusters. (G) The Kaplan—Meier survival analysis for Cluster | and 2. (H-I) Functional annotation for the
DEGs between Cluster | and 2 by GO and KEGG analysis, respectively.

(Figure 5C). Time-dependent ROC curve was employed to
evaluate the specificity and sensitivity of the signature, and the
result revealed that the values of area under the curve (AUC) at
3, 4, and 5 years were 0.65, 0.8, and 0.85, respectively,
indicating good prediction performances (Figure 5D). The
association between the risk scores and each clinicopathologi-
cal feature were also examined. Patients with poor survival
outcome (P<0.01), adenocarcinoma (P<0.05), and metastatic
disease (P<0.05) tended to have higher risk score (Figure SE—
G). A heatmap was generated to demonstrate the differences
features, HNRNPC,

regarding clinicopathological and

ALKBHS5 mRNA expression levels in high- and low-risk
groups. Notably, the high-risk group was significantly asso-
ciated with advanced T stage (P < 0.05), N stage (P < 0.05),
TNM stage (P < 0.01), poor survival (P < 0.05), and more
likely to have adenocarcinoma (P < 0.001) (Figure 6A).

The Two-Gene Prognostic Signature Was

an Independent Prognostic Predictor in
ESCA Cohort

Nest, univariate and multivariate Cox analyses were con-
ducted to identify the independent prognostic predictors
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for ESCA patients. The univariate Cox analysis showed
that the M stage (P < 0.001, HR = 3.100, 95% CI =
1.643-5.848), TNM stage (P < 0.001, HR = 2.702, 95%
CI =1.617-4.516), and risk score (P = 0.005, HR = 2.111,
95% CI = 1.123-3.565) were significantly correlated with
the OS (Figure 6B). After these parameters were included
into the multivariate Cox regression model, only risk score
(P =0.030, HR = 1.906, 95% CI = 1.065-3.409) and TNM
stage (P = 0.009, HR = 2.646, 95% CI = 1.281-5.463)
were identified as the independent prognostic factors
(Figure 6C).

Experimental Validation of the Signature

in a Clinical ESCA Cohort

We measured the mRNA expression of ALKBHS5 and
HNRNPC with qRT-PCR. ALKBHS5 was downregulated
in 66.25% (53/80) ESCA tissues compared with paired
normal tissues (Figure 6D), and low ALKBHS expression
was associated with poor survival (Figure 6G). Further, we
evaluated the expression levels of HNRNPC in ESCA and
normal tissues, and found that HNRNPC was significantly
upregulated in 82.5% (66/80) ESCA tissues (Figure 6E),

and high level of HNRNPC was correlated with lower
survival rate (Figure 6H). The differential expressions
were also validated using IHC staining, and prognostic
significance of the two genes was in accordance with
those of TCGA (Figure 6F). A risk score was calculated
for each patient within the validation cohort according to
the formula and coefficient obtained from the TCGA
cohort. Forty-seven patients were identified as a high-risk
group, and the rest of 33 patients were categorized into
a low-risk group. The Kaplan-Meier analysis demonstrated
that the survival was significantly poorer in the high-risk
group in comparison with that in the low-risk group
(Figure 6I). Multivariate Cox analysis showed that the
risk score, along with the TNM stage, was independent
prognostic factor for the overall survival of ESCA patients
in the validation cohort (Figure 6J).

Discussion

ESCA is one of the most common causes of cancer-related
death worldwide and is, therefore, a major global health
challenge.' Surgery combined with radiotherapy, chemother-
apy, targeted therapy, and immunotherapy is currently the
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Notes: (A and B) The prognostic signature constructed by the minimum criterion of LASSO Cox regression algorithm. (C) The Kaplan-Meier survival analysis for high- and
low-risk groups. (D) ROC curve was applied to assess the predictive efficiency of the signature. (E-G) Risk scores in different groups regarding survival status, histological

type and M stage. *P<0.05, **P<0.01.

optimal treatment of ESCA." The high incidence of recurrence
and metastasis lead to a high mortality rate, and the survival
outcome is far from satisfactory. Therefore, it is crucial to have
an insight into the underlying mechanism of carcinogenesis of
ESCA. The initiation and progression of ESCA is a multistep
and multifactor process that involves complex interactions
between genetics, epigenetics, and transcriptional alterations.?

In this study, the expression profiles of 13 m6A methy-
lation regulators were analyzed using RNA-seq transcrip-
tional data from the TCGA database. We found that most
mo6A RNA methylation regulators were abnormally
expressed in ESCA, and significantly associated with clin-
icopathological features and overall survival of patients
with ESCA. Two subgroups of the TCGA-ESCA cohort
were clustered using consensus clustering according to the
expression of these regulators. The survival status and
clinicopathological features were significantly different
between the two subgroups, indicating that the expression
profiles of m6A RNA methylation regulators remarkedly
associated with features of ESCA. In addition, a two-gene
consisting of HNRNPC
ALKBHS5 was generated and showed good performance

prognostic  signature, and
for predicting the survival outcome of ESCA. Moreover,

the prognostic significance of the expression patterns of

ALKBHS5 and HNRNPC, as well as the prognostic signa-
ture was successfully validated in an independent ESCA
cohort, suggesting that this prognostic signature is highly
reliable for prognosis prediction.

A recent study'® reported that m6A demethylase
ALKBHS overexpression sensitized pancreatic ductal ade-
nocarcinoma (PDAC) cells to chemotherapy. Decreased
ALKBHS levels remarkably increase PDAC cell prolifera-
tion, migration, and invasion both in vitro and in vivo, and
predicts poor clinical outcome in PDAC. Another study by
Jin et al suggested that ALKBHS inhibited tumor growth
and metastasis in vivo by reducing the expression and
activity of YAP.!” Consistent with these studies, the results
of our study showed that ALKBHS5 is underexpressed in
ESCA tissues, and low expression of ALKBHS was asso-
ciated with poor survival, indicating that ALKBHS might
act as a tumor suppressor gene in ESCA.

On the contrary, m6A binding proteins HNRNPC might be
a promoter for ESCA carcinogenesis. Wu et al showed that the
repression of HNRNPC in breast cancer cells MCF7 and T47D
inhibited cell proliferation and tumor growth.'® Fischl et al
identified that overexpression of HNRNPC has a critical role in
the establishment of alternative cleavage and polyadenylation
profiles characteristic of metastatic colon cancer cells.'” In line
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Notes: (A) The clinicopathological features were then compared between the high- and low-risk groups. (B) Univariate Cox analysis of the risk score and clinicopatho-
logical features. (C) Multivariate Cox analysis of the risk score and clinicopathological features to identify the independent prognostic predictors in TCGA ESCA cohort. (D—
E) mRNA levels of ALKBH5 and HNRNPC in ESCA and normal tissues were measured by qRT-PCR. (F) Representative IHC staining for ALKBH5 and HNRNPC in ESCA
tissues (scale bar: 50 uym). (G and H) The Kaplan-Meier survival analysis for patients with high or low expression levels of ALKBH5 and HNRNPC. (I) The ESCA patients in
the high-risk group had a significantly lower survival rate than those in the low-risk group. (J) Multivariate COX analysis was used to identify the independent prognostic

predictors in the clinical ESCA cohort. *P<0.05, **P<0.01, ***P<0.001.

with these findings, our study demonstrated that HNRNPC is
overexpressed in ESCA tissues, and its expression is nega-
tively correlated with the overall survival of patients with
ESCA.

The strength of our study is that we validated the
results of bioinformatics analysis with a clinical ESCA
cohort. The mRNA and protein levels of ALKBHS and
HNRNPC were measured by qRT-PCR and IHC, and the
risk scores of patients in this cohort were also calculated
according to the constructed prognostic signature. The
results of experimental validation are consistent with
those of bioinformatics prediction, indicating that the
prognostic signature might serve as a promising tool for
predicting survival outcomes of patients with ESCA.

In summary, the present study demonstrated that the
aberrant expression of 13 m6A RNA methylation regula-
tors is associated with the survival outcomes and clinico-
pathological features of patients with ESCA. A robust

prognostic signature can predict the prognosis of ESCA
patients and serve as an independent prognostic predictor.
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