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Potential role of aquaporin 3 in gastric intestinal metaplasia
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ABSTRACT
Gastric intestinal metaplasia (GIM) is a pre-cancerous condition and a pivotal
step in the formation of gastric cancer (GC). Aquaporin 3 (AQP3) has been found
to be expressed in goblet cells rather than mucus-secreting glands. To investigate
the characteristics of GIM in non-cancerous tissues adjacent to GC, as well as the
expression and role of AQP3 in GIM tissues, 16 patients diagnosed with gastric
adenocarcinoma of intestinal type located in the lesser curve of the antrum were
consecutively enrolled in this study. A new pathological technology called “gastric
mucosal sausage roll” was introduced. GIM was determined according to the
updated Sydney system, and AQP3 expression in goblet cells was determined by
immunohistochemistry. GIM was found in all stomach specimens, and its incidence
increased with progression to GC (P < 0.001). GIM prevalence displayed remarkable
association with the distance to GC in the anterior gastric wall tissues (P = 0.016)
and tissues toward the cardia (P = 0.014), such that GIM was more common in the
areas closer to GC (P < 0.001). AQP3 was found to be expressed in 67.71% of parts
with GIM, and AQP3 immunoreactivity was identified more frequently in severe GIM
areas (P < 0.001). In short, the incidence and severity of GIM correlated with the
distance from GC, and AQP3 was differentially expressed in goblet cells, with most
AQP3-positive goblet cells presenting in severe GIM. Together, this study suggests
that AQP3 may play an important role in gastric carcinogenesis from GIM.

gastritis, chronic atrophic gastritis, intestinal metaplasia,
dysplasia and invasive carcinoma [6, 7]. Gastric intestinal
metaplasia (GIM), derived mainly from gastric antrum
[8], is recognized as a pre-cancerous lesion of GC and a
pivotal point in gastric carcinogenesis [9, 10], with GIM
patients eventually progressing into intestinal type gastric
carcinoma [7, 11–13]. Previous studies that defined the
relationship between GIM and GC were mostly based
on the long-term follow-up of a cohort of patients by
histological examination of gastric biopsies obtained
under upper endoscopy, yet the pathogenesis of GIM in
gastric carcinogenesis is still unclear [14–17].

INTRODUCTION
Although the incidence of gastric cancer (GC)
has decreased over the past decades, it remains one of
the most common cancers and the third leading cause
of cancer-related mortality worldwide [1]. The 5-year
overall survival rate of early GC is higher than 90%
[2, 3], which drops to 25% or less when the disease
is advanced [4, 5]. The pathogenesis of GC remains
elusive. However, it is generally agreed upon that the
development from normal gastric mucosa to gastric
carcinoma is a multistep progression that includes chronic
www.impactjournals.com/oncotarget
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Aquaporins (AQPs) are a family of small,
integral membrane proteins that transport water and,
in some cases, water and glycerol [18, 19]. Mounting
evidence further implicates the role of AQPs in
promoting cancer cell migration and proliferation,
adding AQPs to an expanding list of effectors in tumor
biology [20]. Previously, we have demonstrated that
AQP3 is overexpressed in GC, and that its expression
is associated with histological classification, lymph
node metastasis and lymphovascular invasion [21].
Furthermore, we showed that upregulation of AQP3 can
promote the migration and proliferation of human gastric
cancer cells via promoting epithelial-to-mesenchymal
transition, indicating that AQP3 plays an important
role in gastric cancer carcinogenesis and progression
[22–24].
In our previous study (data not shown), AQP3 was
found to be expressed in goblet cells rather than mucussecreting glands in the para-tumor non-cancerous gastric
mucosa tissues. However, the role of AQP3 in GIM
remains unclear. In the present study, we investigated
the incidence and severity of GIM in the non-cancerous
gastric mucosa tissues adjacent to GC, as well as the
expression of AQP3 in these tissues. Additionally, we
evaluated the correlation of GIM with GC, along with
the cross-correlation with AQP3 expression. We found
that GIM was a common event in the non-cancerous
gastric mucosa tissues adjacent to GC, and its incidence
and severity positively correlated with the distance from
GC. Specifically, AQP3 was expressed in most GIM,
and AQP3 expression was associated with severe GIM.
These preliminary findings improve our understanding of
the pathogenesis of GIM in gastric carcinogenesis, and
indicate a potential role of AQP3 in the development from
GIM to GC.

with mild, moderate and severe GIM being detected in
7.8% (15/192), 14.6% (28/192) and 27.6% (53/192) parts
respectively. As shown in Table 1, the incidence of GIM
was 68.8% (44/64), 48.4% (31/64) and 32.8% (21/64) in
parts A, B and C respectively (χ2 = 25.960, P < 0.001).
There was no significant difference in the incidence of GIM
with regard to the distance to GC in the posterior gastric
wall tissues (χ2 = 5.586, P = 0.471) and tissues toward the
pylorus (χ2 = 3.359, P = 0.763). However, GIM prevalence
displayed remarkable association with the distance to GC
in the anterior gastric wall tissues (χ2 = 15.571, P = 0.016)
and tissues toward the cardia (χ2 = 15.921, P = 0.014).
Regarding the severity of GIM, marked GIM was more
common in the areas adjacent to GC, and the incidence
of marked GIM was 48.4% (31/64), 20.3% (13/64) and
14.0% (9/64) in part A, B and C respectively (χ2 = 21.475,
P < 0.001). These results indicated that the incidence and
severity of GIM was associated with the distance to GC.
Furthermore, GIM became more common and more severe
with proximity to GC lesions, which strongly suggested an
association between GIM and gastric carcinogenesis.

AQP3 may be involved in carcinogenesis from
GIM to GC
As indicated in the previous experiments, AQP3
may be expressed in GIM rather than mucus-secreting
glands. In this study, AQP3 was found to be expressed in
67.71% (65/96) of the parts with GIM (Figure 1A), and it
was absent in 32.29% (31/96) (Figure 1B). Consistent with
our previous reports [21, 24], AQP3 expression increased
in all GC tissues.
As shown in Table 2A, AQP3 immunoreactivity
was not found in mild GIM areas, and it was identified
more frequently in severe GIM areas (χ2 = 40.280,
P < 0.001). We further investigated the difference
between the percentage of AQP3 positive goblet
cells in grade 2 and 3 GIM, and more AQP3 positive
cells were found in grade 3 GIM than that in grade 2
GIM (Table 2B, χ2 = 6.720, P = 0.01). These results
indicated that AQP3 immunoreactivity in goblet cells
was in consistent with the severity of GIM. However, a
significant relationship between AQP3 immunoreactivity
and distance from GC was not found (Table 3, χ2 = 1.958,
P = 0.376).

RESULTS
Incidence and severity of GIM correlates with
distance from GC
Sixty-four gastric mucosal sausage rolls were
obtained from 16 GC patients, and 192 parts were evaluated
for severity of GIM. GIM was found in all stomach
specimens, and 50% of the 192 parts exhibited GIM,

Table 1A: Correlation between the incidence or severity of GIM and the distance from GC
(cases, %)
Grade of GIM
0

1

2

3

A

20 (31.25)

5 (7.81)

8 (12. 5)

31 (48.44)

B

33 (51.56)

7 (10.94)

11 (17.19)

13 (20.31)

C

43 (67.19)

3 (4.69)

9 (14.06)

9 (14.06)
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P
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Figure 1: Expression of AQP3 in gastric intestinal metaplasia (GIM). Strong AQP3 immunoreactivity was identified in GIM
A. negative AQP3 in GIM B. Original magnification, × 400.

Table 1B: Correlation between the incidence or severity of GIM and the distance from GC
(cases, %) according to different direction
Grade of GIM
0

1

2

3

3 o’clock (posterior wall)
A

9 (56.25)

0 (0.00)

1 (6.25)

6 (37.50)

B

8 (50.00)

2 (12.50)

3 (18.75)

3 (18.75)

C

10 (62.50)

2 (12.50)

2 (12.50)

2 (12.50)

6 o’clock (pylorus direction)
A

4 (25.00)

2 (12.50)

4 (25.00)

6 (37.50)

B

8 (50.00)

1 (6.25)

3 (18.75)

4 (25.00)

C

8 (50.00)

1 (6.25)

4 (25.00)

3 (18.75)

9 o’clock (anterior wall)
A

4 (25.00)

2 (12.50)

1 (6.25)

9 (56.25)

B

10 (62.50)

1 (6.25)

2 (12.50)

3 (18.75)

C

14 (87.50)

0 (0.00)

0 (0.00)

2 (12.50)

12 o’clock (cardiac direction)
A

3 (18.75)

1 (6.25)

2 (12.50)

10 (62.50)

B

7 (43.75)

3 (18.75)

3 (18.75)

3 (18.75)

C

11 (68.75)

0 (0.00)

3 (18.75)

2 (12.50)

DISCUSSION

P

5.586

0.471

3.359

0.763

15.571

0.016

15.921

0.014

new pathological technology, called the “gastric mucosal
sausage roll”. This method helped us to investigate the
overall distribution of GIM in non-cancerous tissues
around GC. GIM has been revealed to mainly derive
from the gastric antrum [8], and is associated with gastric
carcinoma of intestinal type [7, 11–13]. Therefore,
for this retrospective study, only patients with gastric

GIM is recognized as a precancerous lesion of
gastric carcinoma [9, 10]. However, it is very difficult
to determine its precise association with GC, and the
pathogenesis of GIM in gastric carcinogenesis needs to be
elucidated further. In the present study, we introduced a
www.impactjournals.com/oncotarget
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Table 2A: Correlation between AQP3 expression with the grade of GIM
GIM grade

AQP3 immunoactivity

0

1

2

3

positive

0

0

19

46

negative

0

15

9

7

χ2

P

40.280

<0.001

Table 2B: The different percentage of AQP3 positive goblet cells between the grade 2 and 3 GIM
GIM grade

percentage of AQP3 positive goblet cells

2

3

25–50%

8

6

>50%

11

40

χ2

P

6.720

0.01

Table 3: Relationship of AQP3 immunoreactivity to the distance from GC
AQP3 immunoactivity

A

B

C

χ2

P

positive

32

18

15

1.958

0.376

negative

12

13

6

adenocarcinoma of intestinal type located in the lesser
curve of the antrum were enrolled, and the design helped
us to study the distribution pattern of GIM.
In this study, we reveal that GIM is a common
event in the non-cancerous tissues around GC. However,
we demonstrate for the first time that the occurrence and
severity of GIM in different parts of the stomach around
GC was not uniform. As a whole, the incidence of GIM
was significantly more common in the areas adjacent to
GC than in the distant areas. Importantly, the prevalence
of GIM displayed a remarkable association with the
distance to GC in the anterior gastric wall tissues and in
the tissues toward the cardia, which was consistent with
the GIM prevalence in different parts of the stomach from
de Vries et al.′s study [25]. However, these associations
were not found in the posterior gastric wall tissues or the
tissues toward the pylorus. More importantly, the severity
of GIM was positively associated with the distance from
GC. Although we do not know the mechanism for the
differential prevalence in different directions around GC,
these findings ascertained that GIM becomes more severe
as it nears GC lesions. Our study presents direct pathologic
evidence of GIM in the development of intestinal type
gastric carcinoma, compared with the results from longterm follow-up of GIM patients [14–17], which was in
accordance with that of an Italian study [26] that showed
that the risk of gastric neoplasms increased with increasing
GIM extension, especially in patients with GIM extension
20% or more. Thus, it may be inferred that GIM is a key
process in the carcinogenesis of GC.
How gastric GIM progresses to gastric carcinoma
remains unclear. Some proteins have been demonstrated
to be differentially expressed in GIM, such as high
www.impactjournals.com/oncotarget

expression of CD24 and leucine-rich repeat-containing
G protein-coupled receptor 5 (LGR5), positive
expression of Das-1 and Ki-67, and low expression or
loss of Gastrokine-2 (GKN-2) [27–30], but their roles
in GIM and malignant transformation are unknown. Our
previous studies have established a role for AQP3 in
gastric carcinogenesis and gastric carcinoma progression
[21–24]. This retrospective study confirmed our
previous serendipitous finding that AQP3 is expressed
distinctively in goblet cells rather than mucus-secreting
glands in the non-cancerous gastric mucosa tissues,
which sparked our interest to perform this study. Most
importantly, the association of AQP3 immunoreactivity
with severe GIM was identified in this study.
AQP3 has been found to be upregulated in gastric
carcinoma tissues [21, 24]. Moreover, AQP3 is expressed
differentially in goblet cells, with most of the AQP3positive goblet cells presenting in severe GIM, and the
severity of GIM was positively associated with the
distance from GC. Collectively, this leads us to speculate
that AQP3 plays a potential role in gastric carcinogenesis
that develops from GIM, possibly through inflammatory
carcinoma transformation in the stomach.
In part, because of a lack of convincing indicators for
predicting the risk of transformation from GIM to GC, there
is generally no recognized consensus on how to perform
a follow-up for GIM. The European guidelines on the
management of precancerous conditions and lesions in the
stomach (MAPS) recommend that every 3 years there be
an endoscopic follow-up uniformly for all GIM patients [8].
However, this uniform approach does not allow for a patienttailored approach and potentially exposes patients, most of
which would never develop gastric cancer, to unnecessary
38929

Oncotarget

procedures [31]. Therefore, we propose that AQP3 may be
useful for identifying at-risk patients, although this present
study is preliminary. In the future, we propose to elucidate
the exact role of AQP3 in GIM malignant transformation by
performing an animal experiment with Helicobacter pyloriinduced gastritis or gastric carcinoma models [32], as well as
a prospective, randomized, multicenter clinical trial.

to an established protocol approved by the Nanjing Medical
University Institutional Review Board. This study was also
in compliance with the Declaration of Helsinki.
All resected stomach specimens were immediately
fixed in 10% phosphate-buffered formalin. At least
12 hours later, the stomach specimens were cut along the
greater curvature. As shown in Figure 2, non-cancerous
gastric mucosa tissues adjacent to GC were obtained with
width 5 mm and length > 2 cm, without vascular tissues
in the four directions of 3, 6, 9 and 12 o’clock around
the GC lesions, which corresponded to the posterior wall,
pylorus, anterior wall and cardiac directions, respectively.
Each tissue band was rolled like a sausage from the closest
end to the farthest end with respect to GC lesion, which we
termed “gastric mucosal sausage roll”. These rolls were
embedded in paraffin, and the transaction sections were
obtained to evaluate GIM and AQP3 immunoreactivity
by two experienced gastrointestinal pathologists that were
blinded to the study. Each section was divided into three
parts, A (≤1 cm), B (1–2 cm) and C (>2 cm), according to
the distance to the margin of GC lesion.

MATERIALS AND METHODS
Human gastric tissue specimens
Sixteen
patients
diagnosed
with
gastric
adenocarcinoma of intestinal type located in the lesser
curve of the antrum (n = 16; median age, 62.25 ± 12.40
years; range, 44–86 years) between September and
November 2014 at the Department of General Surgery,
First Affiliated Hospital, Nanjing Medical University,
were consecutively enrolled in this study. All patients
were diagnosed pathologically according to the American
Joint Committee on Cancer (AJCC) criteria. None of these
patients had received chemotherapy or radiotherapy prior
to surgery. All patients underwent surgical treatment with
curative intent for GC, defined as performing the surgeries
with the goal of achieving R0 resection. The clinical
characteristics of these patients are listed in Table 4. No
case with distant metastasis was found in this study. Patient
samples were obtained following written consent according

Identification of gastric intestinal metaplasia
Sections (5-μm-thick) were deparaffinized and stained
with hematoxylin and eosin (HE staining). The presence of
goblet cells indicated GIM. According to the updated Sydney
system [33], GIM were graded as absent, mild, moderate

Table 4: Clinicopathological features of patients diagnosed with GC in this study
Case No

Age

Sex

Tumor size(cm)

Pathologic T classification Lymph node metastatis

Differentiation

1

74

F

3.2

T1b

0/17

MD

2

47

M

3.0

T1a

0/20

PD

3

81

F

3.0

T3

0/24

PD

4

47

F

2.3

T1b

0/45

PD

5

68

M

2.0

T2

0/28

MD

6

86

M

3.0

T1a

0/23

WD

7

44

M

1.5

T1a

0/21

WD

8

60

M

3.1

T1b

0/34

PD

9

56

F

2.5

T1b

0/38

WD

10

52

F

0.3

T1a

0/18

MD

11

61

F

2.5

T1a

0/36

MD

12

64

F

1.5

T1a

0/32

WD

13

73

M

1.0

T1a

0/42

WD

14

69

M

2.5

T2

4/46

PD

15

52

F

2.7

T1a

0/40

PD

16

62

F

2.2

T1a

0/25

PD

WD: well differentiated; MD: moderately differentiated; PD: poorly differentiated
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Figure 2: Diagrammatic sketch for “gastric mucosal sausage roll” technique. The stomach specimens were cut along the

greater curvature, and non-cancerous gastric mucosa tissues adjacent to GC were obtained with widths of 5 mm and lengths > 2 cm, without
vascular tissues in the four directions of 3, 6, 9 and 12 o’clock around the GC lesions, which corresponded to the posterior wall, pylorus,
anterior wall and cardiac directions, respectively. Each tissue band was rolled like a sausage from the closest end to the farthest end with
respect to the GC lesion.

or marked (grades 0–3, respectively). The two pathologists
determined the grade of GIM independently.

version 11.0 (SPSS Inc., Chicago, IL, USA), and P < 0.05
was considered statistically significant.

Immunohistochemical detection of AQP3 in
goblet cells
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