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Abstract

Background: Although eradication therapy for chronic Helicobacter pylori (H. pylori) reduces the risk of gastric cancer
(GQ), its effectiveness is not complete. Therefore, it is also critically important to identifying those patients who remain
at high risk after H. pylori eradication therapy. Accumulation of protein methylation is strongly implicated in cancer,
and recent study showed that dimethylation of eEF1A lysine 55 (eEF1AK55me2) promotes carcinogenesis in vivo.

We aimed to investigate the relationship between eEF 1A dimethylation and H. pylori status, efficacy of eradication
therapy, and GCrisk in H. pylori-eradicated mucosa, and to reveal the potential downstream molecules of eEFTA
dimethylation.

Methods: Records of 115 patients (11 H. pylori-negative, 29 H. pylori-positive, 75 post-eradication patients) who
underwent upper gastrointestinal endoscopy were retrospectively reviewed. The eEF1A dimethyl level was evaluated
in each functional cell type of gastric mucosa by immunofluorescent staining. We also investigated the relationship
between eEF1AK55me2 downregulation by CRISPR/Cas9 mediated deletion of Mettl13, which is known as a dimeth-
yltransferase of eEF1AK55me2.

Results: The level of eEF1A dimethylation significantly increased in the surface and basal areas of H. pylori-positive
mucosa compared with the negative mucosa (surface, p=0.0031; basal, p=0.0036, respectively). The eEF1A dime-
thyl-levels in the surface area were significantly reduced by eradication therapy (p =0.005), but those in the basal area
were maintained even after eradication therapy. Multivariate analysis revealed that high dimethylation of eEF1A in the
basal area of the mucosa was the independent factor related to GC incidence (odds ratio=3.6611, 95% confidence
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ing factors in H. pylori eradicated-gastric mucosa.

interval =1.0350-12.949, p =0.0441). We also showed the relationship between eEF 1A dimethylation and expressions
of reprogramming factors, Oct4 and Nanog, by immunohistochemistry and in vitro genome editing experiments.

Conclusions: The results indicated that H. pylori infection induced eEF 1A dimethylation in gastric mucosa. The accu-
mulation of dimethyl-eEF 1A in the basal area of the mucosa might contribute to GC risk via regulation of reprogram-

Keywords: Atrophic gastritis, Gastric cancer, Methylation, Risk factor

Background

Helicobacter pylori (H. pylori) infection, which causes
atrophic gastritis, has been defined as a sequence of
histological events that confers an increasing risk of
malignant transformation [1, 2]. Indeed, previous basic
studies have provided evidence that infection with H.
pylori carrying specific virulence factors can lead to gas-
tric carcinogenesis [3, 4]. Although, the success rate of
eradication therapy has fallen, due to rising resistance
to clarithromycin [5], the provision of eradication for H.
pylori infection by national health insurance was started
in February 2013 to reduce the number of new cases of
gastric cancer (GC) in Japan.

Reductions in primary and metachronous GC are
expected with H. pylori eradication, but eradication
alone does not completely eliminate GC risk in patients
with atrophic gastric mucosa as precancerous lesions
[6]. Even after eradication therapy and follow-up diagno-
sis with barium and endoscopy, there is an urgent need
to improve an effective follow-up strategy to identify
patients at high risk for GC.

In previous studies, accumulations of methylation in
gastric mucosa after H. pylori eradication therapy were
correlated with GC risk [7]. Most of these reports pointed
out only epigenetic biomarkers, such as DNA or histone
methylation, in GC risk related to chronic gastritis [8].
However, it was recently revealed that hundreds and
likely thousands of proteins are also methylated at lysine,
which leads to activation of cellular pathways, such as
those for growth signaling and response to damage from
chronic inflammation [9]. Eukaryotic elongation factor
1A (eEF1A) is one of the evolutionarily conserved and
fundamental non-ribosomal components of the trans-
lational machinery [10]. The expression or upregulation
of eEF1A has been reported to be associated with cancer
development and invasion in ovarian, breast, lung, pros-
tate, hepatic, and pancreatic cancers [11-14]. Addition-
ally, a recent study showed that dimethylation of eEF1Al
lysine 55 (eEF1AK55me2) leads to its activation and utili-
zation to increase translational output and promote car-
cinogenesis in vivo [15].

Although methylation is recognized as a key mecha-
nism in cancer development in atrophic gastric mucosa
[16, 17], how lysin methylations are maintained in

atrophic gastric mucosa and contribute to GC develop-
ment is mostly unclear. In this study, we hypothesized
that H. pylori infection would contributes to potential
GC risk through the dimethylation of eEF1A, an active
GTPase form, in gastric mucosa.

The aim of this study was thus to clarify the association
between the dimethylation of eEF1A, H. pylori infection
status, and GC incidence in gastric mucosa. Additionally.
We investigated how dimethylated eEF1A contributes
to GC development after H. pylori eradication in gastric
mucosa by focusing on the reprogramming factors Oct4
(octamer-binding transcription factor 4) and Nanog.

Materials and methods

Study subjects and sampling

We retrospectively investigated the mucosa of the mid-
dle portion of the greater curvature of the gastric corpus,
approximately 8 cm from the gastric cardia, in patients
who underwent upper gastrointestinal endoscopy with
biopsy at Oita University Hospital, Japan, between
January 2001 and December 2018. Of the 150 enrolled
patients, 27 patients with unknow eradication time and
8 patients after gastrectomy were excluded from this
study; the remaining 115 patients were included in this
study (Additional file 1: Fig. S1). H. pylori infection was
determined by culture, histology, and rapid urease test.
In H. pylori-negative patients, we additionally confirmed
serum antibody titer (<3 U/mL) and the lack of endo-
scopic atrophy and histologic gastritis (Additional file 1:
Fig. S1). The success of H. pylori eradication therapy was
defined as a negative 13C-urease breath test that was
confirmed within 6 months after the therapy. Addition-
ally, to exclude H. pylori-reinfected patients, we con-
firmed absence of H. pylori by culture, rapid urease test,
and histology in eradicated gastric mucosa.

The biopsy site “B2”, which is recommended by the
Updated Sydney System, is assumed to be suitable for
evaluating the histological status of fundic glands [18].
Specimens were collected endoscopically from the
greater curvature of the gastric middle bodies. Biopsy
specimens were immediately fixed in 10% neutral buff-
ered formalin for 24 h and embedded in paraffin wax
blocks. Fixed samples were sliced into 3-pm-thick sec-
tions and stained with hematoxylin and eosin (HE).
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Degrees of inflammation, activity, atrophy, and intestinal
metaplasia were scored according to the Updated Sydney
System (0, none; 1, weak; 2, moderate; 3, marked) [18].

Immunofluorescent staining

Anti-MUCS5AC (1:50, Leica Biosystems), H™/KTATPase
(1:100; Medical & Biological Laboratories), MUC6 (1:200;
BioRad), and PG1 (1:200; Abnova) antibodies were used
for immunostaining to differentiate between cell types
in the fundic gland. We performed immunohistochemis-
try using anti-dimethyl-eEF1AK55me2 antibody (1:400;
Abclonal), Nanog (1:10,000; Cell Signaling Technology),
and Oct4 (1:100; Santa Cruz Biotechnology). All biopsy
materials were fixed in 10% buffered formalin for 24 h
and then embedded in paraffin. After deparaffinization
and subsequent rehydration to remove xylene, endoge-
nous peroxidases were inactivated with 3% hydrogen per-
oxide solution (Wako, Osaka, Japan). Antigen retrieval
was performed at pH 6.0. Next, the sections were incu-
bated overnight with monoclonal anti-MUC5AC, MUCS6,
H*/K*ATPase, PG1, and dimethyl-eEF1A primary anti-
bodies, followed by incubation with secondary antibodies
(1:1000; Alexa Fluor R488 and 594) at room temperature
for 2 h. After washing, images were captured with a Key-
ence BZ-9000 microscope (Keyence, Osaka, Japan).

Evaluation of dimethyl eEF1A level

Dimethylation levels of eEF1A were evaluated on sur-
face, middle and basal areas of gastric glands, which were
identified by morphological appearance or immunostain-
ing with antibodies for specific markers, MUC5AC
(surface area), H+ /K+ ATPase (middle area), and PG1
(basal area), respectively. After immunofluorescence
staining with anti-dimethyl-eEF1A antibody, mean fluo-
rescent intensities on these areas were quantified using
the regions of interest (ROI) tool in Image] software.
Multiple ROIs were set for each area based on marker
immunofluorescence in one image, and several images at
4 x magnification were used for each patient. Then, the
dimethylation level of eEF1A for each area in each patient
was expressed as an average of multiple mean fluorescent
intensities from the ROIs.

Cell culture and CRISPR/Cas9

TMK-1, a gastric cell line, was provided by Dr. H. Ito
(Tottori Prefectural Kousei Hospital, Tottori, Japan)
with permission from an original provider, Dr. A. Ochiai
(National Cancer Center, Kashiwa, Japan). Cells were cul-
tured in RPMI1640 (Sigma) with 10% fetal bovine serum.
We established Mettl13, which is the physiologic eEF1A
lysine 55 dimethyltransferase [15], knockout TMK-1cells
using the CRISPR-Cas9 genome editing system and gen-
erated stable Mkettl13 knockout TMK-1cells. Briefly, a
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single guide (sgRNA) targeting Mettl13 (5'-AAGAAA
GCTTTCGAGTGGTATGG-3') was cloned into a Cas9-
expressing plasmid  (pSpCas9(BB)-2A-Puro(PX450);
Addgene plasmid #62,988), and the plasmid was trand-
fected into TMK-1 cells, which was subsequently cloned
after a 2-day treatment with 2 pg/mL puromycine.
Knockout of Mettl13 was confirmed by Western blotting.

Western blotting

Western blotting was performed as described previously
[19]. Cells were lysed on ice for 20 min in SDS-modi-
fied RIPA buffer containing protease and phosphatase
inhibitor cocktails (cOmplete Mini; Roche Diagnostics,
Mannheim, Germany) (PhosSTOP EASYpack; Roche
Diagnostics), and then centrifuged at 4 °C at 15,000 rpm
for 20 min. The resulting cell lysates (20 pg each) were
boiled with Laemmli sample buffer and subjected to
SDS-PAGE. The samples were transferred to a polyvi-
nylidene difluoride membrane (Merk Millipore, Darm-
stadt, Germany), which was blocked for 1 h in Block
Ace (DS Pharma, Osaka, Japan) at room temperature,
then incubated overnight at 4 °C with primary anti-
bodies against METTL13 (1:1000; Bethyl Laborato-
ries), dimethyl-eEF1A (1:1000; ABclonal Technology),
eEF1A(1:1000; Abclonal technology), Nanog(1:1000;
Abcom), Oct4(1:1000, Abcom), and GAPDH (1:1000,
Santa Cruz Biotechnology, Santa Cruz). After washing
with 1 x TBS containing 0.1% Tween 20, the membranes
were incubated for 1 h at room temperature with appro-
priate secondary antibodies [19], followed by rewashing.
Finally, the signals were detected using an ECL Western
blotting analysis system (GE Healthcare, Piscataway, NJ,
USA) in accordance with the manufacturer’s instructions.

Statistical analysis

We investigated the relationship between the clinical
factors and dimethyl-eEF1A level of atrophic gastritis
mucosa using univariate and multivariate analysis. All
variables are expressed as mean =+ standard deviation for
continuous data (Table 2). Prior to analysis, continuous
data were divided into two groups using average values.
Levels of eEF1A dimethylation were compared between
groups using analysis of variance or analysis of covari-
ance (for age-adjusted data), followed by the Tukey test.
Univariate analyses were performed using the Student
t-test or the Tukey test for continuous variables and chi-
squared test for categorical variables. The results of the
multivariate logistic regression analysis are expressed as
adjusted odds ratios with 95% confidence intervals. A
p-value <0.05 was considered to indicate statistical signif-
icance. All statistical analyses were performed using with
JMP® 11 (SAS Institute Inc, Cary, NC, USA).
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Results

We retrospectively investigated the gastric corpus
mucosa from 115 subjects (11 H. pylori-negative, 29 H.
pylori-positive, 75 post-eradication patients). The charac-
teristic of the patients are provided in Table 1. Updated
Sydney System scores for inflammation, activity, atro-
phy, and intestinal metaplasia (IM) are shown in Table 2.
The dimethyl level of eEF1A of each gland area identi-
fied morphologically or by immunostaining for specific
markers (surface, MUC5A; middle, H+ /K+ ATPase;
and basal, PGl) was evaluated (Additional file 2:
Fig. S2, Table 2). In the middle area, dimethyl-eEF1A
was not detected in MUC6-positive cells but only in
H+ /K+ ATPase-positive cells (Additional file 2: Fig. S2).

Difference in eEF1A dimethylation of gastric mucosa by H.

pylori infection status

To investigate the association between H. pylori infec-
tion/eradication and eEF1A dimethylation in gastric
mucosa, we first compared the dimethylation levels of
eEF1A in each area (MUC5AC-, H’K*ATPase-, and
PG1-positive cells) among the three groups, H. pylori-
negative, H. pylori- positive, and post-eradicated patients
(Fig. 1A). H. pylori-positive patients showed higher
eEF1A dimethylation than H. pylori-negative patients
in the surface and basal areas of gastric mucosa (sur-
face: 16.91+6.42 vs. 28.11+£10.96, p=0.0004; basal:
14.03+4.88 vs. 29.234+6.33, p<0.0001, respectively).

Table 1 Patient Characteristics (n=115)

Characteristics Value
HP-negative patients(n=11)
Age (years) 4536+ 16.64

3(27%)/8 (73%)
8 (100%)/0 (0%)

Sex(female/male)

Endoscopic atrophy* (Close/Open)
HP-positive patients (n = 29)
68.76+10.33
7(24%)/22(76%)
16(55%)/13(45%)
6 (21%)/23(79%)

Age (years)

Sex (female/male)

History of gastric cancer (—/+)
Endoscopic atrophy* (Close/Open)
Post-HP-eradication patients (n=75)
69.52+9.24

26 (35%)/49 (65%)
54 (72%)/21 (28%)
60(80%)/15(20%)
358+334

23 (35%)/52 (65%)

Age (years)

Sex (female/male)

Incidence of gastric cancer (-/+)

HP eradication therapy ** (1°/2"%)
Period after eradication therapy (years)
Endoscopic atrophy* (Close/Open)

*Kimura-Takemoto classification, **1st line treatment (PPI, [proton
pump inhibitor] clarithromycin, and amoxicillin), 2nd line treatment (PPI,
metronidazole, and amoxicillin)

HP Helicobacter pylori
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These results suggested that dimethylation of eEF1A is
associated with H. pylori infection in gastric mucosa.

The dimethylated eEF1A that was caused by H. pylori
infection was effectively reduced in the surface area
(MUC-5AC-positive area) of post-eradicated mucosa
(p=0.0027) (Fig. 1B). However, H. pylori eradication
therapy did not affect eEF1A dimethylation in the basal
area (PG-1-positive area) (Fig. 1B). These results sug-
gested that the dimethylation of eEF1A in the basal level
remained high in atrophic gastric mucosa even after H.
pylori eradication therapy.

Univariate and multivariate analyses of GC and eEF1A
dimethylation in basal area of gastric mucosa

Next, we investigated whether dimethylation of eEF1A
in the basal area could cause a risk of cancer in post-
eradicated atrophic gastritis mucosa. The influence of
known potential risk factors for GC (age, sex, period
after eradication therapy, and histological features) and
eEF1A dimethyl level in basal mucosa were analyzed in
75 H. pylori eradication patients, which included in part
those with a history of GC treatment. Univariate analy-
ses showed that severe histological atrophy and high
eEF1A dimethylation of the basal mucosal area were the
risk factors for GC (Fig. 2, Table 3). Multivariate analysis
revealed that not only histological atrophic levels (odds
ratio=9.9493, 95% confidence interval=1.7096-57.901,
p=0.0106) but also high dimethylation of eEF1A in basal
mucosal areas (odds ratio=3.6611, 95% confidence inter-
val =1.0350-12.949, p=0.0441) were the independent
factors related to GC incidence (Table 3).

Accumulation of eEF1A dimethylation and metaplasia

in gastric mucosa

Metaplastic lineages have been associated with vari-
ous injurious scenarios in atrophic gastritis mucosa. We
investigated eEF1A dimethylation in the IM area (n=11)
of eradicated mucosa. There was no significant accu-
mulation in eEF1A dimethylation in the IM area com-
pared with other gastric gland cells (mean: 22.01 4 8.86,
Table 2). Although IM is considered an important step in
the pathogenesis of GC in atrophic gastric mucosa, there
was no significant increase in eEF1A dimethylation in the
IM area in eradicated patients with GC incidence (GC(-),
n=7 and GC(+), n=4) (Fig. 3).

Association of eEF1A dimethylation with the expressions
of reprogramming factors Oct4 and Nanog

Next, we investigated whether the expressions of Oct4
and Nanog correlate with dimethylated eEF1A in post-
eradicated mucosa. As shown in Fig. 4A, B, the pro-
portion of Oct4- or Nanog-positive cells in eradicated
mucosa was significantly higher in patients with high
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Table 2 Mean Pathological Features and Levels of eEF1A Dimethylation in Gastric Mucosa

HP-negative patients (n=11) Mean (SD)
Histological features*

Activity 0
Inflammation 1.00 (0.000)
Atrophy 0

Intestinal metaplasia 0

eEF1A dimethylation level

Surface 16.91 (6.423)
Middle 27.68 (6.010)
Basal 14.03 (4.882)
HP-positive patients (n=29) Mean (SD)
Histological features*

Activity 0.79(0.774)
Inflammation 1.76 (0.786)
Atrophy 0.55 (0.736)
Intestinal metaplasia 0.07 (0.371)

eEF1A dimethylation level**

Surface 27.95(10.954)
Middle 34.08 (9.658)
Basal 29.31(6.187)
Post eradicated patients (n=75) Mean (SD)
Histological features*

Activity 0.04 (0.256)
Inflammation 1.20(0.637)
Atrophy 0.44 (0.793)
Intestinal metaplasia 0.25 (0.660)
eEF 1A dimethylation level**

Surface 2252 (6.334)
Middle 32.59 (7.437)
Basal 25.26 (9.700)
Intestinal metaplasia 22.01 (8.86)

*Scored using the Updated Sydney System, **Immunofluorescent intensity

eEF1A dimethylation. However, there was no signifi-
cant increase in Oct4- or Nanog-positive cells in the IM
area (Additional file 3: Fig. S3). To investigate whether
dimethylated eEF1A contributes to the expressions of
Oct4 and Nanog in gastric cells, we next deleted Mettl13
in a TMK-1 cell using the CRISPR/Cas9 system (Fig. 4C)
and analyzed the effect on the expressions of Oct4 and
Nanog. As shown in Fig. 4D and Additional file 4: Fig. S4,
knockout of Mettl13 led to a decrease of the eEF1A
dimethylation level in TMK-1 cells. Interestingly, reduc-
tion of dimethylated eEF1A downregulated the expres-
sion of Oct4 and Nanog in TMK-1 cells (Fig. 4E). These
results suggest that accumulation of dimethylated eEF1A
in the basal area of eradicated mucosa is associated
with the expression of Oct4 and Nanog, which control

reprogramming of various types of differentiated cells,
in response to chronic damage induced by H. pylori
infection.

Discussion

The presence of H. pylori and virulence factors such as
CagA, a well-known inducer of chronic inflammation
and atrophy, have been reported to be associated with
aberrant DNA methylation in gastric mucosa [17, 20,
21]. However, it remains unknown whether H. pylori
infection also induces aberrant methylation at the pro-
tein level, except for histone modification. In this study,
we immunohistochemically analyzed the association
of H. pylori status with the distribution of dimethyl-
ated eEF1A, whose function in tumorigenicity has been
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Fig. 1 Immunofluorescent staining of dimethyl-eEF1A in H. pylori-negative,-positive, and -eradicated gastric mucosa. A Representative images of
immunofluorescent staining using an antibody against level of dimethyl-eEF1A (eEF1AK55me?2). Surface, middle, and basal areas were defined by
co-staining with markers specific for each area (see Additional file 1: Fig. S1). B Levels of dimethyl-eEF1A in surface, middle, and basal areas were
compared between H. pylori-negative, -positive, and post-eradicated patients. Differences were calculated by Mann-Whitney U test. *p <0.05;
**p<0.01;***p<0.001

b
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Fig. 2 Immunofluorescent staining of dimethyl-eEF1A in H. pylori-eradicated mucosa with or without GC incidence. A Representative images of
immunofluorescent staining using an antibody against level of dimethyl-eEF1A (eEF1AK55me2) and PG-1 for H. pylori-eradicated gastric mucosa.
B Levels of dimethyl-eEF 1A in basal areas were compared between post-eradicated patients with or without GC incidence. Differences were
calculated by Mann-Whitney U test. *p <0.05; **p <0.01; ***p < 0.001
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Table 3 Univariate and multivariate analyses of the association between dimethyl eEF1A level and GC

Univariate Multivariate

GC— GC+ P value OR (95% ClI) P value
Age (years, <70/ >70) 26/28 8/13 04323 - -
Sex (female/male) 19/35 7/14 0.8795 - -
Period after eradication (years,<3.5/>3.5) 32/22 11/10 0.5895 - -
Histological activity (high/low) 53/1 20/1 0.5054 - -
Histological inflammation (high/low) 41/13 14/7 04219 - -
Histological atrophy (high/low) 48/6 11/10 0.0009%* 9.9493 (1.7096-57.901) p=0.0106*
Intestinal metaplasia 47/7 17/4 0.5127 - -
Dimethyl-eEF 1A in basal area (low/high) 37/17 6/15 0.0036* 3.6611 (1.0350-12.949) p=0.0441*

GC Gastric cancer, OR Odds ratio, C/ Confidence interval, ¥p<0.05; **p<0.01

GC (+)

T . . ‘

Intestinal Metaplasia

N.P.

[ |

[0
o

N
o
|e

E
%

Level of dimethyl eEF1A
fluorescence intensity
o

C() GC(+)
n=7 n=4
Fig. 3 Comparison of dimethyl-eEF1A in area of intestinal
metaplasia with or without GC incidence. A Representative images
of immunofluorescent staining using an antibody against level of
dimethyl-eEF 1A (eEF1AK55me?2) for eradicated gastric mucosa. B
Levels of dimethyl-eEF1A were compared between patients with or
without a incidence of GC using Mann-Whitney U test

characterized recently by Liu S et al. [15]. This is first
report, to our knowledge, to spatially show the impact of
H. pylori infection on the level of eEF1A dimethylation in
gastric mucosa.

Our results showed that the levels of eEF1A dimeth-
ylation in gastric mucosa were different according to
the H. pylori status (negative, positive, and post-erad-
ication therapy). We found that eEF1A dimethylation
of surface and basal cell areas was higher in H. pylori-
positive patients than in -negative patients, suggest-
ing that H. pylori infection induce eEF1A dimethylation
of surface and basal cells in gastric mucosa. Indeed,
eEF1A dimethylation in H. pylori-negative mucosa with

adenocarcinoma of the fundic gland type, which is known
to be unrelated to H. pylori infection, was as low as those
in H. pylori-negative and cancer-free mucosa (data not
shown), supporting our hypothesis that H. pylori infec-
tion might cause aberrant protein methylation.

Furthermore, not only inflammation but also aging
is known to induce accumulation of methylation in
multi-organ tissues. Because there were age differences
between these three groups (Table 1), we also calcu-
lated the age-adjusted levels of eEF1A dimethylation and
compared them between these groups using analysis of
covariance with the Tukey test. We found the same ten-
dency in both the crude and the age-adjusted models,
indicating that age-related differences in methylation did
not account for the results (Fig. 1B).

Eradication of H. pylori infection has been reported
to reduce the risk of GC among asymptomatic patients
in high-risk countries [6]. However, long-term stud-
ies from Japan revealed that eradication therapy cannot
reduce the risk of GC completely [22-24]. In this study,
we focused on a subset of atrophic gastritis patients who
showed high dimethylation of eEF1A in the basal area
of H. pylori-eradicated mucosa and found that the high
dimethylation of eEF1A in PGl-positive cells, which
are chief cells in the basal area of gastric mucosa, cor-
related with GC incidence in post-eradicated gastric
mucosa (Additional file 6: Table S1). Unlike that in the
basal area of H. pylori-eradicated gastric mucosa, eEF1A
dimethylation in the surface area (MUC5AC-positive
cells) was strongly associated with the H. pylori eradi-
cation therapy, i.e., that in the surface area was signifi-
cantly reduced after eradication regardless of the GC
incidence. Considering that the cell lineages in gastric
mucosa are known to vary greatly in life span: from 3 to
5 days for surface cells to several months for basal chief
cells [25], these different life spans among gastric-cell
lineages might cause the specific accumulation of eEF1A
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Fig. 4 Levels of eEF1A dimethylation were compared with expressions of Oct4 and Nanog in H. pylori-eradicated tissues and a Mettl13-deleted
cellline. A Representative images of immunofluorescent staining using antibodies against dimethyl-eEF 1A, Oct4 and Nanog in H. pylori-eradicated
mucosa. B The numbers of Oct4- or Nanog-positive cells per gland in H. pylori-eradicated mucosa were compared between patients with low
levels (Oct4: n=7, Nanog: n=8) and those with high levels (Oct4: n=7, Nanog: n=8) of eEF1A dimethylation by Mann-Whitney U test. C

and D Knockout of Mettl13 and downregulation of eEF1A dimethylation in TMK-1 cell were confirmed by Western blotting. E Western blotting
with antibodies against Oct4, Nanog, and GAPDH revealed that knockout of Mettl13 in TMK-1 cell caused downregulation of Oct4 and Nanog
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dimethylation in the basal area even after eradication
therapy. In our results, eEF1A dimethylation in the basal
area of eradicated mucosa did not show significant reduc-
tion even after the long-term monitoring after H. pylori
eradication therapy in patients with GC incidence (follow
up periods of<3.5 vs.> 3.5 years, p=0.3908). Although
data from further long-term monitoring after eradication
therapy is needed, the level of dimethylated eEF1A could
be a potential marker for GC risk during the follow up of
H. pylori eradicated patients. We additionally evaluated
the level of dimethylated eEF1A in gastric mucosa using
biopsy samples by Western blotting (data not shown).
Although dimethyl-eEF1A levels were detectable, they
were not appropriate for a cell-by-cell analysis. Further
study will be required to use the dimethyl-eEF1A level as
a minimally invasive biomarker for the prediction of GC
risk in eradicated mucosa.

Although the severity of atrophic damage is already
known to be strongly associated with carcinogenesis by
inducing various oncogenic alterations, such as over-
expression or amplifications, in gastric mucosa [26, 27],
the pathogenic mechanism of how H. pylori infection
induces GC has been a challenging question for decades.
Consistent with the previous studies, the present study

also showed that the patients with severe atrophic change
have GC incidence (Table 3). Additionally, we confirmed
that eEF1A dimethylation in the basal area of gastric
mucosa is also an independent factor of GC incidence.
Previous studies have also shown that damage in the gas-
tric mucosa, including H. pylori-induced oxyntic atrophy,
initiates mucosal metaplasia and the reprogramming and
proliferation of basal cells, and these response are asso-
ciated with carcinogenesis in atrophic gastric mucosa
[28-30]. Although in our results, there was no signifi-
cant increase in dimethylated eEF1A in the metaplasia
area in eradicated gastric mucosa with GC incidence, we
showed the association between the expressions of Oct4
and Nanog, which are known as crucial reprogramming
factors, and eEF1A dimethylation in the basal area of
eradicated gastric mucosa. Additionally, we also showed
that dimethyl-eEF1A induced the expression of Oct4 and
Nanog in TMK-1 cells. In recent reports, the chief cell
has been identified as a cell capable of reprogramming
and a metaplastic response to parietal cell damage in
atrophic gastric mucosa [28, 31]. Oct4 and Nanog lie in
the core of the transcriptional network that controls stem
cell pluripotency [32]. Self-renewing progenitor and dif-
ferentiating cells expressing reprograming factors may be
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the target for cancer initiation and progression, through
the induction of symmetrical cell division [27]. Although
their roles in atrophic tissue are largely unknown, these
results suggests that high eEF1A dimethylation in the
basal area of eradicated mucosa not only could be a use-
ful marker for GC risk, but also might cooperatively
contribute to the development of gastric lesions, such
as metaplasia and cancer, via regulation of Oct4 and
Nanog. Further molecular functional analysis of eEF1A
dimethylation, such as METTL13 rescue experiments for
METTL13-KO TMK-1 cells, would lead to elucidation of
the mechanism of carcinogenesis in H. pylori eradicated-
gastric mucosa.

The present study has several limitations. First, this was
a retrospective observational study performed at a single
center. It only included patients who underwent upper
gastrointestinal endoscopy for abdominal symptoms or
other medical problems reported. Most participants had
primary disease; therefore, bias may have occurred. Next,
our study contained only 11 patients with IM, 4 of whom
had a history of GC treatment (Table 3). In our study,
dimethyl-eEF1A was not detected in MUC6-positive
cells (Additional file 5: Fig. S5), so we therefore focused
only on the fundic gland area. Although there was no sig-
nificant difference in eEF1A dimethylation in the IM area
between patients with or without GC incidence, some IM
regions showed a high level of eEF1A dimethylation even
after eradication therapy. Because a recent study showed
that alterations in methylation were reported to have
been observed in regions of IM and to be associated with
subsequent dysplasia or GC in gastric mucosa [33], fur-
ther prospective studies with larger numbers of samples
including IM regions in the antrum area of the gastric
mucosa may lead us to the discovery of new pathologi-
cal mechanisms in carcinogenesis in eradicated gastric
mucosa.

In conclusion, the results indicated that H. pylori infec-
tion induces dimethylation of eEF1A in the surface and
basal areas of gastric mucosa. Especially, the dimethyla-
tion level of eEF1A in the basal area of gastric mucosae
may be associated with the expression of reprogramming
factors and GC risk in post-H. pylori-eradicated mucosa.
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Additional file 6: Table S1. Raw data of fluorescence intensity of
dimethyl-eEF1A

Acknowledgements
We would like to thank Ms. Kanako Ito, and Ms. Yoko Kudo for their excellent
assistance with the experiments.

Author contributions

All authors have approved the final version of the article. Conceptualization:
YH; Formal analysis and investigation: YH, MF, KK, TF and MK; Writing—original
draft preparation: YH; Writing—review and editing: KMizukami, YT, KH, TO, MK;
Resources: SO, YK, YW, KT, KF, KO, RO, and OM; Supervision: KMurakami. All
authors read and approved the final manuscript.

Availability of data and materials
Not applicable.

Declarations

Ethic approval and consent to participate

This study was approved by the ethics committee of Oita University Faculty of
Medicine (approval number: 1541). All procedures were carried out according
to the principles outlined in the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interest.

Author details

'Department of Gastroenterology, Faculty of Medicine, Oita University, 1-1
Hasama-Machi, Oita 879-5593, Japan. *Department of Molecular Pathology,
Faculty of Medicine, Oita University, Oita, Japan.

Received: 12 November 2021 Accepted: 29 September 2022
Published online: 28 November 2022

References

1. Amieva M, Peek RM Jr. Pathobiology of Helicobacter pylori-Induced gastric
cancer. Gastroenterology. 2016;150(1):64-78.

Malfertheiner P, Megraud F, O'Morain CA, Atherton J, Axon AT, Bazzoli F,
Gensini GF, Gisbert JP, Graham DY, Rokkas T, et al. Management of Helico-
bacter pylori infection-the Maastricht IV/ Florence consensus report. Gut.
2012;61(5):646-64.

3. Chang WL, Yeh YC, Sheu BS. The impacts of H. pylori virulence fac-
tors on the development of gastroduodenal diseases. J Biomed Sci.
2018;25(1):68.

4. Diaz P,Valenzuela Valderrama M, Bravo J, Quest AFG. Helicobacter pylori
and gastric cancer: adaptive cellular mechanisms involved in disease
progression. Front Microbiol. 2018;9:5.

5. SueS, Kuwashima H, Iwata Y, Oka H, Arima |, Fukuchi T, Sanga K, Inokuchi
Y, Ishii Y, Kanno M, et al. The superiority of vonoprazan-based first-line


https://doi.org/10.1186/s12876-022-02521-5
https://doi.org/10.1186/s12876-022-02521-5

Hirashita et al. BMC Gastroenterology (2022) 22:490

20.

21

22.

23.

24.

25.

triple therapy with clarithromycin: a prospective multi-center cohort
study on Helicobacter pylori eradication. Intern Med (Tokyo, Japan).
2017;56(11):1277-85.

Lee YC, Chiang TH, Chou CK, Tu YK, Liao WC, Wu MS, Graham DY.
Association between helicobacter pylori eradication and gastric cancer
incidence: a systematic review and meta-analysis. Gastroenterology.
2016;150(5):1113-24.

Usui G, Matsusaka K, Mano Y, Urabe M, Funata S, Fukayama M, Ushiku T,
Kaneda A. DNA methylation and genetic aberrations in gastric cancer.
Digestion. 2021;102(1):25-32.

Wang H, Li NS, He C, Xie C, Zhu Y, Lu NH, Hu Y. Discovery and validation
of novel methylation markers in Helicobacter pylori-associated gastric
cancer. Dis Markers. 2021,2021:4391133.

Biggar KK, Li SSC. Non-histone protein methylation as a regulator of cel-
lular signalling and function. Nat Rev Mol Cell Biol. 2015;16(1):5-17.

Negrutskii BS, El'skaya AV. Eukaryotic translation elongation factor 1 alpha:

structure, expression, functions, and possible role in aminoacyl-tRNA
channeling. Prog Nucleic Acid Res Mol Biol. 1998;60:47-78.

. Tomlinson VA, Newbery HJ, Wray NR, Jackson J, Larionov A, Miller WR,

Dixon JM, Abbott CM. Translation elongation factor eEF1A2 is a potential
oncoprotein that is overexpressed in two-thirds of breast tumours. BMC
Cancer. 2005;5:113.

Li R, Wang H, Bekele BN, Yin Z, Caraway NP, Katz RL, Stass SA, Jiang F. Iden-
tification of putative oncogenes in lung adenocarcinoma by a compre-
hensive functional genomic approach. Oncogene. 2006;25(18):2628-35.
Yang S, Lu M, Chen Y, Meng D, Sun R, Yun D, Zhao Z, Lu D, Li Y. Overex-
pression of eukaryotic elongation factor 1 alpha-2 is associated with
poorer prognosis in patients with gastric cancer. J Cancer Res Clin Oncol.
2015;141(7):1265-75.

Duanmin H, Chao X, Qi Z. eEF1A2 protein expression correlates with
lymph node metastasis and decreased survival in pancreatic ductal
adenocarcinoma. Hepatogastroenterology. 2013;60(124):870-5.

Liu S, Hausmann S, Carlson SM, Fuentes ME, Francis JW, Pillai R,

Lofgren SM, Hulea L, Tandoc K, Lu J, et al. METTL13 methylation of
eEF1A Increases translational output to promote tumorigenesis. Cell.
2019;176(3):491-504.

Asada K, Nakajima T, Shimazu T, Yamamichi N, Maekita T, Yokoi C, Oda |,
Ando T, Yoshida T, Nanjo S, et al. Demonstration of the usefulness of epi-
genetic cancer risk prediction by a multicentre prospective cohort study.
Gut. 2015;64(3):388-96.

Maekita T, Nakazawa K, Mihara M, Nakajima T, Yanaoka K, Iguchi M, Arii

K, Kaneda A, Tsukamoto T, Tatematsu M, et al. High levels of aberrant
DNA methylation in Helicobacter pylori-infected gastric mucosae and its
possible association with gastric cancer risk. Clin Cancer Res. 2006;12(3 Pt
1):989-95.

Dixon MF, Genta RM, Yardley JH, Correa P. Classification and grad-

ing of gastritis. The updated Sydney system. International workshop

on the histopathology of Gastritis, Houston 1994. Am J Surg Pathol.
1996;20(10):1161-81.

Hirashita Y, Tsukamoto Y, Kudo Y, Kakisako D, Kurogi S, Hijiya N, Nakada

C, UchidaT, Hirashita T, Hiratsuka T, et al. Early response in phosphoryla-
tion of ribosomal protein S6 is associated with sensitivity to trametinib in
colorectal cancer cells. Lab Invest. 2021;101(8):1036-47.

Roesler BM, Rabelo-Gongalves EM, Zeitune JM. Virulence factors of Helico-
bacter pylori: a review. Clin Med Insights Gastroenterol. 2014,7:9-17.
Muhammad JS, Eladl MA, Khoder G. Helicobacter pylori-induced DNA
methylation as an epigenetic modulator of gastric cancer: recent out-
comes and future direction. Pathogens. 2019;13;8(1):23.

MichigamiY, Watari J, Ito C, Nakai K, Yamasaki T, Kondo T, Kono T, Tozawa
K, Tomita T, Oshima T, et al. Long-term effects of H. pylori eradication

on epigenetic alterations related to gastric carcinogenesis. Sci Rep.
2018;8(1):14369.

Take S, Mizuno M, Ishiki K, Yoshida T, Ohara N, Yokota K, Oguma K, Okada
H, Yamamoto K. The long-term risk of gastric cancer after the successful
eradication of Helicobacter pylori. J Gastroenterol. 2011;46(3):318-24.
Murakami K, Kodama M, Nakagawa Y, Mizukami K, Okimoto T, Fujioka T.
Long-term monitoring of gastric atrophy and intestinal metaplasia after
Helicobacter pylori eradication. Clin J Gastroenterol. 2012;5(4):247-50.
Mills JC, Shivdasani RA. Gastric epithelial stem cells. Gastroenterology.
2011;140(2):412-24.

Page 10 of 10

26. Sugano K, Tack J, Kuipers EJ, Graham DY, EI-Omar EM, Miura S, Haruma K,
Asaka M, Uemura N, Malfertheiner P, et al. Kyoto global consensus report
on Helicobacter pylori gastritis. Gut. 2015;64(9):1353-67.

27. Deng N, Goh LK, Wang H, Das K, Tao J, Tan IB, Zhang S, Lee M, Wu J, Lim
KH, et al. A comprehensive survey of genomic alterations in gastric
cancer reveals systematic patterns of molecular exclusivity and co-
occurrence among distinct therapeutic targets. Gut. 2012;,61(5):673-84.

28. Nam KT, Lee HJ, Sousa JF, Weis VG, O'Neal RL, Finke PE, Romero-Gallo J,
Shi G, Mills JC, Peek RM Jr, et al. Mature chief cells are cryptic progenitors
for metaplasia in the stomach. Gastroenterology. 2010;139(6):2028-37.

29. Willet SG, Lewis MA, Miao ZF, Liu D, Radyk MD, Cunningham RL, Burclaff J,
Sibbel G, Lo HG, Blanc V, et al. Regenerative proliferation of differentiated
cells by mTORC1-dependent paligenosis. EMBO J. 2018;3;37(7):€98311.

30. Al-Marzogee FY, Khoder G, Al-Awadhi H, John R, Beg A, Vincze A, Branicki
F, Karam SM. Upregulation and inhibition of the nuclear transloca-
tion of Oct4 during multistep gastric carcinogenesis. Int J Oncol.
2012;41(5):1733-43.

31. Burclaff J, Willet SG, Sédenz JB, Mills JC. Proliferation and differentiation of
gastric mucous neck and chief cells during homeostasis and injury-
induced metaplasia. Gastroenterology. 2020;158(3):598-609.e595.

32. Boyer LA, Lee Tl, Cole MF, Johnstone SE, Levine SS, Zucker JP, Guenther
MG, Kumar RM, Murray HL, Jenner RG, et al. Core transcriptional regula-
tory circuitry in human embryonic stem cells. Cell. 2005;122(6):947-56.

33. Huang KK, Ramnarayanan K, Zhu F, Srivastava S, Xu C, Tan ALK, Lee M, Tay
S, Das K, Xing M, et al. Genomic and epigenomic profiling of high-risk
intestinal metaplasia reveals molecular determinants of progression to
gastric cancer. Cancer Cell. 2018;33(1):137-50.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Potential association of eEF1A dimethylation at lysine 55 in the basal area of Helicobacter pylori-eradicated gastric mucosa with the risk of gastric cancer: a retrospective observational study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Study subjects and sampling
	Immunofluorescent staining
	Evaluation of dimethyl eEF1A level
	Cell culture and CRISPRCas9
	Western blotting
	Statistical analysis

	Results
	Difference in eEF1A dimethylation of gastric mucosa by H. pylori infection status
	Univariate and multivariate analyses of GC and eEF1A dimethylation in basal area of gastric mucosa
	Accumulation of eEF1A dimethylation and metaplasia in gastric mucosa
	Association of eEF1A dimethylation with the expressions of reprogramming factors Oct4 and Nanog

	Discussion
	Acknowledgements
	References


