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SUMMARY

We have identified aquaporin 5 (AQP5) as a specific marker
of SPEM in both mouse and human gastric corpus. In human
stomach, AQP5-expressing SPEM cells are present at the
bases of glands with incomplete, but not complete, intestinal
metaplasia.

BACKGROUND & AIMS: Metaplasia in the stomach is highly
associated with development of intestinal-type gastric cancer.
Two types of metaplasias, spasmolytic polypeptide-
expressing metaplasia (SPEM) and intestinal metaplasia
(IM), are considered precancerous lesions. However, it re-
mains unclear how SPEM and IM are related. Here we
investigated a new lineage-specific marker for SPEM cells,
aquaporin 5 (AQP5), to assist in the identification of these
2 metaplasias.

METHODS: Drug- or Helicobacter felis (H felis) infection-
induced mouse models were used to identify the expression
pattern of AQP5 in acute or chronic SPEM. Gene-manipulated
mice treated with or without drug were used to investigate
how AQP5 expression is regulated in metaplastic lesions.
Metaplastic samples from transgenic mice and human gastric
cancer patients were evaluated for AQP5 expression. Immu-
nostaining with lineage-specific markers was used to differ-
entiate metaplastic gland characteristics.

RESULTS: Our results revealed that AQP5 is a novel
lineage-specific marker for SPEM cells that are localized at
the base of metaplastic glands initially and expand to
dominate glands after chronic H felis infection. In addition,
AQP5 expression was up-regulated early in chief cell
reprogramming and was promoted by interleukin 13. In
humans, metaplastic corpus showed highly branched
structures with AQP5-positive SPEM. Human SPEM cells
strongly expressing AQP5 were present at the bases of
incomplete IM glands marked by TROP2 but were absent
from complete IM glands.

CONCLUSIONS: AQP5-expressing SPEM cells are present in
pyloric metaplasia and TROP2-positive incomplete IM and may
be an important component of metaplasia that can predict a
higher risk for gastric cancer development. (Cell Mol
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Mmany types of gastrointestinal tract cancers. In
gastric cancer, metaplasia first appears in the setting of
acute and chronic gastritis as a response to physical or
chemical damage to the mucosa. Two types of metaplasias,
pyloric metaplasia and intestinal metaplasia (IM), are
observed in the human stomach.5–7 Pyloric metaplasia is
initiated from spasmolytic polypeptide-expressing meta-
plasia (SPEM) cells, which first arise from trans-
differentiation of zymogen granule-secreting chief cells in
response to acute mucosal damage and oxyntic atrophy.8,9

As a component of pyloric metaplasia, SPEM cells repre-
sent a reversible and reparative metaplasia. Therefore, py-
loric metaplasia with SPEM cells can give way to the return
of normal oxyntic glands during repair of the damaged
mucosa.7 With chronic inflammation or injury, SPEM can
also progress to IM, which can represent a more severe type
of metaplasia.10,11 This SPEM to IM conversion indicates
that the metaplasia has passed an inflection point for pre-
neoplastic metaplasias that may progress to dysplasia and
adenocarcinoma.

Although the gastric cancer risk is increased in human
patients with metaplasias, the presence of metaplasias is not
always an absolute factor for gastric cancer development.
H&E staining and other histochemical/immunohistochem-
ical methods have been used for identification and classifi-
cation of metaplasias and for the identification of markers
associated with higher gastric cancer risk.12 Metaplasia
arises as a focal process initiated in single glands, and iso-
lated metaplastic glands can be identified in an otherwise
normal corpus mucosa.13 However, in a field of metaplasia,
different types of metaplastic glands can be arranged in
neighboring focal lesions forming a complex aggregate of
glands with mixtures of gastric or intestinal cell lineages,
which are co-positive for multiple cell lineage markers.
Although a number of cell lineage markers including human
epididymis protein 4 (HE4), trefoil factor (TFF)2, MUC6, or
CD44v9 for SPEM and TFF3, MUC2, caudal type homeobox
(CDX)1/2, or alpha defensing 5 (DEFA5) for IM have been
considered to determine the identities of metaplasias, it is
not clear how the various glandular components are
distributed in different types of metaplastic glands and
whether any lineage-specific markers or marker combina-
tions can more definitively distinguish the metaplastic gland
types that may be associated with a higher risk of gastric
cancer development.

Aquaporin (AQP) proteins are a large family of water
transporters, present in the cell membranes, which may be
involved in cancer progression.14–16 Several AQPs have
previously been identified in stomach tissues. AQP4 is pre-
sent in acid-secreting parietal cells localized in the distal
corpus area and may be associated with gastric carcino-
genesis.17,18 AQP3 is not present in normal stomach mucosa,
but it is observed in the membranes of goblet cells present
in IM as well as in gastric cancer tissues and may have roles
in cancer progression and metastasis.19,20 AQP5 is specif-
ically present in deep antral gland mucous cells and antral
stem/progenitor cells in the distal stomach21,22 and is up-
regulated in gastrointestinal tract cancers.16 In our previ-
ous study, we found that the AQP5 transcripts were
enriched 4.6-fold in SPEM but decreased to 1.3-fold in IM
compared with normal chief cells.23 These data suggested
that AQP5 is up-regulated in specific metaplastic lineages in
the corpus of the stomach. In this study, we have therefore
investigated the relationship of AQP5 expression with the
metaplasia development and progression in various mouse
models and human patient stomach tissues using a co-
immunostaining method for multiple markers. We have
also evaluated the distribution of AQP5 protein expression
in different types of cell lineages in metaplastic glands as an
important metaplastic gland component during metaplasia
progression.

Results
AQP5 Expression Is Induced in Gastric Intrinsic
Factor–Positive Cells During Epithelial Injury or
Recovery in Mice

Recently, Tan et al22 suggested that AQP5 represents a
marker for resident stem cells in the gastric antrum and also
is expressed in deep antral gland mucous cells, whereas no
expression of AQP5 was observed in the normal corpus. We
similarly observed no significant expression of AQP5 in the
normal mouse corpus (Figure 1A and C). L635 treatment
induces rapid parietal cell death and induces the emergence
of SPEM through chief cell transdifferentiation.8 AQP5
expression emerged in gastric intrinsic factor (GIF)-positive
chief cells at the bases of gastric corpus glands showing that
6.6% of GIF-positive glands contained AQP5-expressing
cells after L635 treatment for 1 day to induce acute parie-
tal cell loss. AQP5 positivity of GIF-expressing cells in corpus
glands significantly increased after extended epithelial
damage by multiple doses of L635 (13.0% at day 2 and
33.8% at day 3; Figure 1A and C). The proportion of the
gland containing GIF-expressing chief cells was decreased
after multiple doses of L635 treatment as described previ-
ously, but we observed GIF-positive cells with proliferative
activity (Ki67 positivity), which was considerably enhanced
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by additional L635 treatments (Figure 1A and C). These data
indicate that parietal cell loss can induce not only AQP5
expression but also proliferative activity of GIF-positive
chief cells as an early response to epithelial damage.

We also examined AQP5 expression in GIF-expressing
chief cells during recovery after damage. Compared with
L635-treated stomach for 1 day, AQP5-expressing chief cells
in the corpus were increased over 2-fold after recovery for
2 days (Figure 1A, B, and D). However, 4 days after recovery,
the number of AQP5- and GIF-co-positive cells returned to
the same level as in stomachs of mice treated with L635 for
1 day (Figure 1A, B, and D). The proliferative activity of chief
cells was also enhanced after recovery for 2 days (Figure 1A,
B, and D) and then decreased over time, but a few GIF-
positive chief cells still showed nuclear Ki67 positivity at
4 days after recovery (1A, B, and D). Therefore, AQP5
expression in chief cells remains up-regulated early in the
recovery period.

AQP5 Is Expressed in Mouse Models of SPEM
Induction

On the basis of the result that AQP5 expression gradually
increased in chief cells during SPEM development after
L635-induced parietal cell loss, we therefore examined AQP5
expression with other markers described previously in SPEM
in the gastric corpus. We have previously shown that the
parietal cell protonophore drug L635 induces oxyntic atro-
phy and SPEM within 3 days of oral administration8 with
prominent expression of CD44v9.24 In the L635 treatment
model, one dose of L635 treatment elicited basolateral
expression of CD44v9 in chief cells at the bases of corpus
glands, and some of the cells also demonstrated apical AQP5
positivity and Griffonia simplicifolia II (GSII) positivity,
indicative of early formation of SPEM (Figure 2A). CD44v9-
positive SPEM cells were widely present at the bases of
gastric corpus glands after 2 dosages of L635-treated
stomach, and these cells were also positive for AQP5 as
well as GSII. Corpus glands after 3 dosages of L635 showed
significantly increased AQP5 expression along with CD44v9
positivity compared with that in other groups (Figure 2).
Furthermore, the proportion of the AQP5-positive gland was
increased over 3-fold, and AQP5- and GSII-co-positive glands
were increased about 5-fold compared with the gastric
mucosa after 2 doses of L635 (Figure 2B).

We have also described a second model of acute oxyntic
atrophy with the drug DMP-777, which induces SPEM over a
longer time course and is associated with little detectable
immune cell infiltrate.25,26 In accordance with the L635-
induced SPEM model, DMP-777 treatment caused acute
parietal cell loss, resulting in SPEM development, although
Figure 1. (See previous page). AQP5 is expressed in GIF-po
during recovery. (A) H&E and immunofluorescence staining fo
nuclei marker DAPI in gastric corpus tissues from mice with or w
indicate Ki67- and GIF-co-positive cells. Scale bar ¼ 100 mm o
for AQP5, GIF, Ki67, and DAPI in gastric corpus tissues from
treatment for 1 day. Arrow indicates Ki67- and GIF-co-positive c
D) Quantification of GIF-positive gland, GIF- and AQP5-co-posit
3–4) in consecutive L635 treatments (C) or during recovery after
over a longer time course. DMP-777–treated stomachs
showed CD44v9-expressing SPEM cells, which were also
positive for GSII and AQP5 beginning at 7 days of treatment
and most prominently after 14 days of treatment (Figure 3A
and C). AQP5 expression increased incrementally over time
during DMP-777 treatment (Figure 3B), indicating that
AQP5 can specifically define the development of the SPEM
cell lineage.

In addition to the drug-induced acute SPEM models, we
examined AQP5 expression in acetic acid-induced gastric
injury and chronic SPEM caused by Helicobacter felis
(H felis) infection. In contrast to unaffected gastric glands
showing no expressions of GSII, CD44v9, or AQP5 at the
base, regenerating glands adjacent to ulcerated mucosa
prominently showed CD44v9 expression at the base as
described previously (Figure 4A).27 Most of the CD44v9-
expressing basal gland cells strongly expressed AQP5 and
GSII (Figure 4A). These findings indicate that AQP5 is
expressed in SPEM lineages as part of the regenerative
mucosa surrounding acute ulcers. In chronic H felis infection
model most of the glands in the H felis-infected corpus
demonstrated GSII-positive SPEM cells with minimal or no
foveolar hyperplasia at 12 months after infection. The SPEM
cells in almost the entire gland were also strongly stained
with apical AQP5 as well as basolateral CD44v9 (Figure 4B).
These data suggest that AQP5 is continuously expressed in
SPEM cells during chronic inflammation.

Analysis of AQP5 Expression During
Reprogramming of Chief Cells Into SPEM Cells

We previously demonstrated in mouse models that
transdifferentiation of chief cells into SPEM proceeds with
an orderly set of transitions that are initiated by a cascade of
interleukin (IL) 33 and IL13 release28,29 and the up-
regulation of CD44v9 and the cystine/glutamate antiporter
(xCT) cystine transporter to protect cells from reactive ox-
ygen species.24 Therefore, we sought to identify how AQP5
expression is altered in mice with manipulation of these key
regulators. In mice with deletion of ST2, the receptor for
IL33, after L635 treatment only weak expression of CD44v9
expression was observed in chief cells at the bases of corpus
glands, in accordance with previous results,28 and AQP5
expression was rarely observed in the glands (Figure 5A).
However, both CD44v9 and AQP5 expression reemerged at
the base of glands in ST2-deficient mice after treatment with
L635 in combination with recombinant IL13 (Figure 5A),
suggesting IL13 induces AQP5 expression in trans-
differentiating chief cells.

We have previously demonstrated that knockout of xCT
blocked the completion of chief cell transdifferentiation into
sitive chief cell after L635-induced parietal cell loss and
r AQP5, chief cell marker GIF, proliferation marker Ki67, and
ithout L635 treatment for 1, 2 or 3 days (D1, 2, or 3). Arrows

r 50 mm (expanded images). (B) Immunofluorescence staining
mice with recovery for 2 (D1R2) or 4 (D1R4) days after L635
ells. Scale bar ¼ 100 mm or 50 mm (expanded images). (C and
ive gland, or GIF- and Ki67-co-positive cell per �20 field (n ¼
L635 treatment for 1 day (D). *P < .05, **P < .01, ***P < .001.



Figure 2. AQP5 is expressed in L635- and H felis infection-induced SPEM in the gastric corpus of mice. (A) Immuno-
fluorescence staining for AQP5, mucus marker GSII-lectin, SPEM marker CD44 variant 9 (CD44v9), and epithelial membrane
marker p120 in gastric corpus tissues from mice with or without L635 treatment for 1, 2 or 3 days. Arrows indicate AQP5-
expressing cells. Scale bar ¼ 100 mm or 50 mm (expanded images). (B) Quantification of AQP5 single or AQP5 and GSII-
lectin co-positive gland per �20 field (n ¼ 6). AQP5 expression was first observed at the base of a few glands of mice
treated with L635 for 1 day without GSII expression. Over time, the numbers of AQP5 single positive or AQP5 and GSII co-
positive glands were significantly increased in cells at the bases of glands. *P < .05, **P < .01. (C) Quantification of
CD44v9 single or AQP5 and CD44v9 co-positive gland per �20 field (n ¼ 6). CD44v9-expressing glands were prominently
observed after L635 treatment for 3 days. Most of these glands co-expressed AQP5. *P < .05, ****P < .0001.
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SPEM.24 Importantly, xCT deletion did not significantly inhibit
up-regulation of AQP5 in transdifferentiating chief cells
(Figure 5B), although xCT knockout mice did show less
prominent CD44v9 expression after L635 treatment compared
with the pattern in treated wild-type mice. Thus, up-regulation
of AQP5 expression is an early alteration in transdifferentiating
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Figure 4. AQP5 is up-regulated in SPEM associated with acute acetic acid ulcers and chronic H felis infection. (A)
Immunofluorescence staining for AQP5, mucus marker GSII-lectin, SPEM marker CD44v9, and nuclei marker DAPI in gastric
corpus tissues from acetic acid-induced injury. Arrow indicates ulcerated gastric mucosa. Note in the expanded images 2
glands showing different expression patterns for GSII-lectin. Gland nearest to the ulcerated region, indicated by asterisk, did
not show GSII-lectin, but both showed AQP5 expression. Scale bar ¼ 100 mm or 50 mm (expanded images). (B) Immuno-
fluorescence staining for AQP5, GSII-lectin, CD44v9, and epithelial membrane marker p120 in gastric corpus tissues from H
felis-infected mice. Apical AQP5 expression is seen throughout SPEM cells. Scale bar ¼ 100 mm or 50 mm (expanded images).
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chiefcells inducedbyasignalingcascadeof IL33andIL13,which
is ultimately sustained in SPEM (Figure 5C).
AQP5 Is Expressed in Metaplasia Induced by
Kras Activation in Mice

Previously, we reported a mouse model showing the full
spectrum of metaplasia from SPEM to IM to dysplasia in
mice with induced expression of Kras in Mist1-positive chief
Figure 3. (See previous page). AQP5 is expressed in DMP7
fluorescence staining for AQP5, mucus marker GSII-lectin, SPE
gastric corpus tissues from mice without or with DMP777 trea
(expanded images). (B) Quantification of AQP5 single or AQP5 a
expression was first observed at the base of a few glands in mic
co-expression. Over time, the numbers of AQP5 and GSII-lectin
glands. *P < .05, **P < .01. (C) Quantification of CD44v9 single
4–6). CD44v9 expression was observed at the base of few glan
increased at 14 days of treatment with AQP5 co-expression. **
cells (Mist1-Kras mice).30 Mist1-Kras mice demonstrate
SPEM lineages at 1 month after induction, with TFF3-
expressing IM developing after 3 months and progression
to dysplasia by 4 months after induction.30 In the present
study, we examined the co-expression of AQP5 with other
lineage markers over a time course after active Kras in-
duction. One month after active Kras induction, corpus
glands at the base prominently showed co-expression of
AQP5 and GSII expression in SPEM cells (Figure 6). After 3
77-induced SPEM in gastric corpus of mice. (A) Immuno-
M marker CD44v9, and epithelial membrane marker p120 in
tment for 1, 3, 7 or 14 days. Scale bar ¼ 100 mm or 50 mm
nd GSII-lectin co-positive gland per �20 field (n ¼ 4–6). AQP5
e treated with DMP-777 for 3 days with small amount of GSII
co-positive glands were significantly increased at the bases of
or AQP5 and CD44v9 co-positive glands per �20 field (n ¼
ds after DMP-777 treatment for 7 days, but it was markedly
*P < .001.



Figure 5. AQP5 expression is up-regulated by signaling cascade of IL33 receptor, ST2, and IL13, but not affected by
xCT knockout (KO). (A) Immunofluorescence staining for AQP5, mucus marker GSII-lectin, SPEM marker CD44v9, and nuclei
marker DAPI in gastric corpus tissues from L635-treated ST2 KO mice for 3 days with or without recombinant IL13 injection
and quantification of glands with AQP5 expression at the base (n ¼ 4–5). ***P < .001. Scale bar ¼ 100 mm or 50 mm (expanded
images). (B) Immunofluorescence staining for AQP5, GSII-lectin, CD44v9, and epithelial membrane marker p120 in gastric
corpus tissues from xCT KO mice treated with L635 for 3 days and quantification of gland with AQP5 expression at the base
(n ¼ 4–5). Scale bar ¼ 100 mm or 50 mm (expanded images). (C) Schematic diagram of AQP5 expression in discrete stages of
transdifferentiation of chief cells into SPEM. Release of IL13 induced by parietal cell loss is required for AQP5 expression at
early stages of transdifferentiation, and AQP5 expression is continuously maintained during whole process of SPEM devel-
opment. Illustration was created with BioRender.com.
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months, the AQP5 and GSII were still present in SPEM cells
at the bases of glands, and only a smaller number of GSII
and AQP5 co-positive cells remained at the base of glands at
4 months after induction (Figure 6). We have recently re-
ported that the marker trophoplast antigen 2 (TROP2) is up-
regulated at 3–4 months after the active Kras induction and
represents a marker for transition to incomplete IM and
dysplasia in the stomach.31 As previously reported, TROP2
was not present at 1 month after induction but was present
in scattered glands at 3 months after induction, and more
prominent expression was observed in metaplastic and
dysplastic glands at 4 months after induction (Figure 6).
Importantly, AQP5 was not present in cells expressing
TROP2. These findings suggest the association of SPEM
lineages at the bases of glands with an incomplete IM
phenotype.
AQP5 Is Expressed in Human SPEM and in the
Normal Antrum, but not in the Normal Corpus

To identify whether AQP5 can be a SPEM cell marker in
humans, we examined tissue microarray slides composed of
human normal and metaplasia gastric samples. In the
normal corpus and antrum, foveolar, isthmic, or mucous
neck cells were marked by UEAI, Ki67, or GSII, respectively,
but intestinal epithelial markers DEFA5 and TFF3 were not
present in normal oxyntic and antral glands (Figure 7A and
Figure 6. AQP5 is expressed in SPEM cells induced by Kra
nofluorescence staining (IF) for AQP5, mucus marker GSII-lecti
from Mist1CreERT2/þ;KrasLSL-G12D/þ mice. Corpus mucosa 1 mo
marked by AQP5 and GSII-lectin co-positivity. Three or 4 mont
were composed of AQP5- and GSII-lectin co-positive cells at th
gland. Arrows indicate SPEM cells at the base of glands (H&E
cations of boxed areas. No expression of AQP5 in the TROP2-
B). Although normal oxyntic glands in the corpus did not
express AQP5 and CD44v9, expression of these proteins was
observed at the bases of normal antral glands along with
prominent GSII positivity (Figure 7A and B). As in mice,
human corpus glands with pyloric metaplasia showed SPEM
cells with foamy cytoplasm as well as positivity for periodic
acid-Schiff (PAS) staining, and most of the SPEM cells in all
44 cores were markedly positive for GSII and AQP5 as well
as CD44v9, similar to the pattern in the deep antral gland
cells of the normal antrum (Figure 7C). These data indicate
that AQP5 is a lineage-specific marker for SPEM cells in the
human corpus. In contrast, TROP2, which is associated with
incomplete IM and dysplastic transition of metaplastic
glands,32 was not detected in the normal corpus, antrum,
and SPEM lesions.
TROP2 Is Predominantly Expressed in the
Incomplete IM Rather Than Complete IM

As described above, IM is frequently observed in adja-
cent non-tumor tissue of gastric cancer patients. We
therefore sought to identify a specific pattern of protein
expression in IM distinct from that in SPEM. IM lesions
were confirmed by H&E, PAS, and high-iron diamine/
Alcian blue (HID/AB) staining and classified into 2 groups,
complete or incomplete. In complete IM, mucin in the
goblet cells was stained bright magenta in PAS and blue in
s activation in Mist1-positive chief cells. H&E and immu-
n, and the dysplasia marker TROP2 in gastric corpus tissues
nth after induction by tamoxifen showed only SPEM lesions
hs after Kras activation in Mist1-positive cells, corpus glands
e bases of glands with TROP2-expressing cells in the upper
) and AQP5-expressing cells (IF). Insets show higher magifi-
positive region was noted. Scale bar ¼ 100 mm.



Figure 7. AQP5 is not expressed in human normal gastric corpus but is strongly expressed in normal antrum SPEM cell
lineages. Histology and immunostaining were examined in sections of human (A) normal corpus, (B) normal antrum, and (C)
SPEM. Sections were stained for H&E staining for identification of overall structure of normal corpus, antrum, and SPEM in the
corpus, PAS staining to confirm localization of mucous accumulation in normal or SPEM lesions, and immunofluorescence
staining for AQP5, mucus marker GSII-lectin, Paneth cell marker DEFA5, proliferative cell marker Ki67, foveolar cell marker
Ulex europaeus agglutinin I (UEAI), goblet cell marker TFF3, SPEM marker CD44v9, dysplasia marker TROP2, and nuclei
marker DAPI. Note that PAS-positive SPEM cell lineages (arrows) were marked by expression of AQP5, GSII, and CD44v9 (C,
expanded images). Scale bar ¼ 100 mm.
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HID/AB staining with TFF3 positivity (Figure 8A). In
addition, DEFA5-expressing Paneth cells were frequently
observed only at the base of complete IM glands, similar to
the pattern in intestinal crypts (Figure 8). Using immuno-
staining for basolateral CD44v9 expression, we confirmed
that the complete type of intestinal metaplastic glands in
the stomach have morphologic characteristics similar to
intestine, with CD44v9-expressing cells at the bases of
these glands. Nevertheless, complete IM glands lacked GSII
or AQP5 expressing cells (Figure 8). Indeed, UEAI, GSII, and
TROP2 were hardly ever observed in complete IM
(Figure 8).

In incomplete IM, the mucin droplets in goblet cells were
stained bright magenta in PAS staining and positive for
TFF3, similar with that in complete IM, but mucin granule
size was often smaller or variable in size (Figure 9A). Some
areas of incomplete IM also showed brown staining indi-
cating the presence of sulfomucins in HID/AB staining
(Figure 9A). Furthermore, the incomplete IM glands did not
have any Paneth cells marked by DEFA5 and frequently
expressed TROP2 as well as CD44v9 (Figure 9).
AQP5 Is Expressed in Cells at the Base of
Incomplete IM, but not in Complete IM

Interestingly, most of the metaplastic tissue cores
showed a full spectrum of gastric metaplasia including
SPEM and IM, and these 2 distinct types of metaplasia
were often intermixed. On the basis of previous work,30,33

we sought to examine the possible relationship between



Figure 8. AQP5 is not expressed in complete type of IM. (A) H&E staining for identification of overall structure of IM in the
corpus, PAS staining to confirm localization of mucous accumulation in IM lesion, HID/AB staining to determine the subtype of
IM and immunofluorescence staining for AQP5, mucus marker GSII-lectin, Paneth cell marker DEFA5, proliferative cell marker
Ki67, foveolar cell marker Ulex europaeus agglutinin I (UEAI), goblet cell marker TFF3, SPEM marker CD44v9, dysplasia marker
TROP2, and nuclei marker DAPI. Complete IM glands were characterized by eosinophilic granules-containing Paneth cells
(H&E) stained with DEFA5 and TFF3-positive sialomucin stained blue in HID/AB staining. CD44v9 was also expressed at the
base of complete IM gland. Scale bar ¼ 100 mm. (B) Expanded images from immunofluorescence staining results in (A).
Complete IM gland had Paneth and goblet cells frequently showing basolateral CD44v9 expression and proliferative activity
similar to an intestinal crypt. Note absence of TROP2 and AQP5 expression. Scale bar ¼ 50 mm.
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SPEM and IM. As shown in Figures 9 and 10, AQP5-
expressing cells at the base of metaplastic glands were
prominently observed in incomplete IM (61.7%) rather
than in complete IM (2.6%). To directly compare AQP5-
positive SPEM and TROP2 expression between complete
and incomplete IM, we selected cores containing both
types of IM. Consistently, incomplete IM glands contained
SPEM cells, as defined by AQP5- and GSII-co-expression, at
their bases with TROP2-positive cells in the upper parts of
the glands (Figure 10A and B). In contrast, complete IM
glands showed extremely low frequencies of AQP5 and
TROP2 positivity (Figure 10A–C), rather showing DEFA5-



Figure 9. AQP5-expressing cells were observed at base of incomplete IM glands showing TROP2 positivity. (A) H&E
staining for identification of overall structure of IM in the corpus, PAS staining to confirm localization of mucous accumulation
in IM lesion, HID/AB staining to determine subtype of IM, and immunofluorescence staining for AQP5, mucus marker GSII-
lectin, Paneth cell marker DEFA5, proliferative cell marker Ki67, foveolar cell marker Ulex europaeus agglutinin I (UEAI),
goblet cell marker TFF3, SPEM marker CD44v9, dysplasia marker TROP2, and nuclei marker DAPI. Incomplete IM glands were
defined on the basis of absence of DEFA5-positive Paneth cells, morphology of PAS-positive mucin, and sulfomucin stained
brown in HID/AB staining. Scale bar ¼ 100 mm. (B) Expanded images from immunofluorescence staining results in (A).
Incomplete IM glands were marked by TROP2 expression. Note AQP5-expressing cells were frequently observed at base of
incomplete IM glands (arrows). Scale bar ¼ 50 mm.
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positive Paneth cells in the basal position (Figure 8B). In
incomplete IM glands, SPEM cells were present at the
gland base below IM and TROP2-expressing cells
(Figure 10D). To examine these correlations further, we
also evaluated CD10 staining as a columnar enterocyte
marker, which is present in complete IM glands
(Figure 10D). CD10 staining was not observed in TROP2-
expressing incomplete IM glands. No AQP5 staining was
observed in TROP2-positive dysplastic cells. Together,
these findings suggest that AQP5-expressing SPEM cells
may contribute to incomplete IM glands marked by
expression of TROP2.
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Discussion

Intestinal-type gastric cancer usually arises within a field
of precancerous metaplastic changes in the stomach mu-
cosa. Over the past 100 years, 2 types of metaplastic lesions
have been described as pyloric metaplasia/SPEM and IM.1,34

These metaplastic lesions are frequently observed in the
gastric mucosa adjacent to intestinal-type gastric can-
cers.2,35–37 SPEM evolves as a first metaplasia after the in-
duction of severe mucosal injury in the stomach corpus,
predominantly through transdifferention of chief cells in
mucous cell metaplasia.8,38,39 IM appears to develop sub-
sequently in the face of more chronic inury, often within a
field of preexisting SPEM.6,33 In addition, IM has been sub-
classified into incomplete versus complete types of IM.
Complete IM glands demonstrate well-developed MUC2/
TFF3-positive goblet cells along with CD10-positive
absorptive intestinal cells and DEFA5-positive Paneth cells.
In contrast, incomplete IM glands show immature goblet
cells and intermediate columnar cells with mucin droplets
that may contain gastric and/or intestinal mucins (sialo-
mucins and/or sulfomucin), and the glands lack absorptive
or Paneth cell lineages. Importantly, incomplete IM carries a
far higher risk of patient progression to gastric adenocar-
cinoma compared with complete IM.40,41 Nevertheless, all of
these metaplastic lineages are often present in a field of pre-
neoplastic mucosa in the stomach, so development of more
sophisticated markers that can distinguish among meta-
plasia types remains a priority. In the present study, we
have demonstrated that AQP5, which was recently identified
in the deep antral gland mucous cells,22 is also a specific
marker for SPEM cells in the corpus in both mouse SPEM
models and human metaplasia samples. Furthermore, we
have identified a likely link of SPEM cells with incomplete
IM through AQP5 staining at the bases of these pre-
neoplastic glands.

Since SPEM was first reported in 1999,5 the morphologic
characteristics and etiology of SPEM cells have been eluci-
dated by several groups through work in mouse models and
human tissue.10,42–44 SPEM cells express TFF2 and MUC6/
GSII, and recent studies showed that CD44v9, a splice
variant of the cell surface glycoprotein CD44, is prominently
expressed in SPEM cells.6,37,45 However, making a diagnosis
Figure 10. (See previous page). Incomplete IM glands withi
cells at the base. H&E staining for identification of overall stru
zation and morphology of mucus in IM lesion, HID/AB staining t
for AQP5, mucus marker GSII-lectin, Paneth cell marker DEF
europaeus agglutinin I (UEAI), goblet cell marker TFF3, SPEM m
DAPI. Differentiation of IM subtype was determined on the basis
described in Figures 6 and 7. Scale bar ¼ 100 mm. (B) Expand
matched immunofluorescence images. Gland delineated by do
plete IM glands. TROP2 was strongly expressed in incomple
positivity and strong AQP5 expression. Scale bar ¼ 50 mm. (C)
by AQP5-positive cells at base of the gland per each core (n ¼
fication of individual IM glands with TROP2 expression per each
****P < .0001. (D) Immunofluorescence staining for AQP5, GSII
CD44v9, and DAPI in whole tissue sections from human metap
TROP2-expressing incomplete IM (top) and CD10-negative an
branched glands populated with SPEM cells (arrows). Scale ba
using a single marker might be confusing because these
proteins are also expressed in other types of cells or lesions;
TFF2 and MUC6/GSII are expressed in normal mucous neck
cells in the corpus, and CD44v9 can be expressed in
proliferating cells and IM lesions.46 However, in this study
we determined that AQP5 specifically defines a SPEM cell
lineage in the corpus without expression in complete IM.
Recent articles proposed a new term paligenosis describing
a regenerative process of fully differentiated cells.47–49 Our
data also indicate that chief cells undergoing trans-
differentiation or “paligenosis” variably express AQP5 dur-
ing progression to SPEM cell or returning to normal chief
cell. Etiologically in humans, SPEM begins with sustained
inflammation and oxyntic atrophy, or parietal cell loss,
related to H pylori infection. We and others have used drug-
induced mouse SPEM models to model human SPEM
through induction of acute parietal cell loss.5,8,42 It was also
reported that SPEM development can be induced by
Epstein-Barr virus.35 Our previous studies revealed a role of
host immune response and IL13 released from innate
lymphoid cell populations (ILC2s) in the initiation of SPEM
development.28,29 Our present findings demonstrate that
AQP5 is up-regulated early in transdifferentiating chief cells
after the induction of oxyntic atrophy and ILC2-mediated
release of IL13. We have previously noted that a lack of
xCT expression led to an arrest of transdifferentiation at a
stage after the down-regulation of Mist1 expression.24

Because xCT deletion did not alter the up-regulation of
AQP5 expression in transdifferentiating chief cells, AQP5 up-
regulation also represents a very early step in the trans-
differentiation process for chief cells. Importantly, AQP5
expression is sustained in SPEM observed in chronic H felis
infection in mice and in human SPEM samples. All of these
results suggest that AQP5 is uniquely up-regulated during
the process of transdifferentiation of chief cells into SPEM,
but AQP5 expression is lost during progression of lesions
toward intestinalized lineages. AQP5 expression in basal
gland cells in combination with Trop2 positivity in more
luminal intestinal lineages therefore defines the state of
lineage confusion within incomplete IM that can lead to
dysplasia.

Aquaporins promote bidirectional transfer of water and
small molecules in epithelial cells.16,50 In particular, AQP5
n regions mixed IM types demonstrate AQP5-expressing
cture of the IM in the corpus, PAS staining to confirm locali-
o determine subtype of IM, and immunofluorescence staining
A5, proliferative cell marker Ki67, foveolar cell marker Ulex
arker CD44v9, dysplasia marker TROP2, and nuclei marker
of combination of H&E, PAS, and HID/AB staining results as
ed images from PAS and HID/AB staining results in (A) with
tted line indicates complete IM gland, and others are incom-
te IM gland, which showed cells at the base with CD44v9
Quantification of individual IM glands in corpus accompanied
44 for complete IM and 5 for incomplete IM; top) or quanti-
core (n ¼ 44 of complete IM and 5 of incomplete IM; bottom)
-lectin, TROP2, intestinal absorptive cell marker CD10, TFF3,
lasia tissues. AQP5- and GSII-lectin co-positive SPEM below
d TROP2-positive incomplete IM gland (bottom). Note basal
r ¼ 100 mm.
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can also promote cell viability by enhancing cell cycle pro-
gression and inhibiting apoptosis.51,52 A recent study re-
ported that AQP5 in human and mouse is essential for
maintaining antral stem cell function and is highly
expressed in gastric cancers in the antrum.22 These func-
tions of AQP5 might be associated with the initiation of
transdifferentiation for chief cells; however, it is not clear
whether AQP5 is required for development of SPEM at this
time. Nevertheless, the staining of AQP5 represents a critical
marker of pyloric metaplastic glands in the corpus of the
stomach. Because pyloric metaplasia represents a promi-
nent mechanism for repair of severe mucosal injury
throughout the gastrointestinal tract,53 further in-
vestigations are needed to define whether AQP5 up-
regulation is also involved in other examples of pyloric
metaplasia.

IM is considered a prevalent precancerous lesion in
stomach, which manifested in 2 types of glands with com-
plete or incomplete IM.40,54,55 Patients with IM in the corpus
or incomplete IM have a higher risk of gastric cancer
compared with patients demonstrating IM confined to the
antrum or complete IM.33,40,41 Several methods have been
used to classify complete and incomplete IM, including H&E,
PAS, or HID/AB staining. However, these techniques may
not be sufficient to delineate heterogeneity in metaplastic
lesions. In addition, the HID staining process is quite toxic.
Our present study defines metaplastic gland phenotypes
that are based on immunostaining markers for multiple cell
lineages. Although normal corpus glands lack AQP5
expression, our investigations showed that SPEM cell line-
ages prominently expressed the protein at the apical
membrane. Just as interestingly, we also saw AQP5-
expressing lineages at the bases of glands that expressed
Trop2 and TFF3 in their upper regions, consistent with
identification of incomplete IM. In the present study and
previous work,31 we found that Trop2 was up-regulated in
incomplete IM, but not in complete IM. Similarly, no AQP5
staining was observed in complete IM, although CD44v9
positive cells could be observed at the bases of these com-
plete IM glands. These findings suggest that SPEM cells are
often present at the bases of glands with incomplete IM.

Interestingly, we observed AQP5 and GSII dual positive
SPEM cells at the bases of IM and dysplastic glands, which
also showed more luminal Trop2-positive cells, in Mist1-
Kras mice at 3 and 4 months after induction of Kras.
These findings would suggest that the metaplasia in these
mice is also consistent with an incomplete IM phenotype. In
a previous study, we observed that treatment of Mist1-Kras
mice 3 months after induction with a MEK inhibitor elicited
an up-regulation of apical villin expression, which is
consistent with differentiation toward absorptive enter-
ocytes, a characteristic of complete IM.56 These results
would therefore be compatible with a scenario where oxy-
ntic atrophy initially induces SPEM, which can then give rise
to incomplete IM. However, under influences that would
promote reduction in Kras activation, then glands could
evolve to complete IM. Under this paradigm, because
incomplete IM represents the more carcinogenic scenario in
the stomach, maintenance of Ras activation represents a
critical drive for evolution of dysplasia and gastric adeno-
carcinoma. Nevertheless, it remains possible that multiple
scenarios exist for the evolution of metaplastic cell lineages
in the stomach. Specimens could be identified with SPEM
directly associated with TROP2-expressing dysplasia
without evidence of IM.32 Thus, we cannot rule out the
possibility that SPEM could directly give rise to dysplasia.
Similarly, we cannot rule out the possibility that SPEM could
give rise to complete IM directly.

In summary, we have described the utility of AQP5 as a
marker of SPEM cells in both mice and humans. AQP5
expression is lost in complete IM glands, but a nidus of
AQP5-expressing SPEM cells is usually present at the ba-
ses of incomplete IM glands. The combination of immu-
nostaining for AQP5, Trop2, CD44v9, and TFF3 can
therefore rapidly define the range of lineages present in
the metaplastic stomach of human patients. Metaplastic
lesions in stomach are known to be unequivocally asso-
ciated with intestinal-type gastric cancer; however, the
reversibility of these lesions remains controversial.
Because of the focal nature of incomplete metaplastic
glands in the stomach corpus, this combination of lineage-
specific markers may assist in better defining how
metaplasias develop and progress and could assist with
therapeutic strategies to assess precancerous lesions and
determine more accurately those at highest risk for gastric
carcinogenesis.

Methods
Experimental Animal Models

The care, maintenance, and treatment of mice used in
this study followed protocols approved by the Institutional
Animal Care and Use Committee of Vanderbilt University
Medical Center, and each experimental group contained 3–6
mice. Littermates from both sexes were randomly assigned
to experimental groups. Mice were maintained in housing of
5 animals per cage, with a 12-hour light/dark cycle and
water and food at libitum. Mouse models and treatment of
mice were described previously.24,28,30,57 C57BL/6 mice
were orally injected with L-635 (350 mg/kg per day) once
and then allowed to have a recovery time for 2 or 4 days or
injected with same concentration of L-635 once a day for 1,
2, or 3 days or DMP-777 (350 mg/kg per day) once daily for
1, 3, 7, or 14 days. C57BL/6 mice were subjected to 100% of
acetic acid-induced localized gastric injury as described
previously.58 As a chronic SPEM model, C57BL/6 mice were
orally infected with H felis in 500 mL of bacterial cell sus-
pension (1 � 109 units/mL) every other day total 3 times.
The Mist1CreERT2/þ;KrasLSL-G12D/þ mice were subcutaneously
injected with 5 mg tamoxifen for 3 consecutive days at
8 weeks of age.

Human IM Arrays
Human gastric array sets for IM/SPEM were constructed

with specimens from 18 patients (age, 39–81 years) who
underwent surgical resection for gastric cancers in Jeju
National University Hospital from 2014 to 2020 in Korea.
Through histologic examination, IM or SPEM areas were



Table 1.List of Primary Antibodies and Fluorescent Dye-Conjugated Lectins

Antibody Species Source Dilution

CD44v9 for mouse Rat Cosmo Bio, LKG-M002 1:25,000

CD44v9 for human Rat Cosmo Bio, LKG-M001 1:15,000

AQP5 Rabbit Sigma-Aldrich, HPA065008 1:500

TFF3 Rabbit Gift from Daniel K. Podolsky (UT Southwestern) 1:1000

Trop2 for mouse Goat R&D Systems, AF1122 1:500

TROP2 for human Goat R&D Systems, AF650 1:500

MUC5AC Mouse NeoMarkers, MS-551-P 1:500

DEFA5 Mouse Santa Cruz, sc-53997 1:1000

Ki67 Rat LS Bio, LS-C338537 1:150

P120 Mouse BD Biosciences, 610133 1:100

GIF Goat Santa Cruz, sc-46656 1:500

GSII lectin, Alexa Fluor 647 conjugated Molecular probes, L32451 1:2000

UEAI, FITC conjugated Sigma-Aldrich, L9006 1:2000

CD10, Alexa Fluor 488 conjugated Santa Cruz, sc-46656 1:50
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selected from H&E-stained slides. The tissue cores of 4 mm
in diameter were obtained from individual paraffin blocks
and arranged in a new recipient paraffin block using a
trephine apparatus (SuperBioChips Laboratories, Seoul,
Korea). In total, 4 tissue arrays were generated: IM or SPEM
in the corpus (n ¼ 48), IM in the antrum (n ¼ 30), normal
corpus (n ¼ 9), and normal antrum (n ¼ 9). Tissue array
construction was approved by the Institutional Review
Board of Jeju National University Hospital (2016-10-001),
and informed consent was waived by the Institutional Re-
view Board because of the retrospective nature of the study.
Immunostaining
Five-micrometer paraffin-embedded tissue sections

were deparaffinized in Histoclear and rehydrated through a
series of ethanol (100%, 95%, 75%). Antigen retrieval was
performed using Dako (Glostrup, Denmark) Target retrieval
solution, pH 6, in a pressure cooker for 15 minutes. Tissue
sections were incubated in Dako Serum-free Protein Block
Solution at room temperature for 90 minutes, and primary
antibodies were applied overnight at 4�C (Table 1). The
following day, tissue slides were washed in phosphate-
buffered saline for 5 minutes 3 times. Secondary anti-
bodies were applied to the tissue sections at room
temperature for 60 minutes. Nuclei counterstaining was
performed using Hoechst or diamidino-2-phenylindol
(DAPI) in phosphate-buffered saline for 5 minutes at room
temperature. All immunofluorescence images of mouse or
human stomach tissues were captured with a Zeiss Axio
Imager 2 (Oberkochen, Germany) using a �20 objective or
Leica Aperio Versa 200 Fluorescent Slide Scanner in the
Vanderbilt Digital Histology Shared Resource, respectively.
HID/AB Staining
As previously published,59 tissue sections were depar-

affinized and rehydrated in distilled water, rinsed in running
tap water for 5 minutes, and then placed in freshly prepared
HID solution using plastic racks. The HID was prepared by
dissolving simultaneously 2 amines (N,N-dimethyl-m-phe-
nylenediamine dihydrochloride [Sigma-Aldrich, St Louis, MO],
0.720 g and N,N-dimethyl-p-phenylenediamine monohydro-
chloride, Grade II, [Sigma-Aldrich], 0.120 g) in 300 mL of
distilled water and then pouring this solution into a staining
dish containing 8.4 mL of 62% ferric chloride solution. The
pH was controlled between 1.3 and 1.7. The tissue sections
were maintained in this solution in the dark at room tem-
perature for 18–24 hours. Then they were rinsed in and out
with distilled water and stained in 1% Alcian blue solution
(Alcian blue 8GX [Sigma-Aldrich] and 3% acetic acid solution)
for 30 minutes, filtering the solution before use. The tissue
sections were rinsed again in and out with distilled water,
dehydrated in 95% alcohol and absolute alcohol, 2 changes
each, cleared in xylene, 2 changes, and mounted with
Permount.
IM Subtyping
IM was classified as complete or incomplete types by

combined assessment of H&E, PAS, and HID/AB stains in
each tissue core. The presence of more than one IM type
was annotated.
Data Analysis
Three or 4 representative images were obtained from

each mouse, and then positivity of each lineage-specific
marker was manually quantitated per gland. In 48 cores
of human metaplasia tissues, 39 cores had only complete
type IM, and 5 cores had both complete and incomplete IM.
Among total TFF3-positive glands in complete or incomplete
IM, frequency of specific marker, TROP2 or AQP5, expres-
sion was manually counted per gland. All statistical analyses
were generated using unpaired Student t test in GraphPad
Prism 7 software (La Jolla, CA).
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