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Abstract

Background Reversible N°-methyladenosine (m®A) modifications in messenger RNAs can be categorized under the field
of “RNA epigenetics.” However, the potential role of m°®A-related genes in gastric cancer (GC) prognosis has not been
systematically researched.

Aims This study was aimed at providing insights into the prognostic role of m®A-related gene expression, at both mRNA
and protein levels.

Methods Kaplan—Meier (KM) plotter database and The Cancer Genome Atlas (TCGA) database were used to explore the
prognostic significance of individual m®A-related genes in overall survival (OS) and progression-free survival at the mRNA
level. For independent validation, the protein level of genes significantly associated with prognosis in both databases was
further detected in 450 paired GC and corresponding adjacent non-tumor tissues using tissue microarray (TMA)-based
immunohistochemistry (IHC). The relationship between the FTO and ALKBH1 expression and the clinicopathological
characteristics was explored.

Results Among nine m®A-related genes, aberrantly high mRNA expression of FTO and ALKBH1 was associated with poor
OS in the KM and TCGA cohorts. However, the TMA-IHC indicated that protein expression of FTO and ALKBHI was
markedly downregulated in GC tissues. A lower protein level of ALKBHI1 was closely correlated with larger tumor sizes
(=5 cm) and more advanced TNM stages, while lower FTO protein expression was associated with shorter OS in GC patients.
Conclusions Aberrant expression of demethylase genes, FTO and ALKBH 1, has a distinct prognostic value in GC patients,
indicating that FTO and ALKBH may play vital roles in GC progression and metastasis.
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Introduction

Gastric cancer (GC) is one of the most common malignan-
cies worldwide [1] and the second biggest health burden
in China [2]. The basis of treatment is surgical removal of
the tumor mass. The 5-year survival rate for RO surgical
resection ranges from 30 to 50% for patients with stage
II disease and from 10 to 25% for patients with stage III
disease [3]. However, these patients have a high likeli-
hood of local or systemic relapse. At present, there are
no solid biomarkers for GC, except the tissue expression
level of human epidermal growth factor receptor 2 (HER2)
and regular clinicopathological parameters, such as TNM
stage, which predict prognosis and response to therapy [4].
Thus, there is an urgent need to locate and identify robust
prognostic biomarkers for GC.

In recent years, another form of gene regulation at the
RNA level, RNA epitranscriptomics, has attracted the
attention and interest of the research community. N®-meth-
yladenosine (m®A), the most abundant internal modifica-
tion in eukaryotic messenger RNAs (mRNAs) and long
non-coding RNAs (IncRNAs), is known to play critical
roles in various bioprocesses such as tissue development,
stem cell self-renewal and differentiation, heat-shock or
DNA damage response, and maternal-to-zygotic transition
[5]. The m°A patterns involve a series of proteins identi-
fied as “writers,” “erasers,” and “readers” of m°A. Methyl-
transferase-like 3 and methyltransferase-like 14 (METTL3
and METTL14) and their cofactor, Wilms’ tumor 1-asso-
ciated protein (WTAP), compose the m®A methyltrans-
ferase complex (MTC), which catalyzes m®A modification
[6]. Fat mass and obesity-associated protein (FTO), alkB
homolog 1 (ALKBH1), and ALKBHS have been shown to
act as m®A demethylases, oxidizing the N-methyl group
of m®A site to a hydroxymethyl group [7, 8]. Similar to
DNA methylation [9], information contained in m®A codes
needs to be deciphered by “readers” such as YTHDFI,
YTHDF2, and YTHDEF3, directly or indirectly [10-12].
All of the above m®A-related genes were reported to regu-
late vital biological processes associated with a range of
malignancies, such as hepatocellular carcinoma [13-15],
glioblastoma [16, 17], acute myeloid leukemia [18], breast
cancer [19, 20], lung cancer [21], and GC [22]. However,
the association between m®A-related genes and GC has
not been studied in detail. The present study evaluated the
prognostic role of mRNA expression of nine m®A-related
genes using the Kaplan—Meier (KM) plotter database and
The Cancer Genome Atlas (TCGA) database. Next, genes
stated as being significantly associated with prognosis in
both databases were further detected in 450 paired GC
and corresponding adjacent non-tumor tissues using tissue
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microarray (TMA)-based immunohistochemistry (IHC) for
independent validation (Fig. 1).

Methods
Predicting Prognosis of GC by KM Plotter

KM plotter database includes 1065 GC samples with
follow-up data. The median overall survival (OS) was
28.9 months, and median progression-free survival (PFS)
was 18.3 months [23]. Unprocessed CEL files were MASS
normalized in the R statistical environment (http://www.r-
project.org) using the Affy Bioconductor library, and only
arrays passing quality criteria were utilized. Gene expression
and clinical data were integrated using PostgreSQL. The
KM curve indicated the association between the candidate
gene and survival, in which the samples are grouped by the
median expression of each gene. KM survival plots with

KM plotter
RNAseq

Fig. 1 A diagrammatic summary of the research strategy in this study
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hazard ratio (HR), 95% confidence interval (CI), and log-
rank p were obtained online.

Predicting Prognosis of GC by TCGA Database

The mRNA sequencing level 2 data (preprocessed and nor-
malized) and clinical patient data of 415 GC cases were
downloaded from TCGA database (http://download.cbiop
ortal.org/stad_tcga_pub.tar.gz?raw=ture). The cutoffs
dividing high and low expression groups were decided via
receiver operating characteristic curve (ROC) analysis by
SPSS Statistics 23.0 (IBM Corp., Armonk, NY, USA).

Tissue Samples

For tissue microarray (TMA) detection, 450 cases of gastric
tumor and matched non-tumor tissues were collected in the
department of pathology of Sun Yat-Sen University Cancer
Center. To be specific, two different pieces of GC tissues and
one piece of non-tumor tissue, taken at a distance of >3 cm
from the tumor margin, were collected from each individual,
paraffin-embedded blocks, and arranged in recipient ones.
These patients had not received any preoperative anticancer

therapy. The clinicopathological features of patients are pro-
vided (Table 1). Tumor differentiation grades and clinical
stages were reclassified according to the 8th American Joint
Committee on Cancer (AJCC) TNM classification. The OS
was calculated as the duration from the date of surgery to
the date of death or last follow-up. The use of human tis-
sue samples and clinical data was approved by the Ethics
Committee of Sun Yat-Sen University Cancer Center, all
patients provided signed informed consent, and the research
was carried out in accordance with the Helsinki Declaration.

Immunohistochemistry (IHC) Staining
and Evaluation

IHC staining was performed according to a previously
described protocol [24]. Tissue sections were deparaffinized
with dimethylbenzene and rehydrated via a graded alcohol
series. Endogenous peroxidase activity was blocked with
0.3% hydrogen peroxide for 15 min. Slides were boiled in
tris(hydroxymethyl) aminomethane—-EDTA buffer (pH 8.0)
in a microwave for 30 min to retrieve antigen. Nonspecific
antigens were blocked with 10% normal goat serum for
20 min. Next, the slides were incubated with monoclonal

Table 1 The clinicopathological

o ] ! Clinicopathological FTO ALKBHI1
characteristics of GC patients in parameters . .
the TMA-IHC cohort Total High Low p High Low p
Sex 0.477 0.601
Male 308 142 166 113 195
Female 142 71 71 56 86
Age 0.288 0.124
<65 329 161 168 131 198
>65 121 52 69 38 83
Tumor size 0.199 <0.001
<5cm 292 145 147 131 161
>5cm 158 68 90 38 120
Differentiation 0.234 0.587
Well/moderate 67 27 40 23 44
Poor 383 186 197 146 237
Depth of invasion 0.455 0.186
T1/T2 119 60 59 51 68
T3/T4 331 153 178 118 213
LN metastasis 0.227 0.120
Negative 147 76 71 63 84
Positive 303 137 166 106 197
Distant metastasis 0.588 0.853
Negative 417 198 219 156 261
Positive 33 15 18 13 20
TNM stage 0.257 0.033
v 213 107 106 91 122
/v 237 106 131 78 159

p<0.05 was considered statistically significant
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rabbit anti-FTO antibody (ab124892, 1:100 dilution, Abcam,
Cambridge, UK) and anti-ALKBH1 antibody (ab126596,
1:50 dilution, Abcam) overnight at 4 °C in a moist chamber.
Slides were incubated with horseradish peroxidase (DAKO
ChemMate™ EnVision™ Detection Kit, Copenhagen, Den-
mark) for 30 min at 37 °C and subsequently incubated with
3,3’ diaminobenzidine (DAB) solution for visualization.
Two independent observers blinded to clinicopathological
data conducted the immunoreactivity score (IRS) assess-
ment for FTO and ALKBHI1 expression. Scoring criteria for
staining intensity were as follows: 0 (negative), 1 (weak), 2
(moderate), 3 (strong). The staining extent score was as fol-
lows: 0 (<10%), 1 (11-25%), 2 (26-50%), 3 (51-75%), and
4 (76-100%). The final expression score, ranging from 0 to
12, was calculated as intensity score X extent score. Total
scores of 6 or higher were categorized as the high expression
group, and the rest as the low expression group. The stain-
ing result for each case was the average IRS determined by
two pathologists. The specimens would be rescored if the
difference between the two pathologists was greater than 3.

Statistics

The Chi-squared test was used to analyze the association
between candidate gene expression and clinicopathologi-
cal characteristics of GC patients. Survival curves were
evaluated using the Kaplan—Meier method, and differences
between survival curves were tested by the log-rank test. Cox
proportional hazards regression model was used to exam-
ine univariate and multivariate analyses. Only significantly
different variables in univariate analysis were included in
the multivariate analysis. Statistical significance was based
on two-tailed tests at p <0.05. SPSS 23.0 (IBM Corp.) and
GraphPad Prism 6 (San Diego, CA, USA) software were
used for statistical analyses and graphical representations.

Results

Prognostic Values of m°A-Related Genes in KM
Plotter Cohort

First, nine candidate genes were analyzed using the KM
plotter database. The clinicopathological information of
GC patients in this cohort was summarized previously
(Table S1). The survival curves revealed that high mRNA
expression of METTL3, METTLI14, FTO, ALKBHI, and
ALKBHS5 and low mRNA expression of WTAP, YTHDF?2,
and YTHDF3 were associated with worse OS (Fig. 2) and
worse PFS (Fig. 3), respectively. The mRNA expression of
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YTHDF1 seemed to have little effect on the prognosis of
GC patients.

Prognostic Values of m°A-Related Genes in TCGA
Cohort

Next, we tested the associations between mRNA expres-
sion of the above genes and prognosis of GC patients
in TCGA database to select even more reliable targets.
The characteristics of GC patients in TCGA cohort are
described in Table S2. The results suggested that higher
mRNA levels of FTO and ALKBH]I lead to worse OS
(Fig. 4a, b), while higher mRNA level of FTO, but not
ALKBH1, was correlated with worse PFS (Fig. 4c, d), indi-
cating that FTO and ALKBH1 were more likely to exert a
significant influence on progression of GC compared to the
other m®A-related genes. This also indicated that T stage,
N stage, M stage, TNM stage, differentiation grade, FTO,
and ALKBHI1 expression had significant impact on OS in
univariate analysis, while only FTO and ALKBH1 expres-
sion levels remained observably significant in multivariate
analysis (Table S3). Patients diagnosed with stage III or
IV had observably shorter OS than those with stage I or II
(22.0 vs. 59.5 months, Fig. 4e). In addition, patients show-
ing high expression levels of both FTO and ALKBH1 (OS:
19.9 vs. 72.2 months) and patients with high expression
level of one gene (OS: 26.5 vs. 72.2 months) had observ-
ably shorter OS than patients with low expression levels
of both genes (Fig. 4f).

Independent Validation of Prognostic Value of FTO
and ALKBH1

Considering the findings of the in silico analysis, we
validated the prognostic value of protein expression of
demethylase genes FTO and ALKBH1 using TMA-based
IHC to detect 450 paired GC and corresponding adjacent
non-tumor tissues. Different staining intensities of FTO
and ALKBHI are displayed (Fig. 5a, b). Interestingly, as
opposed to their mRNA levels, both FTO and ALKBH1
protein levels were significantly downregulated in signet
ring cells compared to the adjacent normal gland cells
(Fig. 5c, d). The proportion of strong and moderate stain-
ing was significantly lower in GC tissues than in adjacent
non-tumor tissues for both FTO (p <0.0001) and ALKBH1
(p<0.0001) (Fig. 6a, b). Consistently, the IRSs of FTO
and ALKBH1 were markedly lower in GC tissues than in
adjacent non-tumor tissues (Fig. 6¢, d), and lower protein
expression of FTO, but not of ALKBH1, was closely asso-
ciated with a shorter OS of GC patients (HR =0.74, 95%
CI: 0.56-0.98, and p=0.0364) (Fig. 6e, f). In addition,
the lower protein level of ALKBH1 was closely correlated
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Fig.2 Prognostic influences of nine m®A-related genes on OS in
the KM cohort. High mRNA expression levels of METTL3 (a),
METTLI14 (b), FTO (d), ALKBHI (e), and ALKBH5 (f) and low

with larger tumor sizes (=5 cm, p <0.001) and more
advanced TNM stages (III/TV, p=0.033) (Table 1). In the
TMA-IHC cohort, T stage, N stage, M stage, TNM stage
and the protein expression of FTO, but not ALKBHI, were
correlated with OS in univariate analysis, while only the M
stage, TNM stage, and FTO expression were significant in
multivariate analysis, indicating that FTO protein expres-
sion was as valid as M stage and TNM stage in prognosis
prediction in GC patients (Table 2).

Time (months)

Time (months)

mRNA expression levels of WTAP (c¢), YTHDF2 (h), and YTHDF3 (i)
were associated with worse OS, while YTHDF1 (g) had no significant
effect on OS in the KM cohort

Discussion

mCA, which is the most abundant modification in RNAs,
is linked to human diseases, but its function in mammalian
development is poorly understood. In addition, the role of
m®A-related genes has been established in several malignan-
cies, but the link between mPA expression and GC has not
been elucidated [13-22]. Here, we evaluated the prognostic
role of mRNA expression of nine m°A-related genes in GC.

Thousands of mRNA and IncRNAs show conserved
m®A patterns, including transcripts encoding core

@ Springer
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Fig. 3 Prognostic influences of nine m®A-related genes on PES in
the KM cohort. High mRNA expression levels of METTL3 (a),
METTLI4 (b), FTO (d), ALKBHI (e), and ALKBH5 (f) and low

pluripotency transcription factors. Thus, m®A can be
taken as a mark of transcriptome flexibility required for
stem cells to differentiate into specific lineages. FTO, also
known as ALKBHO, belongs to the non-heme Fe II/a-KG-
dependent dioxygenase AlkB family of proteins that also
contains ALKBH1 to ALKBHS [7]. It was reported that
FTO was overexpressed at both protein and mRNA levels
in GC tissues compared to corresponding adjacent non-
tumor tissues, where high FTO expression was signifi-
cantly associated with poor prognosis in GC patients [22].
By contrast, via analysis of RNAseq data from KM plotter
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Time (months)

Time (months)

mRNA expression levels of WTAP (¢), YTHDF2 (h), and YTHDF3 (i)
were associated with worse PFS, while YTHDF1 (g) had no signifi-
cant influence on PFS in the KM cohort

and TCGA databases, we demonstrated that high mRNA
expression of demethylase genes, FTO and ALKBH]I,
predicted a worse prognosis. However, TMA-IHC stain-
ing indicated that FTO and ALKBH1 were significantly
downregulated at the protein level in GC tissue specimens,
suggesting that high FTO protein expression is indicative
of a better OS for GC patients.

Notably, results of several studies are in total or partial
agreement with our findings. Pi et al. believed that high level
of FTO expression inhibited GC cell line MGC-803 prolif-
eration, migration, and invasion [25]. Liu et al. demonstrated
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Fig.4 Prognostic values of FTO and ALKBHI on OS and PFS in
the TCGA cohort. a, b High mRNA expression levels of FTO and
ALKBH]I were correlated with poor OS. ¢, d High mRNA expres-
sion level of FTO but not ALKBHI was correlated with poor PFS. e
Patients diagnosed with stages III or IV had noticeably shorter OS

a noticeable increase in proliferation in ALKBH1 knock-
down HeLa cells caused by elevated methylation of transfer
RNA (tRNA). This dynamic process was used by human
cells in response to glucose deprivation [26]. Zhou et al.
suggested that a lack of ALKBHI restricted its binding with
the promoter of ATF4, an osteoblast-enriched transcriptional
factor indispensable for osteogenic differentiation, and led
to transcriptional silencing of ATF4 with increasing m°A
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than those with stages I or II. f Patients with high expression levels of
both FTO and ALKBH1 (19.9 vs. 72.2 months) and patients with high
expression level of one gene (26.5 vs. 72.2 months) had observably
shorter OS than patients with low expression levels of both genes

levels [27]. Gao et al. reported that ALKBH2, another mem-
ber of the dioxygenase AlkB family, was downregulated in
GC tissues and cell lines as determined by real-time PCR
and confirmed by IHC and Western blot. Overexpression of
ALKBH2 significantly inhibited GC cell proliferation and
induced G1 arrest of the cell cycle in GC cell lines [28]. The
above-mentioned observations reveal the suppressive role of
FTO and ALKBHI1 in GC and are substantiated by findings
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>

%200

x100

Fig.5 FTO and ALKBHI protein expression in GC tissue samples
determined by TMA-IHC. a, b Representative images of different
staining intensities of FTO and ALKBH1 protein. FTO mainly local-
izes in nucleus, and ALKBH1 mainly localizes in cytoplasm. ¢, d

of the current study. However, it has been established that a
high level of transcription does not necessarily guarantee a
high level of translation that produces proteins that orches-
trate complex cellular processes. These discrepant findings
between mRNA and protein levels may be caused, at least in
part, by various post-transcriptional regulation mechanisms,
such as 5' capping of mRNA, polyadenylation, alternative
splicing, and multiple covalent RNA modifications [29]. The
specific mechanisms underlying these discrepancies may
have to be elucidated via more sophisticated experiments
in the future.
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%200

Representative images showing that both FTO and ALKBH1 protein
expression levels were significantly downregulated in signet ring cells
compared to adjacent normal gland cells in the same tissue sample

In the last few years, modification in mRNAs or non-
coding RNAs has been reported to play a critical role in
virtually all major normal bioprocesses. Modification of
mRNAs is now being pushed to the forefront of biology
due to the discovery of the “writers,” “erasers,” and “read-
ers” that add, remove, or preferentially bind to the mPA site
[30]. RNA m®A patterns are involved in various aspects of
mRNA metabolism including mRNA export, translation,
and decay and perform an important function in post-tran-
scriptional regulation of gene expression and protein transla-
tion [12]. In the non-coding RNA field, m®A modification
acts as a barrier to tRNA accommodation and translation
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elongation [31]. Reversible demethylation of tRNA mediated
by ALKBHI results in attenuated translation initiation and
tRNA decreased use in protein synthesis [26]. Moreover,
researchers expanded the concept of the RNA epitranscrip-
tome to circular RNAs (circRNAs), providing evidence that
m®A modifications in circRNAs are written and read by the
same machinery used for mRNAs, but often at different loca-
tions [32].
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The IRSs of FTO and ALKBHI in GC tissues were both remarkably
lower than those in corresponding non-tumor tissues. e, f The lower
protein expression of FTO, but not that of ALKBHI, was closely
associated with shorter OS in GC patients

We acknowledge several limitations in our study. Firstly,
mRNA expression levels of candidate genes were not sub-
stantiated in GC and non-tumor tissues via experiments.
Secondly, the effect of FTO and ALKBH1 expression on
the biological function of GC cells remains to be elucidated.
Thirdly, the reason for the contradictory trends between
mRNA and protein expression levels of FTO and ALKBH1
in GC remains to be further investigated.

@ Springer



1512

Digestive Diseases and Sciences (2019) 64:1503-1513

Table 2 Cox proportional
hazards model analysis of
prognostic factors

Variables Univariate analysis Multivariate analysis

HR 95% CI p HR  95%CI p
FTO expression (high vs. low) 0.742 0.560-0.982  0.037 0.748 0.564-0.993 0.045
ALKBHI1 expression (high vs. low) 1.089 0.820-1.445 0.557 - - N
Sex (male vs. female) 1.330 0.998-1.775 0.052 - - -
Age (>65 vs. <65 years) 1.270  0.939-1.719 0.121 - - -
Tumor size (<5 vs.>5 cm) 1.222  0.899-1.662 0.201 - - -
Differentiation (poor vs. well/moderate)  1.377 0.911-2.082 0.129 - - -
Depth of invasion (T3/T4 vs. T1/T2) 3366 2.211-5.125 <0.001 1.556 0.967-2.504 0.068
LN metastasis (negative vs. positive) 2.589 1.823-3.676 <0.001 0.595 0.307-1.152 0.123
Distant metastasis (negative vs. positive) 5.325 3.554-7.977 <0.001 3.179 2.100-4.811 <0.001
TNM stage (IIT+1IV vs. I+1I) 4.074 2947-5.631 <0.001 4.350 2.297-8.238 <0.001

HR hazard ratio, CI confidence interval

p<0.05 was considered statistically significant

In conclusion, the aberrantly high mRNA expression of
demethylase genes, FTO and ALKBH 1, was markedly asso-
ciated with poor OS in light of the in silico analysis, while
FTO and ALKBHI1 expression was significantly downregu-
lated in GC tissues at the protein level, according to the
TMA-IHC staining results. Additionally, lower ALKBH1
protein expression level was closely correlated with larger
tumor size (>5 cm) and more advanced TNM stages (I1I/
IV). Lower FTO protein expression was markedly associated
with a shorter OS in GC patients.
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