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Abstract
Background  Autoimmune atrophic gastritis (AAG) is a chronic disease that can progress to gastric cancer (GC). To better 
understand AAG pathology, this proteomics study investigated gastric proteins whose expression levels are altered in this 
disease and also in GC.
Methods  Using two-dimensional difference gel electrophoresis (2D-DIGE), we compared protein maps of gastric corpus 
biopsies from AAG patients and controls. Differentially abundant spots (|fold change|≥ 1.5, P < 0.01) were selected and 
identified by LC–MS/MS. The spots were further assessed in gastric antrum biopsies from AAG patients (without and with 
Helicobacter pylori infection) and from GC patients and unaffected first-degree relatives of GC patients.
Results  2D-DIGE identified 67 differentially abundant spots, with 28 more and 39 less abundant in AAG-corpus than 
controls. LC–MS/MS identified these as 53 distinct proteins. The most significant (adjusted P < 0.01) biological process 
associated with the less abundant proteins was “tricarboxylic acid cycle”. Of the 67 spots, 57 were similarly differentially 
abundant in AAG-antrum biopsies irrespective of H. pylori infection status. The differential abundance was also observed 
in GC biopsies for 14 of 28 more abundant and 35 of 39 less abundant spots, and in normal gastric biopsies of relatives of 
GC patients for 6 and 25 spots, respectively. Immunoblotting confirmed the different expression levels of two more abundant 
proteins (PDIA3, GSTP gene products) and four less abundant proteins (ATP5F1A, PGA3, SDHB, PGC).
Conclusion  This study identified a proteomics signature of AAG. Many differential proteins were shared by GC and may be 
involved in the progression of AAG to GC.
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Introduction

Autoimmune atrophic gastritis (AAG) is a T-cell-driven 
disease characterized by inflammation, loss of the oxyntic 
mucosa of the gastric corpus and fundus, and ultimately 
complete atrophy of the stomach mucosa [1, 2]. Patients 
with AAG have autoantibodies against H + K + ATPase, a 
parietal cell protein [3]. Antibody-mediated destruction of 
parietal cells reduces the production of intrinsic factor [4] 
and leads to the progressive loss of acid secretion, resulting 
in hypochlorhydria, hypergastrinemia, and hyperplasia of 
both G cells [5] and enterochromaffin-like cells [6]. Oxyntic 
atrophy leads to a loss of zymogenic chief cells, reducing 
pepsinogen I release [7]. AAG is diagnosed by endoscopy 
and serological detection of autoantibodies against pari-
etal cells [8] and intrinsic factor [9]. Serological testing for 
gastrin-17 and pepsinogen I and II helps in the diagnosis: 
high gastrin-17 levels or a low pepsinogen I/II ratio suggests 
AAG [10, 11].

AAG is also known as type A gastritis. It is distinguished 
from type B gastritis, which is caused by Helicobacter pylori 
infection, environmental factors or diet, and which has an 
antrum-predominant anatomic distribution [12, 13]. How-
ever, many patients with AAG of the gastric corpus have H. 
pylori infection [14]. In a late stage of atrophy, inflammation 
decreases, the oxyntic mucosa is replaced by metaplastic 
epithelium, and the hyperplasia of enterochromaffin-like 
cells may progress to type I gastric carcinoid or adenocarci-
noma [15–18]. Gastric atrophy and intestinal metaplasia are 
preneoplastic conditions. Patients with severe atrophy and 
intestinal metaplasia have an increased risk of intestinal-
type gastric cancer (GC), and the risk increases with lesion 
severity [17, 19, 20].

Little is known about AAG pathogenesis because: (i) 
the disease has low prevalence, (ii) patients may have con-
comitant H. pylori infection, (iii) the disease causes few 
symptoms in early stages, and (iv) it is detectable only by 
endoscopy [21, 22]. Therefore, molecular characterization 
of AAG tissue should provide insight into the pathogenesis 
of this disease and into the process by which it progresses 
to neoplasia. One approach now widely used to molecularly 
characterize tissue specimens is provided by proteomics. In 
particular, the method called difference gel electrophoresis 
(DIGE) has been successfully used to characterize many 
human cancers (reviewed in Ref. [23]), proving useful in 
the discovery of tissue markers for GC [24], colorectal can-
cer [25], ulcerative colitis and Crohn’s disease [26], but not 
yet for AAG.

We used DIGE in a quantitative proteomics study of gas-
tric corpus biopsies from patients with AAG and patients 
in whom AAG was excluded, allowing us to identify a set 
of 53 differentially abundant proteins (67 spots). To test the 

specificity of these findings, we examined the abundance 
of these proteins in additional biopsies, including from the 
antrum of AAG patients, without or with H. pylori infec-
tion. Moreover, to shed light on the neoplastic progression 
of AAG, we examined their abundance in biopsies from GC 
patients and from first-degree relatives of GC patients, who 
are at risk of GC development [27].

Methods

Study design

The study enrolled consecutive patients undergoing esoph-
agogastroduodenoscopy and gastric biopsy at the Unit of 
Oncological Gastroenterology of Centro di Riferimento 
Oncologico di Aviano (CRO) and Fondazione IRCCS San 
Matteo Hospital between April 2014 and December 2016. 
Patients whose tissues were analyzed gave written informed 
consent. The study was approved by CRO Institutional 
Review Board (decision no. 14) and San Matteo Hospital 
Institutional Ethics Committee (protocol no. 20170000832).

The study was organized in three parts. In Part I, gas-
tric corpus biopsy specimens were examined from nine 
patients subsequently diagnosed with AAG (called “AAG-
corpus”) and from nine patients in whom gastric disease 
was histologically excluded (controls); these samples had 
been collected at the first endoscopy examination, at San 
Matteo Hospital. Proteins that were differentially abundant 
between the groups were identified. In Part II, these differ-
entially abundant proteins were examined in additional sets 
of biopsy specimens from patients recruited at CRO: (1) nine 
gastric antrum biopsies from AAG patients (AAG-antrum) 
without H. pylori infection; (2) nine gastric antrum biopsies 
from AAG patients with H. pylori infection (AAG-antrum-
HP); (3) six gastric biopsies from first-degree relatives of 
GC patients (FDR-GC); and (4) six tumor biopsies from 
GC patients. The differential abundance of the proteins in 
these biopsy sets was compared to the controls of Part I. In 
Part III, validation analyses for seven spots were done by: 
(i) examining additional FDR-GC and GC proteome maps 
(six each), and (ii) immunoblotting pooled samples from 
Parts I and II.

Diagnostic procedures

All study subjects underwent esophagogastroduodenoscopy 
with gastric sampling according to the updated Sydney sys-
tem [28]. At least two biopsies from the antrum, one from 
the incisura angularis, two from the corpus and two from 
each visible lesion were taken.
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According to international criteria [1, 28], AAG was 
diagnosed when any grade of atrophy of the oxyntic 
mucosa was present, sparing the antrum. A diagnosis of 
AAG was excluded in subjects (controls) who had esoph-
agogastroduodenoscopy for dyspepsia or other upper gas-
trointestinal complaints, when the examination and histo-
pathological assessment were unremarkable and antiparietal 
cell antibodies were absent. Gastric cancer was diagnosed 
histologically based on Lauren’s criteria [29]. First-degree 
relatives of GC patients underwent esophagogastroduoden-
oscopy and biopsy for GC surveillance, and their gastric 
tissue was included when free of neoplasia and other gastric 
abnormalities.

AAG was also diagnosed serologically according to the 
presence of antiparietal cell antibodies [30]. Antibody levels 
were estimated by indirect immunofluorescence using a kit 
from Euroimmun (Lübeck, Germany). H. pylori infection 
was diagnosed on tissue sections using hematoxylin and 
eosin and Giemsa stain.

Sample preparation

Biopsy specimens were transported at 4 °C and stored at 
− 80 °C. Soluble proteins were extracted from frozen biop-
sies. Briefly, each frozen sample was homogenized in 200 
µL 30 mM Tris HCl pH 8.5, 4% (w/v) CHAPS, 7 M urea, 
2 M thiourea, and protease inhibitor cocktail (cOmplete 
EDTA-free tablets; Roche) on ice using Sample Grinding 
Kits (Cytiva—formerly GE Healthcare Life Sciences). The 
samples were lysed (4 °C, 15 min) and then centrifuged 
(12,000 g, 4 °C, 5 min). Supernatants were treated with 2-D 
Clean-Up Kit (Cytiva) and centrifuged. The resulting pellets 
were resuspended in 60 µL rehydration buffer (7 M urea, 
2 M thiourea, 4% (w/v) CHAPS). Protein concentration was 
determined with Bradford reagent (Bio-Rad). Samples were 
stored at − 80 °C until 2D-DIGE.

2D‑DIGE and image analysis

For 2D-DIGE, an internal standard was prepared by pool-
ing equal amounts of protein extracts including all samples 
used in this study. This standard was labeled with Cy2 dye 
while individual samples were labeled, in equal numbers, 
with either Cy3 or Cy5 (CyDye DIGE Fluor Minimal Labe-
ling Kit; Cytiva). Then, internal standard, one Cy3-labeled 
sample and one Cy5-labeled sample (25 µg each) were com-
bined and separated by isoelectrofocusing (IEF) on Immo-
biline Drystrip gels with a nonlinear pH gradient (pH 3–10 
NL IPG, Cytiva) for 30 kVh on a Protean IEF Cell system 
(Bio-Rad). After IEF, strips were frozen at − 80 °C. For the 
second dimension, strips were defrosted, incubated 15 min 
in equilibrating buffer (4 M urea, 2 M thiourea, 50 mM Tris 

HCl pH 8.9, 30% glycerol, 2% SDS) containing 65 mM 
DTT and 15 min in equilibrating buffer containing 135 mM 
iodoacetamide, and subjected to electrophoresis on 8–16% 
polyacrylamide gels (Criterion TGX, Bio-Rad) in running 
buffer (25 mM Tris pH 8.3, 192 mM glycine, 0.1% SDS) at 
120 V for 20 min and 150 V for 50 min.

Gel images were acquired using an Amersham Typhoon 
Scanner (Cytiva) at 100 µm. Images were analyzed with 
DeCyder image analysis software v6.5 (Cytiva). The DyCy-
der Differential In-gel Analysis module detected spots in 
each gel and normalized their staining intensity to the same 
spot of the internal standard (standardized abundance). The 
Biological Variation Analysis module compared the stand-
ardized abundance of spots across gels and calculated an 
average ratio (fold change) between the experimental and 
control groups. Differentially abundant spots were those 
that: (i) were present on > 70% of spot maps per group; (ii) 
had a standardized abundance average ratio (fold change) 
of ≥ 1.50 or ≤ − 1.50; and (iii) had P < 0.01 on Student’s t 
test. The differentially abundant spots were then analyzed 
using the Extended Data Analysis module for principal com-
ponent analysis and hierarchical clustering. Multiple group 
comparison of standardized spot abundance was performed 
with one-way ANOVA with a significance level of P < 0.01.

Protein identification by MS

To identify the proteins of the differentially abundant spots, 
a 2D-DIGE pick gel was prepared and separated. After 
Coomassie blue staining, spots of interest were excised with 
the Screen Picker (Proteomics Consult), destained overnight 
with 25 mM ammonium bicarbonate in 50% acetonitrile, 
dehydrated with 100% acetonitrile, dried, and digested over-
night with trypsin (200 ng/spot; T6567 Sigma-Aldrich) in 
40 mM ammonium bicarbonate, 9% acetonitrile at 37 °C. 
The trypsin digest was extracted with 1% trifluoroacetic acid 
(Sigma-Aldrich), lyophilized and stored at − 80 °C until 
shipping.

Samples were analyzed at the Proteomics Facility of 
CEINGE-Biotecnologie Avanzate (Naples, Italy). LC–MS/
MS was done on a Proxeon EASY nano liquid chromatog-
raphy system coupled with an LTQ Orbitrap XL mass spec-
trometer with ETD (Thermo Fisher Scientific, Massachu-
setts, USA). CEINGE provided raw MS data in.mgf format.

Mascot Server v2.3 (Matrix Science, Boston, USA) was 
used to search for matches between the MS data and proteins 
in the NCBI nr and Swiss-Prot databases, selected for human 
taxonomy.

Protein functional annotation

Functional annotation of the differentially abundant proteins 
between AAG-corpus and control samples was done with 
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DAVID 6.8 [31]. Gene ontology (GO) biological processes, 
molecular functions and cellular components associated with 
the proteins were reported together with P values (Fisher’s 
exact test) and adjusted P values (Benjamini–Hochberg pro-
cedure). Strongly enriched annotation categories (adjusted 
P < 0.05) were considered.

Immunoblotting

Differentially abundant proteins of interest were exam-
ined by immunoblotting of pools of protein extracts from 
all experimental groups and controls from Parts I and II. 
Protein (10 µg per pool) was fractionated on 12% Crite-
rion TGX Stain-Free gels (Bio-Rad). Gel images were 
acquired with the Chemidoc system (Bio-Rad) to docu-
ment equal protein loading among samples. Then, proteins 
were electrotransferred onto nitrocellulose membranes and 
probed with following primary antibodies: anti-ATP5F1A 
(1:1000; #ab151229, AbCam), anti-SDHB [21A11AE7] 
(1:500; #ab14714, AbCam), anti-PGA3 (1:1000; #PA5-
49728, Thermo Fisher Scientific), anti-pepsinogen II/PGC 
(1:500; #ab135862, AbCam), anti-PDIA3 (internal region; 
1:1000; #ABIN3187755, Antibodies-online; Aachen, Ger-
many), anti-GSTP1 (1:1000; #PA5-29558, Thermo Fisher 
Scientific), and anti-PSME1 (1:1000; #ab14714, AbCam). 
Primary antibodies were detected with HRP-conjugated 
goat anti-rabbit and anti-mouse IgG Fc fragment antibodies 
(1:10,000 dilution; Bethyl Laboratories, Montgomery (TX), 

USA) and Clarity Western ECL Substrate (Bio-Rad). Blots 
were imaged with the Chemidoc system.

Results

Differentially abundant proteins in AAG​

In Part I of this study, protein abundance in the gastric cor-
pus was compared between nine AAG patients (AAG-cor-
pus) and nine controls without AAG (Table 1). Six of nine 
AAG patients had intestinal metaplasia. No study subject 
had H. pylori infection, by study design. 

Each gastric biopsy was processed by 2D-DIGE to gener-
ate a proteome map (Fig. 1). Comparison of proteome maps 
between the two groups identified 67 spots as differentially 
abundant (P < 0.01, Student’s t test). In particular, 28 spots 
were more abundant in the AAG-corpus group and 39 spots 
were less abundant, compared to controls. At principal com-
ponent analysis of the 67 spots, the nine spot maps in each 
group grouped together with the exception of one AAG-
corpus sample that grouped with controls (Fig. 2a). Similar 
results were obtained with hierarchical clustering (Fig. 2b). 
No particular clinical or histological findings explained the 
misclassification of the one AAG-corpus sample.

The 67 differentially abundant spots were identified by 
LC–MS/MS as 53 distinct proteins (Table 2). In particular, 
25 proteins were more abundant in the AAG-corpus group, 

Table 1   Clinicopathological characteristics of the study groups, by study design

AAG​ autoimmune atrophic gastritis, FDR-GC first-degree relative of a patient with gastric cancer, GC gastric cancer, HP H. pylori infection, ND 
not determined
a Age at biopsy, mean (SD)
b Six patients had intestinal metaplasia
c Lauren’s histological classification: intestinal type (n = 1), diffuse type (n = 2), indeterminate (n = 2); data missing for one case
d Data missing for two cases

Group Gastric biopsy (n) Cases (n) Female (n) H. pylori infection 
(n)

Age (years)a

Part I
 AAG-corpusb Corpus (9) 9 6 0 51 (7)
 Controls Corpus (9) 9 3 0 47 (13)

Part II
 AAG-antrumb Antrum (9) 9 6 0 50 (14)
 AAG-antrum-HPb Antrum (9) 9 5 9 45 (11)
 FDR-GC Antrum (5), corpus (1) 6 4 0d 44 (6)
 GCc Antrum (1), corpus (4), fundus (1) 6 3 0d 63 (14)

Part III
 FDR-GC Antrum (6) 6 4 0d 62 (12)
 GCc Antrum (3), corpus (3) 6 2 4d 64 (13)
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with a fold change from 1.5 to 4.4 with respect to controls. 
Furthermore, 28 proteins were less abundant, compared to 
controls, with a fold change from − 1.5 to − 13.0.

According to DAVID Bioinformatics Resources, proteins 
more abundant in AAG-corpus were involved (adjusted 
P < 0.05) in the molecular functions “structural molecule 
activity” (GO: 0005198; including FGA, KRT19, KRT18, 
LMNA, VIM), “cadherin binding involved in cell–cell adhe-
sion” (GO:0098641; including ANXA2, HSPA1A, KRT18, 
PRDX1, YWHAZ) (DAVID_raw data, sheet 1), and “protein 
binding” (GO:0005515; including CA1, CFL1, VIM, ARH-
GDIB, PRXD1). Regarding biological processes, proteins 

less abundant in AAG-corpus than controls were involved in 
“tricarboxylic acid cycle” (GO:0006099; including ACO2, 
DLD, FH, IDH1, IDH2, MDH2, SDHB), followed by “isoc-
itrate metabolic process” (GO:0006102; including ACO2, 
IDH1, IDH2) and “malate metabolic process” (GO:0006108; 
including FH, LIPF, MDH2) (DAVID_raw data, sheet 2).

Protein abundance in AAG vs. other gastric 
conditions

In Part II, we examined the levels of the 67 spots (53 dif-
ferentially abundant proteins) in four other sets of specimens 

Fig. 1   Two-dimensional pro-
teome map of pooled proteins 
(450 µg) of gastric corpus 
biopsy specimens from patients 
with AAG-corpus and controls. 
Proteins were resolved on an 
immobilized pH 3–10 gradient, 
followed by SDS-PAGE (8–16% 
acrylamide). The numbers 
indicate the 67 differentially 
abundant spots between AAG-
corpus and control groups (i.e. 
present on > 70% of spot maps, 
|fold change|≥ 1.5, Student’s t 
test P < 0.01). IEF, isoelectric 
focusing

Fig. 2   Grouping of differentially abundant spots on 2D-DIGE 
between AAG-corpus and control groups. a Principal component 
analysis. Each circle represents an individual spot map. b Hierarchi-

cal clustering. The dendrogram on the left orders the spots so that 
similar data are displayed next to each other. The dendrogram on the 
top orders the samples by similarity
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(Table 1). Two sets were gastric antrum biopsies from AAG 
patients without and with confirmed H. pylori infection 
(called AAG-antrum and AAG-antrum-HP, respectively); 
two out of three patients in each group had intestinal meta-
plasia. Two additional sets were gastric biopsies from first-
degree relatives of GC patients (FDR-GC) and from GC 
patients.

Examination of proteome maps from the AAG-antrum 
and AAG-antrum-HP groups revealed that, of the 67 spots 
identified in Part I, 57 were also differentially abundant (vs. 
controls) in these groups (P < 0.01) with the same directions 
of effect, and one spot (548) was differentially abundant but 
with the opposite direction. The 57 concordant spots corre-
sponded to 43 unique proteins. Of the remaining nine spots, 
two (127 and 415) had similar levels as controls, two (111 
and 305) were differentially abundant only in AAG-antrum, 
and five (131, 203, 232, 483 and 783) were differentially 
abundant only in AAG-antrum-HP. Log10 standardized 
abundance values for seven spots are shown in Fig. 3, and 
for the remaining 60 spots in Fig. S1.

Examination of GC proteome maps revealed that 14 of 
the 28 spots more abundant in AAG-corpus (than controls) 
were also more abundant in GC (see asterisks in Table 2). 
Furthermore, 35 of the 39 spots less abundant in AAG-cor-
pus (than controls) were also less abundant in GC. Alto-
gether, 30 unique proteins that were differentially abundant 
in AAG-corpus were also differentially abundant in GC. 
Examination of FDR-GC proteome maps revealed that 6 of 
the 28 spots more abundant in AAG-corpus were also more 
abundant in FDR-GC (see circles in Table 2), and 25 of the 
39 spots less abundant were also less abundant in FDR-GC, 
for a total of 23 unique proteins maintaining their differential 
abundance status.

Validation of differentially abundant proteins

In Part III, seven spots (seven distinct proteins) identified 
in Part I were chosen for validation (Fig. 3). These spots 
included three that were more abundant (Fig. 3a) and four 
that were less abundant (Fig. 3b) in AAG-corpus than con-
trols. Two spots (231 and 551) were selected because their 
abundance was significantly higher in all AAG groups and 
GC than in controls. The spots were identified as chain A, 
protein disulfide-isomerase A3 erp57 (PDIA3 or ERP57; 
spot 231), and glutathione S-transferase P1-1 class (GSTP; 
spot 551); this latter spot was also more abundant in FDR-
GC. Spot 483 was more abundant in AAG-corpus and 
AAG-antrum-HP than in controls, while its abundance in 
GC was similar to that of controls; this spot was identified 
as proteasome activator complex subunit 1 (PSME1). Three 
spots (247, 321 and 517) were selected because their abun-
dance in all AAG groups and GC was significantly lower 
than in controls. Spots 247 and 321 were also significantly Ta

bl
e 

2  
(c

on
tin

ue
d)

Sp
ot

 n
o.

a
M

W
 (p

I)
b

D
at

ab
as

e
A

cc
es

si
on

G
en

e
Pr

ot
ei

n
Sc

or
e

M
at

ch
es

Se
q

Se
q.

 c
ov

. %
Fo

ld
 

ch
an

ge
c

P 
va

lu
e

 4
50

*
42

,9
02

 (5
.3

)
Sw

is
sP

ro
t

K
C

R
B

_H
U

M
A

N
CK

B
C

re
at

in
e 

ki
na

se
 B

-ty
pe

16
27

79
59

49
−

 1
.6

4.
9E

–0
3

 2
62

59
,8

28
 (9

.2
)

Sw
is

sP
ro

t
A

TP
A

_H
U

M
A

N
A

TP
5F

1A
A

TP
 sy

nt
ha

se
 su

bu
ni

t a
lp

ha
, m

ito
ch

on
dr

ia
l

18
64

12
3

25
43

−
 1

.6
3.

8E
–0

3
 2

57
*

55
,4

54
 (1

0.
9)

Sw
is

sP
ro

t
A

L1
A

1_
H

U
M

A
N

A
LD

H
1A

1
Re

tin
al

 d
eh

yd
ro

ge
na

se
 1

10
93

62
24

41
−

 1
.6

5.
9E

–0
3

 2
52

*°
54

,1
43

 (8
.0

)
Sw

is
sP

ro
t

D
LD

H
_H

U
M

A
N

D
LD

D
ih

yd
ro

lip
oy

l d
eh

yd
ro

ge
na

se
, m

ito
ch

on
dr

ia
l

29
9

29
17

21
−

 1
.6

4.
7E

–0
4

 1
62

*°
67

,1
44

 (9
.0

)
Sw

is
sP

ro
t

A
IF

M
1_

H
U

M
A

N
A

IF
M

1
A

po
pt

os
is

-in
du

ci
ng

 fa
ct

or
 1

, m
ito

ch
on

dr
ia

l
78

4
33

20
30

−
 1

.6
2.

1E
–0

4
 1

11
*°

72
,4

02
 (5

.1
)

Sw
is

sP
ro

t
G

R
P7

8_
H

U
M

A
N

H
SP

A
5

78
 k

D
a 

gl
uc

os
e-

re
gu

la
te

d 
pr

ot
ei

n 
(e

nd
op

la
sm

ic
 re

tic
u-

lu
m

 c
ha

pe
ro

ne
 B

iP
)

10
,4

89
46

9
52

62
−

 1
.5

4.
1E

–0
5

Pr
ot

ei
ns

 a
re

 so
rte

d 
by

 fo
ld

 c
ha

ng
e

a  Sp
ot

 n
um

be
rs

 re
fe

r t
o 

Fi
g.

 1
. F

iv
e 

sp
ot

s (
11

, 5
7,

 2
68

, 4
16

, a
nd

 8
65

) c
on

ta
in

ed
 tw

o 
pr

ot
ei

ns
b  M

ol
ec

ul
ar

 w
ei

gh
t i

n 
D

al
to

ns
c  C

al
le

d 
“a

ve
ra

ge
 ra

tio
” 

by
 D

eC
yd

er
d  A

ls
o 

ER
P5

7
*  Sp

ot
s a

ls
o 

di
ffe

re
nt

ia
l i

n 
G

C
 v

s. 
co

nt
ro

ls
°S

po
ts

 a
ls

o 
di

ffe
re

nt
ia

l i
n 

FD
R-

G
C

 v
s. 

co
nt

ro
l



674	 O. Repetto et al.

1 3

less abundant in FDR-GC, while spot 517 had similar lev-
els between FDR-GC and controls. These three spots were 
identified as ATP synthase subunit alpha, mitochondrial 
(ATP5F1A; spot 247), pepsinogen-3 (PGA3; spot 321), and 
succinate dehydrogenase complex, subunit B, iron sulfur 
(Ip), isoform CRA_b (SDHB; spot 517). Finally, spot 396, 
identified as pepsinogen C (PGC), was selected for being 
more abundant in AAG-antrum than AAG-antrum-HP, 
AAG-corpus and GC, in accordance with the physiologi-
cal production of pepsinogen C by the antrum. Spots 321 
(pepsinogen-3) and 396 (pepsinogen C) were also selected 
for their association with gastric diseases.

First, 2D-DIGE was repeated in an attempt to validate the 
findings for the seven spots in additional FDR-GC and GC 
biopsy samples (Part III in Table 1). For the three spots more 
abundant in AAG-corpus (Fig. 4a), this analysis confirmed 
the higher abundance (vs. controls) of PDIA3 in GC, the 
higher abundance GSTP1-1 in both FDR-GC and GC, and 
the similar levels to controls for PSME1 in both groups. For 
the four spots less abundant in AAG-corpus (Fig. 4b), this 

analysis confirmed the lower abundance of all in GC, while 
for FDR-GC it confirmed the lower levels of ATP5F1A and 
PGA3 and the similar abundance of PGC.

Finally, the abundance of the seven selected proteins was 
examined by immunoblotting of pooled proteins (Fig. 5). 
This analysis confirmed the lower levels of ATP synthase 
subunit alpha (ATP5F1A), succinate dehydrogenase complex 
subunit B (SDHB), pepsinogen-3 (PGA3), and pepsinogen 
C (PGC) in all three AAG groups and in GC than in con-
trols. In FDR-GC, immunoblotting confirmed the similar 
abundances of PGC and PSME1, and the higher abundance 
of GSTP1-1, but did not confirm the similar abundance of 
SDHB and PDIA3 or the lower abundance of ATP5F1A 
or PGA3. The analysis also confirmed the higher levels of 
PDIA3 in AAG and GC than in controls. For GSTP1-1, 
immunoblotting confirmed the higher abundance in all AAG 
groups and in GC than in controls. Finally, for PSME1, the 
higher abundance in AAG-antrum-HP and AAG-corpus than 
in controls was confirmed.

Fig. 3   Abundances of seven differentially abundant spots in the 
five experimental groups and controls, expressed as log standard-
ized abundance from 2D-DIGE. Dots mark individual samples, and 
the line connects group mean values. Different letters indicate sig-

nificantly different groups (P < 0.01, one-way ANOVA). a Three 
selected spots more abundant in AAG-corpus than controls; b Four 
selected spots less abundant in AAG-corpus than controls. Data for 
the remaining 60 spots are shown in Figure S1
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Fig. 4   Validation analysis for seven differentially abundant spots in 
two additional sets of gastric biopsies vs. controls, expressed as log 
standardized abundance from 2D-DIGE. Dots mark individual sam-
ples, and the line connects group mean values. Different letters indi-

cate significantly different groups (P < 0.01, one-way ANOVA). a 
Three selected spots more abundant in AAG-corpus than controls; b 
Four selected spots less abundant in AAG-corpus than controls
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Discussion

This study identified a gastric tissue profile comprising 
53 corpus proteins differentially abundant between AAG-
corpus and controls. Of these proteins, 25 were more abun-
dant and 28 were less abundant in AAG-corpus. These 
results were also obtained for 43 proteins in AAG-antrum 
biopsies, irrespective of H. pylori infection status. In GC 
biopsies and gastric biopsies of first-degree relatives of 
GC patients, 30 and 23 proteins, respectively, maintained 
their differential abundance status. At the individual 
protein level, the gastric tissue profile includes PDIA3, 
GSTP1-1, and PSME1, which were more abundant in 
AAG-corpus, and ATP5F1A, PGA3, PGC,, and SDHB, 
which were less abundant. These proteins were also dif-
ferentially abundant in AAG-antrum, AAG-antrum-HP, 
and GC. Regarding FDR-GC, only PDIA3 and GSTP1-1 
maintained the differential status.

The proteomics profile of AAG-corpus was partially 
observed in biopsies of the antrum (for 43 of 53 unique pro-
teins), reflecting a common response of the gastric mucosa 
to chronic inflammation. However, ten proteins did not have 
the same changes in abundance, and some differences were 
found between antrum biopsies with and without H. pylori 
infection. The lack of complete overlap may reflect real 
pathophysiological differences, or may be an artifact due to 
small sample number and is worthy of further investigation.

According to DAVID, the 28 less abundant proteins were 
enriched in “tricarboxylic acid (TCA) cycle”, suggesting that 
the gastric corpus in AAG has TCA cycle impairments. The 
decreased abundance of proteins of the TCA cycle agrees 
with previous findings of decreased respiratory capacity 
and deficient mitochondrial respiratory complex I in corpus 

mucosal cells of patients with atrophic gastritis [32]. It is 
possible that, in AAG, loss of zymogenic mucosal cells and 
consequent reduction of zymogen granule secretion reduce 
energy demand. Moreover, energy metabolism (i.e. TCA 
cycle and oxidative phosphorylation) may be decreased by 
lower iron availability [33] due to achlorhydria [34].

We found that proteins involved in “structural mole-
cule activity” and “cadherin binding involved in cell–cell 
adhesion” were more abundant in AAG tissues. In AAG, 
autoantibodies against parietal cells cause apoptosis and 
atrophy in the corpus mucosa [35]. An increased synthesis 
of intercellular adhesion molecules by oxyntic mucosa cells 
may reflect an attempt to counteract apoptosis and atrophy. 
Thus, the observed increase in abundance of some proteins 
with adhesive properties in AAG may be a reaction of the 
atrophic gastric mucosa to parietal cell loss and gastric cell 
phenotype changes.

This study has several limitations. First, the sample size 
is small and does not reflect the range of severity of AAG, 
from pre-atrophic to severe atrophic. In all AAG groups, two 
out of three patients had advanced atrophy with intestinal 
metaplasia, but how this condition affected the proteomics 
profiles could not be investigated. Intestinal metaplasia is a 
common finding in AAG; hence we included these patients 
as they are part of the spectrum of AAG histopathology and 
natural history. Another limitation is the heterogeneity of 
GC samples (intestinal, diffuse and indeterminate), which 
precluded identifying differences related to histology but 
made our protein signature more reflective of all GC types.

Fig. 5   Immunochemical detec-
tion of seven differentially abun-
dant proteins, indicated by gene 
names on the right. Samples are 
pools of extracted protein from 
six gastric biopsy specimens per 
study group. a Image of the gel 
acquired with Chemidoc system 
before transfer to nitrocellulose 
membranes. b Western blots of 
the selected proteins
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Possible roles of selected differentially abundant 
proteins

Protein disulfide isomerase A3 (PDIA3) was more abundant 
in all AAG groups and in GC than controls. It is a member 
of the protein disulfide isomerase-like family [36] and an 
endoplasmic reticulum chaperone implicated in oncogenesis, 
tumor progression, and immune response of carcinoma cells 
[37–39]. PDIA3 has been found increased in spasmolytic 
polypeptide-expressing metaplasia, a reparative tissue that 
develops in response to oxyntic atrophy [40] and H. pylori 
infection [41]. High levels of PDIA3 in gastric adenocarci-
noma have been associated with better prognosis [37, 42].

GST protein P1-1 class (GSTP1-1) was also more abun-
dant in all AAG groups and GC than controls. It belongs 
to the glutathione S-transferase family, which has various 
functions (e.g., detoxification of exogenous substances) [43, 
44]. The increased abundance of GSTP1-1 in AAG may be a 
mechanism to counteract oxidative stress, which is known to 
occur in stomach disorders, including gastritis [45].

Proteasome activator complex subunit 1 (PSME1) was 
more abundant in AAG-corpus and AAG-antrum-HP than 
controls. It is a multicatalytic proteinase complex, involved 
in immunoproteasome assembly required for efficient anti-
gen processing [46]. Its abundance in AAG-antrum-HP 
suggests a protective function against H. pylori infection. 
PSME1 content in GC was similar to that in controls.

ATP synthase subunit alpha (ATP5F1A) was less abun-
dant in all AAG groups and GC than controls. It is a mito-
chondrial protein that generates ATP in the presence of an 
H+ gradient across membranes [47]. Reduced ATP syn-
thase abundance in AAG-corpus may reflect a decreased 
energy demand by gastric tissues, consistent with the above-
described TCA cycle impairment and lower SDHB abun-
dance. Decreased ATP synthase in AAG-antrum, irrespec-
tive of H. pylori infection, and in GC may reflect reduced 
energy demand and respiratory activity in these diseases.

Pepsinogen 3 (PGA3) abundance was also less abundant 
in all AAG groups and GC than controls. It is an aspartic 
protease primarily secreted by gastric chief cells (zymo-
genic), and it is activated into the digestive enzyme pepsin 
when it comes in contact with acid produced by parietal 
cells. Aspartic proteinases are classified into two major 
groups: pepsinogen I or A, to which PGA3 belongs, and 
pepsinogen II or C [48]. Low pepsinogen content may reflect 
the loss of parietal cells. Our results confirm those of Kui-
pers et al. [49], who found at the gene level a loss of PGA3 
expression in patients with atrophic gastritis or GC.

Pepsinogen C (PGC) was less abundant in AAG-corpus, 
AAG-antrum-HP, and GC than controls. These results agree 
with a previous study that showed progressively lower PGC 
expression, compared to normal gastric mucosa, in lesions 
of increasing severity, namely gastric erosions, atrophic 

gastritis, and GC (where only 2.4% of specimens had detect-
able levels) [50].

Succinate dehydrogenase complex, subunit B (SDHB) 
was also less abundant in all AAG groups and GC than con-
trols. It is involved in the mitochondrial electron transport 
chain (complex II), a subpathway of the TCA cycle and is 
part of carbohydrate metabolism [51]. Decreased abundance 
of both SDHB and ATP5F1A in GC was recently reported 
[52].

Conclusion

This study identified a proteomics signature of stomach cor-
pus in AAG, which includes decreased abundance of pro-
teins involved in the TCA cycle and increased abundance of 
those in structural molecule activity and cadherin binding. 
Many of these AAG markers are shared with GC. These pro-
teomics alterations may represent a link between AAG and 
GC and be part of the progression to gastric cancerogenesis. 
Our proteomic approach on tissue should be integrated with 
transcriptomic and biochemical data.
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