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Background: Gastric cancer (GC) accounts for high mortality. RNA methylation has 
recently gained interest as markers in specific tumors. This study aimed to uncover the 
function of the roles of 25 RNA methylation regulators in GC.
Methods: RNA sequence and clinical data were downloaded from The Cancer Genome 
Atlas (TCGA) database. “STRING” and R were performed to analyze the correlation among 
the methylase. COX and LASSO were performed to screen for prognostic associated RNA 
methylation regulators. A prognostic model was established based on the expression of 
methylase. RT-PCR and immunohistochemistry detected the expression of methylase in 
GC cells and tissue. Kaplan–Meier curve and Cox analysis were applied to evaluate the 
effectiveness of the model.
Results: The prediction model was established based on the expression of m6A RNA 
methylation regulators FTO (fat mass and obesity-associated) and RBM15 (RNA binding 
motif protein 15). Based on the model, GC patients were divided into “high risk” and “low 
risk” groups to compare the differences in survival. The model was re-evaluated with the 
clinical data of our center.
Conclusion: The two-methylase combination model was an independent prognostic factor 
of GC.
Keywords: gastric cancer, prognosis, least absolute shrinkage and selection operator, 
survival analysis, RNA methylation

Introduction
Gastric cancer (GC) is the fourth most common cancer and the second leading 
cause of cancer-related death worldwide, with a high incidence rate recorded in 
East Asia.1 In China, GC remains the second most prevalent cancer, with approxi-
mately 679,100 new cases and 498,000 deaths in 2015.2 Most patients are diag-
nosed at the advanced stage, and due to chemoresistance and recurrence, an overall 
5-year survival rate is less than 25%.3 Therefore, a novel and reliable prognostic 
stratification system which could be applied to clinical risk assessment. It would be 
of great significance for the treatment and follow-up of GC patients.

The central dogma explains how information flows from DNA to mRNA to protein. 
However, with the development of Next-Generation Sequencing, researchers gradually 
discovered the critical role of non-coding RNA in epigenetic, transcriptional, and post- 
transcriptional modification. And epitranscriptomics (post-translational RNA modifi-
cations) are conserved throughout the evolutionary process and serve as a heritable 
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element for acquired traits.4,5 Among them, it is methylation 
of N6-methyladenosine (m6A) that the most abundant RNA 
modification form in eukaryotes.6 In the previous study, we 
reported m6A regulators’ Involvement in the expression of 
lncRNA NEAT1 in GC.7 Besides, studies had also reported 
N1-methyladenosine (m1A) and 5-methylcytosine (m5C) 
modifications in coding and non-coding RNAs.8 Similar to 
DNA epigenetics, RNA modification dynamically encodes 
RNA by “writer” and “eraser” and then decodes RNA by 
“reader,” thus causing subsequent changes in biological func-
tion. However, the role of RNA methylation in the develop-
ment and prognosis of GC is not fully understood.

Given the significance of RNA methylation in can-
cer, we wondered whether RNA methylation enzymes 
could be used to predict the occurrence and develop-
ment of GC. We first collected and identified enzymes 
involved in m6A, m1A, and m5C. “Writer” of m6A: 
KIAA1429, METTL3, METTL14, RBM15, WTAP, 
ZC3H13; “reader” of m6A: HNRNPC, YTHDC1, 
YTHDC2, YTHDF1, YTHDF2; “eraser” of m6A: 
ALKBH5, FTO. “Writer” of m5C: NSUN2, TRDMT1; 
“reader” of m5C: ALYREF; “eraser” of m5C: TET1, 
TET2, TET3. “Writer” of m1A: TRMT61B, 
TRMT61A, TRMT6, RRP8; “eraser” of m1A: 
ALKBH1 and ALKBH3. Unfortunately, the “reader” of 
m1A is mainly unknown. Subsequently, we explored the 
expression patterns of RNA methylation-related genes 
through the bioinformatics analysis of data from 
TCGA (The Cancer Genome Atlas) database. We 
found that RNA methylation regulators played an essen-
tial role in GC progression and established prognostic 
risk prediction models for GC based on two regulators. 
And the model was validated by the clinical data of our 
center.

Methods
Data Preprocessing
RNA sequencing and matching medical data were 
acquired from TCGA (https://portal.gdc.cancer.gov/). 
Raw data was obtained through the RTCGA Toolbox 
package (R platform). Overall, 406 samples, including 
375 GC and 31 normal tissues, were analyzed. The expres-
sion of mRNA was acquired from Illumina 
HiSeq_RNASeq platforms. Perl and R were utilized to 
evaluate findings.

Package “limma” (P<0.05) was performed to pre-treat 
the data and obtained the expression matrix of the 25 

methylated related genes (Supplement Table 1). In addition, 
the clinical data of the samples were shown in Supplement 
Table 2. Based on these two data tables, we would assess the 
correlation between RNA methylation regulatory genes’ 
expression and the clinical data of the samples. This study 
was carried out according to the flow chart (Figure 1).

Data Analyses
The R package “pheatmap” and “vioplot” visualized the 
expression of RNA methylated. Genes in tumor and nor-
mal tissue. The correlation among the RNA methylated 
genes was constructed based on the Search Tool for the 
Retrieval of Interacting Genes (STRING, http://string. 
embl.de/). R package “corrplot” analyzed and visualized 
the relationship between every two genes.

Cell Culture and Tissue Samples
Gastric cancer cells and gastric epithelial cells were 
purchased from ATCC. The cell culture method was 
the same as previous studies.7 A total of 128 patients 
were included in this study. All patients signed informed 
consent before surgery. Ethics Committee of Liaoning 
Provincial Cancer Hospital &Institute approved this 
study. See the previous study for patient information 
and follow-up.9

Real-time Reverse Transcription 
Polymerase Chain Reaction (RT-PCR)
The steps of RT-PCR were performed as formerly 
described.7 Te following primers were used: FTO, forward 
5ʹ-GAGCAGCCTACAACGTGACT-3ʹ and reverse 5ʹ- 
GAAGCTGGACTCGTCCTCAC-3ʹ; RBM15, forward 5ʹ- 
TACTTCTGTGCCTGCTTAC-3ʹ and reverse 5ʹ- GTGCT 
TCCTATCTCGTTCA-3ʹ; U6, forward 5ʹ-TTATGG 
GTCCTAGCCTGAC-3ʹ and reverse 5ʹ-CACTATTGCG 
GGCTGC-3ʹ.

Immunohistochemistry (IHC) Analysis
Following the proteolytic digestion and BCA blocking, the 
slices were incubated with polyclonal RSF1 antibody 
(ab244374, Abcam, USA), FTO (bs-7056R, Bioss, 
China) or at 4°C overnight. The steps of immunohisto-
chemistry were performed as formerly described.10 The 
ultimate immunoreactivity scores (IRS) were calculated 
consistent with the scores of the ratio of positive dyed 
cells, as previously described.10
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Results
Expression of RNA Methylated Genes in 
Tissues
To better explore the role of RNA methylation in tumor 
formation and development, we analyzed the expression of 
these 25 genes in both tumors and normal tissues. The 

heatmap showed that most RNA methylation regulators 
were significantly correlated with tumor status (Figure 2A). 
Twenty-one RNA methylation regulators were significantly 
abnormally expressed in GC tissue samples compared with 
normal tissue samples (Figure 2B). Such as all of the “writer” 

of m6A (except METTL14), all of the m6A “reader”; the 

Table 1 Patients Characteristics and Univariate Analysis

Characteristics N DFS OS

Month P value F Month P value F

Age, median, yr 0.77 0.08 0.83 0.05

≥60 73 39.66 45.58
<60 55 41.11 46.52

Gender 0.47 0.52 0.49 0.47
Male 82 38.98 44.99

Female 46 42.61 48.13

Bormann type 0.00 7.01 0.00 6.69

I 11 66.09 66.09

II 60 48.87 54.03
III 55 26.95 34.65

IV 2 7.50 14.00

Tumor size 0.00 10.09 0.01 6.45

≥5cm 51 31.16 39.43

<5cm 77 46.32 50.55

Location 0.64 0.45 0.87 0.15

Up 26 35.73 43.37
Middle 40 41.08 46.65

Low 62 41.68 46.76

Tumor histological morphology 0.67 0.40 0.68 0.39

Adenocarcinoma 101 40.53 46.60
Mixed carcinoma 26 38.42 43.58

Absolute signet ring cell carcinoma 1 63 63

Lauren type 0.18 1.75 0.16 1.89

Intestinal 57 42.26 47.70

Mixed carcinoma 31 32.39 38.77
Diffuse 40 43.58 49.55

Tumor differentiation 0.01 6.81 0.02 6.05
Moderate and high 38 49.79 54.24

Poor 90 36.27 42.69

TNM 0.00 95.01 0.00 64.56

I 32 63.56 63.63

II 40 63.87 68.04
III 64 18.69 28.27

IV 2 5.00 8.50

Model 0.01 13.68 0.01 11.94

Risk-low 52 46.60 51.15

Risk-high 76 35.96 42.67
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“writer”: NUSUN2, “reader”: TRDNT1, and “eraser”: TET3 

in m5C; and all of the “writer” in m1A and “eraser”: 

ALKBH1.

Interaction and Correlation of 25 RNA 
Methylation Enzymes in GC
The interaction information of the 25 RNA methylase 
was obtained from the STRING database and built pro-
tein-protein interaction (PPI) network based on their 
expression relationship (Figure 3A). There were apparent 
interactions among the six “writers” of m6A, except 

WTP and ZC3H13, WTAP, and METTL14. In the m6A 
“readers,” YTHDC2 did not have a clear correlation 
between HNRNPC and YTHDF1. It also exhibited 
a definite correlation between “erasers” FTO and 
LAKBH5. There was a clear relationship between m5C 
“writers”: NSUN2 and TRDMT1. Relationships between 
m5C “erasers” were also widespread, except for TET1 
and TET2. In m1A, “writer” TRMT61A and TRMT61B, 
TRMT6 and RRP8 did not show a relationship, and the 
“erase” ALKBH1 and ALKBH3 was the same (Figure 
3B). Compared with m6A and m5C, the relationship 
between m1A methylated enzymes was weaker. Since 

Figure 1 The workflow of the study.

Table 2 Multivariate Analysis of Significant Prognostic Factor for Survival in Gastric Cancer Patients

Variables DFS OS

P value HR 95% CI P value HR 95% CI

Bormann type 0.54 0.85 0.49–1.45 0.73 0.91 0.53–1.56

Tumor Size 0.29 0.77 0.47–1.26 0.53 0.85 0.52–1.40
Tumor differentiation 0.19 1.47 0.82–2.63 0.20 1.46 0.82–2.61

TNM stage 0.00 83.14 18.74–368.83 0.00 70.28 19.33–255.58

Risk Model 0.04 1.63 1.01–2.67 0.03 1.88 1.14–3.09
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the “reader” of m1A was also unclear, further study and 
discovery of m1A methylation related enzymes may be 
required.

It was worth pointing out that the positive correlation 
between HNRNPC and ALTREF, RBM15, and TET3, 
RBM15, and YTHDF2 need further focused. And the 
negative relationship between TRMT61A, and TET2, 
TRMT61A and YTHDC2 also required attention.

We then performed a cluster analysis of 25 genes. 
Clustering worked best when the consensus matrix was 2 
(Figure 3C, Supplement Figure 1). The clustering results 
were supported by principal component analysis (PCA, 
Figure 3D). There were also significant differences in 
survival time between the two groups (Figure 3E). The 
heatmap exhibited the correlation between the cluster and 

the clinicopathological characteristics in GC (Figure 3F). 
It indicated that the methylated gene expression classifica-
tion is significant for clinical prognosis.

The Prognostic Value of RNA Methylation 
Regulatory Genes and the Prognostic 
Prediction Model of GC Based on Two 
m6A RNA Methylation Regulatory Genes
Based on the expression of the above genes in TCGA, we 
performed univariate Cox regression analysis to evaluate 
the prognostic value of these 25 RNA methylated regula-
tors in GC. Thus, we found that two of the 25 factors were 
firmly related to overall survival (OS). Among them, the 
Hazard Ration (HR) of FTO was more significant than 1, 

Figure 2 The expression of RNA methylation regulators in GC. (A). Heatmap showed the expression of the RNA methylation regulators in 375 GC and 32 para-carcinoma 
tissues; *P<0.05, **P<0.01, ***P<0.001. (B). Vioplot visualized the expression of 25 RNA methylation regulators in different tissue samples in GC and para-carcinoma tissues.
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which was considered as an oncogene. The HR of RBM15 
was less than 1, which was a protective gene (Figure 4A).

To minimize the overfitting caused by univariate Cox 
regression, the least absolute shrinkage and selection 
operator (LASSO) Cox regression analysis was performed 
to the 25 RNA methylated-associated gene (Figure 4B). 
The LASSO model’s result identified two methylated reg-
ulators, RBM15 and FTO, which was consistent with uni-
variate Cox regression (Figure 4C). So, we obtained 

2-gene combination prognostic model for GC patients: 
“Risk score = −0.101 x RBM15 + 0.066 x FTO”. Then 
we conducted the Kaplan Meier plotter to verify the prog-
nostic values of the Risk score model, and the median was 
set as the cut-off value. The results showed that GC 
patients with high-Risk scores had a bad prognosis 
(Figure 4D, P<0.01), which was enhanced the reliability 
of our results.

We used the ROC (Receiver Operating Characteristic) 
to assess the risk prediction model’s role in predicting 
survival. The Area under the curve (AUC) was 0.714 
(Figure 5A). It suggested that the model was of great 
value in predicting the prognosis of GC patients. We 
then assessed the relevance of the Risk model to the 
clinical data. Unsurprisingly, the model was closely 
related to T stage (P<0.001), N stage (P<0.001), M stage 
(P<0.05), TNM stage (P<0.001), and prognosis (P<0.05, 
Figure 5B). We combined this model with clinical data to 
establish a univariate Cox regression analysis. The tumor 
stage, T stage, N stage, M stage, and TNM stage were all 
adverse prognostic factors for GC, but the Risk low was 
a protective factor (Figure 5C). And these five factors 
were extracted for Multivariate Cox regression analysis. 
The forest plot showed that Risk low was an independent 
risk factor for poor prognosis in GC (Figure 5D). This 
series of analyses proved the clinical significance of the 
risk model.

The Expression of RBM15 and FTO in 
Gastric Cancer Cells and Tissue Samples
We then tested the expression of RBM15 and FTO in GC 
cells. The RT-PCR result exhibited that FTO was over-
expressed in all GC cells compared to it in GES-1 (Figure 
6A). On the contrary, RBM15 was weak-expressed in GC 
cells (Figure 6B). Similarly, the mRNA of FTO was up- 
regulated in 128 GC patients; the mRNA of RBM15 was 
down-regulated (Figure 6C and D). The IHC was per-
formed to evaluate the protein level of FTO and RBM15 
in GC tissue and adjacent tissue. Consistent with RT-PCR 
results, the expression of FTO expression in cancer tissues 
was significantly higher than in adjacent tissues (Figure 6E 
a and b). Besides, RBM15 was highly expressed in adja-
cent tissues and weakly expressed in cancer tissues (Figure 
6E c and d).

In the following survival analysis, we mainly used the 
mRNA expression of FTO and RBM15 in GC for evalua-
tion. The first reason was that RNA expression in 

Figure 3 Identification of co-expressed gene clusters of RNA methylation regula-
tors. (A). Protein-protein interaction network constructed by STING database. (B). 
Spearman analyzed the correlation of RNA methylation modified regulator in GC; 
Spearman correlation analysis of the 13 m6A modification regulators in gastric 
cancer. (C). RNA methylated genes could be clustered into two consistency 
matrices. (D). The principal component analysis was performed on the expression 
profile of total mRNA in the TCGA dataset. (E). The Kaplan–Meier curve was used 
to analyze the overall survival of the two subgroups. (F). The heatmap showed the 
correlation between the two subgroups and clinicopathological data.
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transcriptome data was mainly used in our prediction 
process (Median= −0.0391). And the other reason was 
that the coefficients such as −0.101 and 0.066 were rela-
tively small, if the IHC score was used for calculation, 
a good distinction may not be formed.

Validation of the Prognostic Performance 
of the FTO-RBM15 Combination
Then we enrolled 128 patients to verify the effectiveness of 
the FTO-RBM15 combination risk prediction model. The 
disease free survival (DFS) range 5–85 months, overall sur-
vival (OS) range 7–85 months, a total of 75 (58.6%) patients 
died and 6 (5%) were lost to follow-up. The bormann type, 
tumor size, tumor differentiation, TNM, Risk model were all 
associated with the poor DFS and OS (Table 1, P<0.05). The 
DFS between Risk-low and Risk-high was 46.60 months vs 
35.96 months (Figure 7A). The difference between OS was 
51.15 months vs 42.67 months (Figure 7B).

The mentioned clinicopathologic characteristics with 
statistical differences were included in the multivariate 
analysis. Both of the TNM stage (DFS: P=0.00, 
HR=83.14, 95% CI: 18.74–368.83; OS: P=0.00, 
HR=70.28, 95% CI: 19.33–255.58, Table 2) and Risk 
model (DFS: P=0.04, HR=1.63, 95% CI: 1.01–2.67; OS: 
P=0.03, HR=1.88, 95% CI: 1.14–3.09, Table 2) contribu-
ted to the poor survival of GC.

Discussion
More and more research has been devoted to elucidating 
the genetic and epigenetic mechanisms involved in the 
progression of GC, but the pathogenesis of GC is still 
not fully understood.11 With the continuous progress of 
sequencing technology, it was widely accepted that RNA 
in gene expression, genome stability, and defense against 
foreign genetic elements.12 RNA modifications, which 
could be inherited and dynamic throughout life, was 
a research area of great concern.13 So far, there were 

Figure 4 Risk signature with 25 RNA methylation regulators. (A). Univariate Cox regression calculated the hazard ratios (HR) and 95% confidence intervals (CI) of RNA 
methylation regulators. (B). LASSO coefficient values of the 25 RNA methylation regulators in the TCGA cohort. (C). L1-penalty of LASSO-COX regression. The dotted 
vertical lines at optimal log(Lambda) value: 2. (D). Patients were divided into high-risk and low-risk groups based on risk scores, and survival curves were plotted.
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more than 140 kinds of RNA modifications. These mod-
ifications were not only related to structural RNA (tRNA 
and rRNA),14 but also affected the transcription and 
expression of information carrier RNA (mRNA and non-
coding RNA).15 Among them, the RNA m6A, m1A, and 
m5C modification had been studied most deeply. And all 
of them were firmly related to the occurrence and devel-
opment of GC.16,17

In the present study, we checked the expression of 
“writer,” “reader,” and “eraser” of RNA m6A, m1A, and 
m5C modification in GC and normal tissue. And twenty- 
one RNA methylation regulators were abnormally 
expressed in GC tissue: TRMT61A, ALKBH1, 
HNRNPC, ALYREF, RRP8, TRMT61B, KIAA1429, 
RBM15, TET3, YTHDF2, NSUN2, YTHDF1, TRMT6, 
TRDMT1, METTL3, WTAP, YTHDC2, YTHDC1, 
METTL14, ZC3H13, and FTO. Among them, all factors 
except RBM15 were overexpressed in the tumor and play 
as an oncogene role. Through a series of bioinformatics 
analysis of the TCGA database, we obtained a prognostic 
risk prediction model for GC based on two m6A RNA 
methylation regulatory genes, RBM15 and FTO.

Patients were divided into the high and low groups based 
on the expression levels of the RBM15 and FTO. The data 
from both the training and validation sets showed that the 
model had practical prognostic efficacy. The survival time of 
the Risk-high group was significantly shortened.

m6A is the most extensive mRNA and ncRNA mod-
ification in eukaryotes and involved in various biological 
processes.18,19 m6A could be installed by the nuclear 
methyltransferase complex, the “writer,” and uninstall by 
FTO and ALKBH5, the “eraser.” As a dioxygenase, FTO 
requires vitamin C to have sufficient catalytic activity.20 In 
addition, FTO is significantly associated with metabolic 
disease, which is different from ALKBH5. Zhi et al high-
lighted the potential of the FTO/m6A/MYC axis in the 
targeted epigenetic modification treatment of GC.21 The 
overexpressed FTO reduced m6A modification and pro-
moted the activation of the Wnt/PI3K-Akt pathway, thus 
participates in the malignant phenotype of GC.22 

Furthermore, FTO was also contributed to the occurrence 
and prognosis of GC.23

RBM15 is a member of the Split Ends (SPEN) family 
who is conserved RNA-binding proteins. The family is 
closely related to the transcriptional regulation of NOTCH, 

Figure 5 Relationship between risk prediction model and clinicopathological features and prognostic value. (A). The ROC curve evaluates the predictive efficiency of the 
risk prediction model. (B). Heatmap showed the expression of two m6A RNA methylation regulators in GC. The distribution of clinicopathological features was compared 
between high-risk and low-risk groups. (C). Univariate Cox regression analysis of clinicopathological factors and risk score associated with OS. (D). Univariate Cox 
regression analysis of clinicopathological factors and risk score associated with OS.
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WNT, and MAPK signal pathways.24 m6A methylation 
mediated by RBM15 is critical for XIST-mediated 
X chromosome inactivation.25 In RBM15 knockout mouse, 
it showed that RBM15 played an essential role in developing 
of a variety of tissues, especially in the maintenance of long- 
term hematopoietic stem cell homeostasis and the differen-
tiation of megakaryon and B cells.26,27 In addition, it also 
contributed to chromosomal translocation in acute megakar-
yocytic leukemia.28 However, so far, there have been no 
reports on the mechanism of RBM15 involvement in the 
malignant phenotype of GC.

At present, the epigenetics of RNA is attracting more and 
more attention and has gradually become an attractive 
research field. Many studies had established prognostic 
models based on the expression of m6A regulatory genes 
in multiple tumors. Although m6A was the most intensively 
studied, other RNA methylation modifiers could not be 
ignored. Then we extend the previous study. In the present 
study, we analyzed the expression of methylation regulators 
related to m6A, m5C, and m1A in GC, and discussed their 
correlation with clinical prognosis. This is the first study to 
include as many RNA methylation-related factors as possi-
ble. We found that risk models based on FTO and RBM15 
had crucial clinical significance for predicting GC’s prog-
nosis. It may bring new ideas for the follow-up targeted 
therapy of gastric cancer. In addition, LASSO is a kind of 
regression analysis introduced in statistics and machine 
learning.29,30 It effectively minimizes the overfitting caused 
by Univariate COX regression.31,32 LASSO improved the 
prediction accuracy and interpretability through variable 
selection and regularization. The LASSO regression evalua-
tion process included relationship to ridge regression, best 
subset selection, the connections between lasso coefficient 
estimates, and soft thresholding.33,34 Besides, the mechan-
isms of FTO and RBM15 in GC still need to be actively 
explored. Other RNA methylases need to be identified.

Clinicians can obtain the expression levels of FTO and 
RBM15 in tissue samples respectively by RT-PCR and 
calculate the corresponding risk values (Risk score = 
−0.101 x RBM15 + 0.066 x FTO). And then it can eval-
uate the prognosis of patients. Besides, we can visualize 
the model and other related risk factors to assess the 
modification’s effectiveness in future clinical work.
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