
Loss of Anterior Gradient 2 (Agr2) Expression Results in
Hyperplasia and Defective Lineage Maturation in the Murine
Stomach*

Received for publication, November 1, 2012, and in revised form, December 2, 2012 Published, JBC Papers in Press, December 3, 2012, DOI 10.1074/jbc.M112.433086

Aparna Gupta‡, Dariusz Wodziak‡, May Tun‡, Donna M. Bouley§, and Anson W. Lowe‡1

From the ‡Department of Medicine, Stanford University and the §Department of Comparative Medicine, Stanford University School
of Medicine, Stanford, California 94305

Background: The in vivo function of the adenocarcinoma-associated gene, Agr2, is not known in the stomach.
Results: Agr2 KOmice displayed hyperplasia and defective cell maturation in the stomach.
Conclusion: Agr2 expression promotes cell lineage differentiation and results in a negative feedback for cell proliferation.
Significance: Agr2 functions in regulating homeostasis between differentiating and proliferating cells in the stomach.

Recent studies of epithelial tissues have revealed the presence
of tissue-specific stem cells that are able to establish multiple
cell lineages within an organ. The stem cells give rise to progen-
itors that replicate before differentiating into specific cell lin-
eages. The mechanism by which homeostasis is established
between proliferating stem or progenitor cells and terminally
differentiated cells is unclear. This study demonstrates that
Agr2 expression by mucous neck cells in the stomach promotes
the differentiation of multiple cell lineages while also inhibiting
the proliferation of stem or progenitor cells.WhenAgr2 expres-
sion is absent, gastric mucous neck cells increased in number as
does the number of proliferating cells.Agr2 expression loss also
resulted in the decline of terminally differentiated cells, which
was supplanted by cells that exhibited nuclear SOX9 labeling.
Sox9 expression has been associated with progenitor and stem
cells. Similar effects of the Agr2 null on cell proliferation in the
intestine were also observed.Agr2 consequently serves tomain-
tain the balance between proliferating and differentiated epi-
thelial cells.

The stomach functions to store, mechanically breakdown,
and enzymatically digest food. It secretes acid that inactivates
microbes and produces specialized secretory products such as
mucins, pepsinogen, intrinsic factor, gastrin, and ghrelin. An
assortment of cell types are specifically distributed throughout
the organ to fulfill these multiple functions (1). The proximal
third of the murine stomach, the forestomach (Fig. 1A), is lined
by a stratified squamous epithelium and serves to store food (1).
The lower two-thirds of the stomach represents the glandular
stomach, which is divided into two sections, the corpus at the
proximal end and the antrum at the distal end (Fig. 1A). The
corpus encompasses gastric glands that contain different cell
types and are divided into regions extending from the stomach

lumen to the gland base. The pit layer contains pit cells (also
known as foveolar cells) that line the superior aspect of each
gastric gland and secretes mucin (Fig. 1B). Below the pit layer is
the isthmus, where putative stem and progenitor cells that give
rise to all gastric cell lineages reside (2–6). Differentiating cells
from the isthmus migrate superiorly and inferiorly within the
gastric gland to their final destinations. Below the isthmus is the
neck layer containing mucous neck cells, which are precursors
for the chief cells situated at the gland base that secrete pepsin-
ogen and intrinsic factor (7–9). Mucous neck cells specifically
express trefoil factor 2 (TFF2) and a secreted protein that binds
the lectin Griffonia simplicifolia II (GSII)2 (10–13). Acid-se-
creting parietal cells are distributed throughout the gastric
gland below the pit layer, and the chief cells reside at the gland
base. The distal half of the glandular stomach is the antrum,
which contains mucous glands (Fig. 1B). Proliferating cells
allegedly representing stem and progenitor cells in the antrum
reside in the isthmus region just above the base of the antral
gland. Mucin-secreting cells reside superiorly and inferiorly to
the antral isthmus. Throughout the glandular stomach are iso-
lated enteroendocrine cells that secrete a variety of products
such as gastrin, ghrelin, somatostatin, and gastric inhibitory
peptide.
Stem cells within the isthmus of the corpus and antrum con-

tribute to all cell lineages within the glandular stomach. The
means by which homeostasis is maintained between terminally
differentiated cells and stem or progenitor cells are not known.
In this study, the phenotype produced by an Agr2 null mouse
provides insights into its role in maintaining homeostasis.
Anterior gradient 2 (Agr2) is a gene that is widely expressed

in human adenocarcinomas of the breast, lung, colon, pancreas,
esophagus, ovary, prostate, and stomach (14–22). Agr2 is
highly conserved among vertebrates from amphibians to
humans. TheXenopus laevis homologue ofAgr2, XAG2, partic-
ipates in the development of the cement gland and forebrain
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role in nerve-dependent limb regeneration (25). Several studies
have also demonstrated that Agr2 supports many of the trans-
formed properties of adenocarcinoma cell lines (26, 27). Poten-
tialmechanisms include activation of theHippo signaling path-
way through the co-activator Yap1 and the induced expression
of the EGF receptor ligand amphiregulin (28).
The present study explored the in vivo function of Agr2 by

generating a null mouse. The resultant mouse expressed a phe-
notype that wasmost pronounced in the stomach and was con-

sistent with a role for Agr2 in regulating cell proliferation, dif-
ferentiation, and homeostasis among the different cell lineages
in the mouse glandular stomach.

EXPERIMENTAL PROCEDURES

Generation of the Agr2 Null Mouse Model—The mouse,
B6129S5-Agr2tm1Lex, in which exons 2 to 5 were flanked by
LoxP sites, was originally generated using 129SvEvBrd-derived
embryonic stem cells and bred on a 129/SvEv-C57BL/6 back-
ground. The mouse was obtained from Lexicon Pharmaceuti-
cals (catalog no. LEXKO-2300). Exon 2 contains the start codon
for AGR2 protein. Agr2 null mice were produced by breeding
the B6129S5-Agr2tm1Lex mouse with another that constitu-
tively expresses Cre recombinase, TgCMV-Cre (B6.C-Tg(CMV-
Cre)1Cgn/J, (The Jackson Laboratory, Bar Harbor, ME).
Homozygous Agr2�/� mice (Agr2 KO) were generated by
breeding heterozygous Agr2LoxP/WT;TgCMV-Cre. Female
homozygous Agr2�/� bred poorly, which necessitated the
heterozygous breeding.
A conditional Agr2 null (Agr2 KO) mouse in which excision

of the floxed Agr2 exons was achieved in adult mice after
tamoxifen administration was generated by breeding the con-
ditional B6129S5-Agr2tm1Lex mice with a CreERT2 mouse
(Gt(ROSA)26Sortm1(cre/ERT2)Tyj (The Jackson Laboratory).
Tamoxifen was administered to 8-week Agr2LoxP/LoxP;CMV-
CreERT2 mice by intraperitoneal injection at a dose of 75 mg/kg
bodyweight for 5 consecutive days. Themicewere then kept for
an additional 21 days without tamoxifen before they were sac-
rificed. Controls consisted of Agr2LoxP/LoxP and Agr2�/� mice
treated with tamoxifen in a similar manner. It should be noted
that tamoxifen has been described to induce parietal cell apo-
ptosis and an increase in gastric proliferation that is reversible
after cessation of the drug (29). Experiments were performed
that determined that proliferation returns towild-type levels by
21 days after the last tamoxifen administration.
The care and use of animals was performed under the aus-

pices of Stanford’s Institutional Animal Care and Use Commit-
tee as approved under Stanford University’s Animal Welfare
Assurance (A3213-01).
Antibodies and Probes for Immunohistochemistry—Antibod-

ieswere kindly provided by the following individuals: anti-TFF2
by Lars Thim (Novo Nordisk A/S, Maløv, Denmark) (30); anti-
gastric intrinsic factor by David Alpers (Washington Univer-
sity, St. Louis, MO); anti-ATP4A byMichael Caplan (Yale Uni-
versity, NewHaven, CT). Other antibodies employed included:
anti-AGR2 (Imgenex, San Diego, CA); anti-Ki-67 (catalog
#M7249, DAKO, Carpinteria, CA ); anti-SOX9 (EMD Milli-
pore, Billerica, MA); anti-MUC5AC (catalogue #MS-145-P0,
Thermo Fisher Scientific, Kalamazoo, MI). The lectin, GSII,
was obtained fromVector Laboratories, Inc. (Burlingame, CA).
Labeling of proliferating cells was achieved by the intraperi-

toneal injection of the nucleotide analog, 5-ethynyl-2�-deoxyu-
ridine (EdU) at a dose of 10 �g/g of mouse body weight 2 h
before sacrificing the mice (31). Visualization of the incorpo-
rated EdU was achieved with the Click-iT� EdU Alexa Fluor�
488 Imaging kit (Invitrogen).
Immunohistochemistry—Slides were deparaffinized by

immersing in xylene twice for 5 min each and hydrated by

FIGURE 1. Schematic of murine stomach anatomy and histology. A, gross
anatomy of the murine stomach is shown. The corpus and antrum comprise
the glandular stomach. B, shown is a normal glandular structure showing the
distribution of cell lineages in the corpus and antral glands. The figure is
adapted from Lee (58). The material is reproduced with permission of John
Wiley & Sons, Inc., New York.
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immersing for 2min each in a series of 100, 80, and 50% ethanol
and finally in distilled H2O. Slides for histological analysis were
stained with hematoxylin and eosin by standard methods, with
generally 3–4 sections reviewed per specimen. For immunoflu-
orescence or immunohistochemistry, antigen retrieval was per-
formed in a pressure cooker set to 118 °C for 3 min and
removed at 90 °C in antigen unmasking solution (DAKO) fol-
lowed by equilibration at room temperature for 1 h. Endoge-
nous peroxidase activity was then blocked with freshly made
1.5%H2O2 for 30min followed bywashing in PBS (pH 7.4). The
slides were placed in 5% serum blocking solution (goat, horse,
or rabbit serum as appropriate) for 30 min to block nonspecific
binding of antibody to the tissue. The sections were incubated
with primary antibody diluted in 2% serum overnight at 4 °C.
The dilutions used for each primary antibody used were AGR2
(1:250), synaptophysin (1:500), TFF2 (1:1000), gastric intrinsic
factor (1:100), MUC5AC (1:500), Sox9 (1:1000), and Ki-67
(1:50). The respective secondary antibodies were used at a dilu-
tion of 1:300. Staining was visualized using Vectastain ABC kit
(Vector Laboratories) for immunohistochemistry. Slides were
counterstained with Gill No. 3 hematoxylin. Immunofluores-
cence slides were mounted with Vectashield mounting media
containing DAPI (Vector Laboratories). Labeling with biotiny-
lated GSII (Vector Laboratories) was performed at 10 �g/ml
after blocking for 30 min with Carbo-free solution (Vector
Laboratories).
DNA Microarray—Total RNA was extracted from fresh

whole mouse stomachs using TRIzol reagent (Invitrogen). The
RNAwas reverse-transcribed, labeled, and hybridized tomouse
oligonucleotide DNA microarrays (MouseRef-8 v2 Expression
BeadChip, Illumina, San Diego, CA). Each array was normal-
ized using theGenePattern software suiteVersion 3.3.3 (32, 33).
Themicroarray datawere deposited in theNCBIGEOdatabase
with accession number GSE40062.
RNA Extraction and qRT-PCR—Total RNA was isolated

from tissues using TRIzol� reagent (Invitrogen). The glandular
stomach was divided into the corpus and antrum, and 3 �g of
total RNA from each was used to make cDNA. First-strand
cDNAswere synthesized using Superscript II reverse transcrip-
tase (Invitrogen) with random hexamer primers. Quantitative
RT-PCR reactions were performed using IQ SYBR Green
Supermix and the iCycler iQTM detection system (Bio-Rad).
The primers used include: Actb, 5-GGCTGTATTCCCCTCC-
ATCG-3, 5-CCAGTTGGTAACAATGCCATGT-3; Atp4a, 5-
ATCTGCCTCATTGCCTTTGCCATC-3, 5-GTGACCACA-
ACCACAGCAATGAGT-3;Atp4b, 5-ACTACTGTTGGAAC-
CCGGACACT-3, 5-ATAGATGCACAAGGCAAAGAGCCC-
3; Chga, 5-TGCTGAAGGAACTTCAAGACCTGG-3, 5-
ATCCTCAAAGCTGCTGTGTTGCTG-3; Chgb, 5-CCAAG-
TCCAGTGTTCCAACGATCA-3, 5-CTGGGTCTCTTAGC-
AACCGTACTT-3; Gast, 5-TGGAACAGCGCCAGTTCAA-
CAA-3, 5-TTCTTCTTCCTCCATTCGTGGCCT-3; Ghrl, 5-
AGGAATCCAAGAAGCCACCAGCTA-3, 5-ATGCCAACA-
TCGAAGGGAGCATTG-3; Gif, 5-CAGCATCCTGATTGC-
CATGAACCT-3, 5-ACACTTTACTTCCAGGGTCTCTGC-3;
Herpud1, 5-ACCGCAGTTGGAGTGTGAGT-3, 5-TGATCC-
AACAGCAGCTTCCCAGAA-3; Hspa5, 5-AGACTGCTGA-
GGCGTATTTGGGAA-3, 5-AGCATCTTTGGTTGCTTGT-

CGCTG-3; Muc5ac, 5-TGGAAGGCAGTACACAGTAC-
ATGG-3, 5-TGGAAGGCAGTACACAGTACATGG-3; Pgc, 5-
AAACCGGCATCATGAAGTGGATGG-3, 5-TTGTTCCTT-
CATGGTCTCCCGGAT-3; Reg1, 5-AGGAAGCTGAAGAA-
GACCTGCCAT-3, 5-AGAACTGACACCAGGTAGCCTGAA-
3, Reg3b, 5-GCTCAATAGCGCTGAGGCTTCATT-3, 5-
CTTGACAAGCTGCCACAGAAAGCA-3; Reg3g, 5-TGCCT-
ATGGCTCCTATTGCTATGC-3, 5-CCACTGAGCACAG-
ACACAAGATGT-3; Sox9, 5-CCACATTCCTCCTCCG-
GCAT-3, 5-TCGCTTCAGATCAACTTTGCCAGC-3; Sst, 5-
GCTCTGCATCGTCCTGGCTTT-3, 5-AGTACTTGGCCA-
GTTCCTGTTTCC-3; Tff2, 5-ACCTGATCTTTGAAGT-
GCCCTGGT-3, 5-AAACTTTCTTCTGGCTTGCAGCT-
CCC-3.

RESULTS

Agr2 KO Mice Exhibited Enlarged Stomachs and Die
Prematurely—A conditional Agr2LoxP/LoxP mouse with LoxP
sites flanking exons 2–5 of theAgr2 genewas generated to explore
the gene function in vivo (Fig. 2A). Mating the Agr2LoxP/LoxP

mouse with a mouse that constitutively expresses Cre recombi-
nase in all cells resulted inAGR2�/� (Agr2KO) progeny (Fig. 2B).
Homozygous Agr2�/� mice were viable at birth and appeared
to undergo normal development. Immunohistochemistry and
qRT-PCR revealed no evidence ofAgr2 expression in the stom-
ach or any other tissue (Fig. 2C). After 12weeks of age, however,
the weight of the Agr2 KOmice began to lag behind their wild-
type (WT) controls (Fig. 2D), whichwas associatedwith signs of
progressive morbidity that necessitated euthanasia (Fig. 2E).
Autopsies revealed massively enlarged stomachs with large
amounts of retained food (Fig. 2F). The presentation was con-
sistent with gastric outlet obstruction due to pronounced
mucosal hyperplasia in the antrum, which precluded the trans-
port of food into the intestine. In addition to weight loss, other
signs of poor nutrition included the loss of fat pads, hypoalbu-
minemia, and anemia.
The entire glandular epithelium, including the corpus and

antrum, was grossly thickened (Fig. 2G). Eighteen-week-old
Agr2 KO mouse stomachs averaged 5 times heavier than their
wild-type littermates (Fig. 2H). The small and large intestine
also appeared larger than the wild-type controls (Fig. 2F). Thus
Agr2 loss resulted in reduced body weight, enlarged stomachs,
thickening of the glandular mucosa, and premature death due
to intestinal obstruction.
Agr2 Expression in the Wild-type Murine Stomach—Immu-

nohistochemistry of the adult Agr2 WT murine stomach
revealed AGR2 protein expression in the corpus neck and the
base of antral glands (Fig. 2C; see Fig. 4A).Within the wild-type
glands, AGR2-positive cells were co-labeled with anti-TFF2
antisera and the lectin, GSII, both of which are established
markers for mucous neck cells (see Fig. 4, A and B) (10, 12, 34).
Cells at the base of the mucous glands in the antrum were also
positive for AGR2, GSII, and TFF2 in Agr2WTmice (Figs. 4, A
and C).Agr2, Tff2, and GSII are thus expressed in mucous neck
cells anddeep antral gland cells in theAgr2WTglandular stom-
ach. Agr2 expression was not detected in any other cell type in
the stomach.
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Agr2 KO Develops Hyperplasia in the Glandular Stomach—
The histology of Agr2 KO stomachs at 6 and 16 weeks revealed
progressivemucosal hyperplasia of the corpus and antrum (Fig.
3). There was no evidence of tumor formation or extension of
the hyperplasia through the muscular layers or serosa.
Review by a pathologist revealed no evidence of inflamma-

tory infiltrates in the mucosa. There was mild inflammatory
infiltration of the submucosa and muscular layers that was
determined to be an unlikely cause of the changes within the
glandular epithelium.
Expansion of Tff2- and GSII-expressing Mucous Neck Cells—

Cell lineages are normally established and appropriately located
in the murine stomach by 3 weeks, and by 6 weeks the mucosa
has achieved its full thickness (5, 6, 12). Stomachs from 6-week-
old mice were labeled with GSII lectin and anti-TFF2 antisera
to evaluate the effects of Agr2 loss on mucous neck cells. Agr2
KOmice at 6 weeks displayed a significant increase in the num-
ber of TFF2- and GSII-labeled cells in the corpus and antrum
compared with Agr2WT aged-matched controls (Fig. 4, B and
C). In the corpus, TFF2/GSII-labeled cells extended beyond
their normal location in the neck to the gland base (Fig. 4B). In
the antrum, TFF2/GSII-labeled cells extended beyond their
normal location at the gland base toward the lumen (Fig. 4C),
which was most significant in areas of significant hyperplasia
(Fig. 4D). Agr2 loss thus results in prominent expansion of
TFF2/GSII-positive cells.
Maturation Defect of Chief Cells and Loss of Parietal Cells in

Agr2 KOMice—The gastric glands are poorly developed in the
murine stomach at birth (12). At this stage the stomach is
essentially a tube with invaginations representing the develop-
ing gastric glands, and gastric intrinsic factor (Gif), amarker for
chief cells, is co-expressed with the mucous neck cell marker,
GSII, at the bottom of the developing gland. As the gastric
glands develop the two markers segregate into different cells.
By 3 week, GSII and GIF are segregated into two different cell
types that have located to their respective locations in the neck
and gland base, respectively (Fig. 4E). In contrast, 3-week-old
Agr2 KOmice displayed co-localization of GSII and GIF at the
gland base, which was also observed for Agr2 KO mice at the
ages of 6, 12, and 24 weeks (data not shown), indicating that
the chief cells never mature. Immunofluorescence intensity
also revealed decreasedGIF expression by chief cells in theAgr2
KO mice (Fig. 4E). Quantitative RT-PCR of gastric corpus
mRNA for Gif revealed a 6.7-fold decrease in Agr2 KO mice
compared with Agr2WT controls (Table 1).
Although parietal cells appeared to be abundant at 6weeks of

age, their numbers declined by 16 weeks in Agr2 KO mice as
determined by histology and immunohistochemistry (Figs. 3
and 4F). Quantitative RT-PCR of a 16-week-old Agr2 KO
mouse stomach confirmed a greater than 20-fold decrease in
transcript levels for the H�:K�-ATPase subunits Atp4A and
Atp4B, which are specifically expressed by parietal cells (Table
1).
Decreased Expression of Pit and Enteroendocrine Cell

Markers—Pit cells in the glandular stomach are responsible for
mucin secretion, which can be detected with antibodies against
the secretory mucin MUC5AC. Agr2 KO mice displayed
decreased MUC5AC staining intensity compared with Agr2

FIGURE 2. Agr2 KO mice phenotype. A, shown is a schematic of the Agr2 gene
on chromosome 12 that encompasses 11,176 base pairs. The LoxP sites (tri-
angles) flank exons 2 and 5. The ATG start site is in exon 2. B, PCR genotyping
of Agr2WT/LoxP, Agr2WT/�, and Agr2�/� (null) is shown. C, immunohistochem-
istry of AGR2 expression in the corpus and antrum of Agr2 WT and Agr2 KO
mice is shown. The black scale bar represents 20 �m. D, shown is average body
weight at different ages for Agr2 WT (n � 29) versus Agr2 KO (n � 16). Error bars
represent 1 � S.D. E, shown is a survival curve for Agr2 WT (solid line; n � 88)
versus Agr2 KO (dashed line; n � 37). F, shown is a representative image of the
abdominal cavity for each mouse genotype at 26 weeks. G, shown are repre-
sentative images of the stomach for each genotype. H, shown is stomach
weight at different ages for Agr2 WT (n � 29) versus Agr2 KO (n � 16). Error bars
represent � 1 S.D. Differences in survival, body weight, and stomach weight
are significant with p � 0.0001 for all pairs.
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WT mice in the corpus (Fig. 5A). The total number of
MUC5AC-positive cells, however, increased in the Agr2 KO.
Quantitative RT-PCR of 16-week-oldAgr2KOmice detected a

5- and 9-fold decrease inMuc5ac transcript levels in the corpus
and antrum, respectively (Table 1). In the antrum, intense per-
iodic acid-Schiff staining, which is a characteristic of neutral
mucins such as MUC5AC, was observed above the isthmus in
the antrum of Agr2WTmice. In contrast, periodic acid-Schiff
staining of cells in theAgr2KO antrum decreased dramatically,
but again the number of positively labeled cells increased. Cells
at the base of antral glands inAgr2WTmice stainedwithAlcian
blue, which is characteristic of acidicmucins. Alcian blue stain-
ing was absent in the Agr2 KOmice (Fig. 5B).
Enteroendocrine cells were affected in 16-week-oldAgr2KO

mice as qRT-PCR of gastric RNA detected a 3- and 5-fold
decrease in the transcript levels for ghrelin and somatostatin,
respectively. Similar decreases in transcripts levels were
detected for the general endocrine biomarkers chromograninA
(Chga, 8-fold) and chromogranin B (Chgb, 2.7-fold) (Table 1).
Despite the low numbers of parietal cells, which normally
induces an increase in gastrin synthesis, gastrin transcript levels
in the 16-week-oldAgr2KOmice antrumwere 20% lower than
Agr2 WT controls (Table 1). No significant changes were
observed in pit or enteroendocrinemarkers in 6-week-oldAgr2
KO mice (Table 1). In summary, pit cell and enteroendocrine
cell lineage marker expression declines with age.
Increased Cell Proliferation in Agr2 KOMice—In view of the

glandular hyperplasia observed in the stomach, an assessment
of cell proliferation and apoptosis was performed. TUNEL
assays of Agr2WT and Agr2 KOmice revealed no apoptosis in
the stomachs of either group (data not shown). Two different
assays were used to assess cell proliferation. One approach uti-
lized the injection of a nucleotide analog, EdU followed by its
detection with immunofluorescence (31). A second approach
utilized Ki-67 antisera, which is a biomarker for actively cycling
cells (35). Consistent with previous studies (2), EdU-labeled
cells were detected in the isthmus of the Agr2 WT corpus and
antrum (Fig. 6A). Agr2 KO mice displayed a 3.8- and 2.5-fold
increase in EdU-labeled cells in the corpus and antrum, respec-
tively, compared with Agr2WTmice (Fig. 6B).
Induced Agr2 Loss in Adult Mice Also Affects Cell

Proliferation—Embryonic loss of Agr2 in the constitutive Agr2
KOmouse could potentially affect development to produce the
findings described. Therefore, 8-week-old adult Agr2LoxP/LoxP;
CMV-CreERT2micewere injectedwith a 5-day course of tamox-
ifen to induce Cre recombinase activity and sacrificed 21 days
after the last dose. Agr2 KO mice exhibited a 3- and 5-fold
decrease in AGR2-labeled cells in the corpus and antrum,
respectively, compared with the control Agr2LoxP/LoxP mice
that were also treated with tamoxifen in a similar manner (Fig.
6, C and D). Immunohistochemistry for Ki-67-labeled nuclei
revealed a 1.5- and 3.3-fold increase in cell proliferation in the
corpus and antrum, respectively, compared with the control.
The loss of Agr2 expression in adult mice thus results in
increased cell proliferation in the corpus and antrum of the
glandular stomach.
A recently reported adverse effect of tamoxifen is reversible

parietal cell loss, metaplasia of chief cells, and increased cell
proliferation (29). The tamoxifen-induced effects reverted to
base line 21 days after a single dose of tamoxifen. The metapla-
sia previously described was characterized by TFF2 and GSII

FIGURE 3. Gastric Histology of Agr2 WT and Agr2 KO mice. A, corpus and
antrum of Agr2 WT mice at 16 weeks and Agr2 KO mice at 6 and 16 weeks are
shown. The brackets at 6 weeks mark the expanding zone of clear cells in the
antrum above the lamina propria. B, shown is high magnification of the cor-
pus gland base containing chief and parietal cells in Agr2 WT and Agr2 KO
mice. Representative parietal cells are marked with asterisks, and chief cells
are marked with arrowheads. C, high magnification of the antral gland base is
shown. The black scale bars represent 50 �m.
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labeling at the gastric gland base, similar to what was observed
in theAgr2KO.Agr2WT controls that possessed a floxedAgr2
but without Cre recombinase activity were evaluated for AGR2
protein expression and proliferation with immunohistochem-
istry. As demonstrated in the previous aforementioned study,
cell proliferation returned to base line 21 days after tamoxifen
administration. Similar to the previous study, parietal cell num-
bers returned, but there was still residual GSII and TFF2 label-
ing at the gland base (data not shown). Labeling for AGR2 pro-
tein was also detected at the gland base in addition to the neck
region (Fig. 6C).

A Fraction of GSII Labeled Cells Are Proliferating in Agr2 KO
Mice—Proliferating cells labeled for 2 h with EdU were evalu-
ated for co-expression of ATP4A (parietal cells), MUC5AC (pit
cells), and GIF (chief cells) in the Agr2 KO mice (Fig. 7, A–C).
None of the proliferating cells was found to express markers
consistent with the differentiated cell types. In contrast, 37 and
24% of proliferating EdU-labeled cells in the corpus and
antrum, respectively, co-labeled with the mucous neck cell
marker GSII in Agr2WTmice, which increased to 53 and 43%
in Agr2 KO mice (Fig. 6A). An assessment of proliferating
AGR2-expressing cells inAgr2WTmice was determined using

FIGURE 4. Mucous neck, chief, and pit cell markers in Agr2 WT and Agr2 KO mice. A, shown is Agr2 WT gastric corpus and antrum labeled with anti-AGR2
antisera (green) and the mucous neck cell marker, GSII lectin (red). B and C, shown is double-labeling with anti-TFF2 antisera (green) and GSII lectin (red) of Agr2
WT and Agr2 KO mice in the corpus (B) and antrum (C). D, shown is an area of pronounced antral hyperplasia. Data were obtained from 6-week-old mice (A–C)
and from a 16-week-old Agr2 KO mouse (D). E, shown are 3-week-old Agr2 WT and Agr2 KO corpus labeled with anti-gastric intrinsic factor (green) and GSII lectin
(red). F, shown is labeling of Agr2 WT and Agr2 KO corpus at 6 and 16 weeks with anti-ATP4A antisera that binds a H�:K�-ATPase subunit specifically expressed
by parietal cells. Nuclei are stained blue with DAPI. All scale bars represent 25 �m.
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double immunofluorescence forAGR2 andEdU (Fig. 7D). After
a 2-h labeling with EdU of Agr2 WT mice, 16 and 14% of the
EdU-positive cells were also positive for AGR2 in the corpus
and antrum, respectively. In summary, parietal, pit, and chief
cell cells were not proliferating. There is a fraction of prolifer-
ating GSII-positive cells that may account for the TFF2/GSII
expanded cell population in the Agr2 KO.
Sox9 Is Co-expressed by TFF2/GSII-labeled Cells in Agr2WT

and Agr2 KO Mice—Recent studies have suggested increased
Sox9 expression in mucous neck cells, gastric intestinal meta-
plasia, and gastric adenocarcinoma in humans (36). Sox9 has
been associated with stem cells and pluripotent, mitotically
active progenitor cells in a wide variety of organs that include
the pancreas, intestine, and liver (37, 38). Other studies have
shown Sox9 to be necessary for initiating differentiation (39,
40).
Nuclear SOX9 protein in Agr2 WT mice was detected by

immunohistochemistry in the isthmus of the gastric corpus and
the base of the antral glands (Fig. 8A). SOX9 co-localized with
GSII-labeled cells in the Agr2WT. In the Agr2 KO, SOX9- and
GSII-co-labeled cells increased dramatically in both the corpus
and antrum (Fig. 8A). Quantitative RT-PCR revealed a 3.6- and
1.6-fold increase in Sox9 transcript levels in the corpus and
antrum, respectively (Table 1). A small fraction of nuclear-la-
beled SOX9 cellswas also co-labeledwith the proliferation anti-
gen, Ki-67 (Fig. 8B). Agr2 WT mice thus express SOX9 in
mucous neck cells and deep antral gland cells. In the absence of
AGR2, there is an expansion of SOX9-positive cells that is also
GSII-positive.

The Small and Large Intestine Also Exhibit Enhanced Prolif-
eration and SOX9Expression in theAgr2KO—Gross inspection
of the small intestines revealed that they were enlarged (Fig. 2),
which was verified by their increased weight in older mice. No
significant difference in small intestine weight was observed at
less than 12 weeks of age. For Agr2 KO mice greater than 24
weeks of age, the mean weight was 2-fold higher when com-
pared with WT (1.9 versus 1.1, p value � 4.6 � 10�9) or
heterozygotes (1.9 versus 1.1, p value � 4.8 � 10�7) (Fig. 9B).
Two previous studies have reported the generation of AGR2

null mice whose major phenotype was reduced mucin produc-
tion in intestinal goblet cells (41, 42). Immunohistochemical
analysis of theAgr2KOmouse intestine described in this study
also revealed decreased mucin production by the small intes-
tine (Fig. 9A). Alcian-blue staining goblet cells were present,
but the signal intensity in each cell was dramatically reduced.
Further analysis of the histology revealed no signs of abnor-

mal inflammation in the Agr2 KO intestines. There were no
signs of infiltration by inflammatory cells into themucosa, sub-
mucosa, or muscular layers.

TABLE 1
qRT-PCR of stomach RNA
RNA was extracted at 6 and 16 weeks of age from the corpus and antrum of Agr2
WT andAgr2KOmice. The results are expressed as a ratio of the KO to theWT.�
signifies no significant expression from which to assess a ratio.

qRT-PCR of RNA from the corpus and
antrum (null/WT)

6Weeks old 16Weeks old

Gene Corpus Antrum Corpus Antrum

Pitt cell
MUC5AC 1.04 1.41 0.11 0.20

Parietal cell
ATP4A 0.71 � 0.049 �
ATP4B 0.95 � 0.042 �

Chief cell
PGC 1.32 � 0.33 �
GIF 0.87 � 0.15 �

Mucous neck cell
TFF2 0.97 0.66 6.28 2.64

Enteroendocrine
CHGA 1.10 0.81 0.13 0.13
CHGB 1.11 0.31 0.37 0.37
GAST � 0.29 � 0.84
GHRL 0.84 � 0.32 �
SST 1.41 2.07 0.23 0.07

ER stress
HERPUD1 1.05 2.10 1.46 0.65
HSPA5 0.98 1.62 1.80 1.15

Growth factors
REG1 0.54 0.54 36.76 100.43
REG3B 0.49 0.73 66.26 207.94
REG3G 0.90 0.44 71.01 247.28

Miscellaneous
SOX9 1.54 1.25 3.61 1.57

FIGURE 5. Mucus Declines in Agr2 KO mice. A, shown is MUC5AC immuno-
histochemistry of the corpus in Agr2 KO and WT mice. B, shown is staining in
the antrum for neutral (periodic acid-Schiff (PAS), top row) and acid (Alcian
blue, bottom row) mucins in Agr2 KO and WT mice. All scale bars represent
50 �m.
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Similar to the previous analysis of the stomach, nuclear
SOX9 expression and cell proliferation was also determined in
the intestines (Fig. 9D). The increase in DAPI-, Ki-67-, and
SOX9-labeled nuclei per crypt was 1.7-, 2.1-, and 2.3-fold,

respectively, in Agr2 KO compared with Agr2 WT mice (Fig.
9C). Ki-67 labeling was largely absent from the intestinal crypt
bottoms where stem cells arise but enhanced in a crypt region
usually associatedwith progenitor cells. Similar to the stomach,
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nuclear-labeled SOX9 cells were largely distinct from the pro-
liferating cells, although the number of Ki-67- and SOX9-co-
labeled cells increased by 3.3-fold per crypt in the Agr2 KO.
Endoplasmic Reticulum Stress Response Genes Are Not

Induced inAgr2KOMice—AGR2protein resides and functions
in the endoplasmic reticulum (ER) (43). A previous study of
Agr2 null mice detected enhanced expression of genes associ-
ated with the ER stress response (42). Examination of the ER
stress response genesHspa5 andHerpud1 by qRT-PCR inAgr2
WT and KO mouse stomachs revealed no significant change
(Table 1). As a positive control, ER stress was induced with
tunicamycin in the mouse lung adenocarcinoma cell line,

394T4, which resulted in a 21- and 25-fold increase in Hspa5
and Herpud1 transcripts, respectively.
Analysis of Gene Expression with DNA Microarrays—RNA

derived from thewhole stomach ofAgr2WTandAgr2KOmice
were analyzed with respect to gene expression using DNA
microarrays. For selected genes, confirmation was obtained by
qRT-PCR (Table 1). Gene expression analysis revealed 858
genes that showed at least a 3-fold or more change in gene
expression in the Agr2 KO versus the Agr2WT stomach (GEO
accession GSE40062). Many of the 486 genes whose expression
declinedwere associatedwith the differentiated features of spe-
cific cell lineages as previously described. In contrast, 372 genes
were enhanced 3-fold or more in the Agr2 KO, which included
transcripts formembers of theReg family of genes,Reg1,Reg3A,
and Reg3G (Table 1).

DISCUSSION

The in vivo function for Agr2 was explored using both con-
stitutive and inducible conditionalAgr2 null mice. Constitutive
Agr2 loss resulted in a consistent phenotype featuring hyper-
plasia of the glandular stomach and premature death that was
presumed secondary to gastric outlet obstruction. Histologic
analysis of the Agr2 KO mouse revealed an expansion in the
number of cells expressing themucous neck cellmarkers TFF2/
GSII in the corpus and antrum. The same TFF2/GSII-positive
cells were found to express AGR2 in the stomach of Agr2 WT
mice, indicating that Agr2 expression regulates the number of
mucous neck cells and deep antral gland cells.
In addition to the expansion of TFF2/GSII positive cells, the

maturation of mucous neck cells to chief cells was perturbed.
Agr2 KO mice displayed persistent labeling by GSII lectin of
chief cells at the bottom of the gland base, a feature usually lost
with postnatal development of the gastric glands (5, 6, 12, 44).
The increase in TFF2/GSII-labeled cells observed in this

study is similar to previous findings in which parietal cells were
destroyed using drugs or toxins or through infection withHeli-
cobacter felis (44–47). These models also expressed signs of
incomplete maturation or metaplasia of chief cells character-
ized by TFF2/GSII labeling of cells in the gastric gland base and
a decrease in intrinsic factor expression. Although not directly
targeted, the number of parietal cells in the Agr2 KOmice also
a exhibited substantial declinewith age comparedwith theAgr2
WTmice. The constellation of features that include incomplete
maturation of chief cells, loss of parietal cells, and expansion of
TFF2/GSII-positive cells in the Agr2 KO mice were similar to
those previously described for a preneoplastic entity known as
spasmolytic protein expressing metaplasia (SPEM) (47–49).
Additional evidence that Agr2 may contribute to the develop-
ment of SPEM was obtained from the tamoxifen-treated

FIGURE 6. Determination of cell proliferation in constitutive and inducible Agr2 KO mice. A, shown is labeling of the corpus (left) and antrum (right) of Agr2
WT (top panel) and Agr2 KO (bottom panel) mice with GSII lectin (red) and EdU (green) for proliferation. Tissue was harvested 2 and 15 h after EdU administration.
Note that the bulk of EdU labeling is above the GSII layer, which is consistent with the isthmus layer. B, shown is quantitation of proliferating cells 2 and 15 h
post-EdU labeling by counting EdU labeled cells as a percentage of the total number of nuclei (left graph). The total nuclei number is listed below the chart. The
absolute number of EdU labeled cells per microscopic field (�590 �m of mucosal length/field) was also plotted (right graph). C, shown is labeling of the corpus
(left) and antrum (right) for AGR2 (red) and the proliferation marker Ki-67 (green) of 8-week-old tamoxifen-treated Agr2LoxP/LoxP (top) and Agr2LoxP/LoxP:CMV-
CreERT2 (inducible KO, bottom) mice. The white arrows indicate representative AGR2-positive cells at the gland base. D, shown is quantitation of AGR2 (top
graphs)- and Ki-67 (bottom graphs)-labeled cells in the inducible Agr2 KO mouse as a percentage of the total nuclei number (left graphs) or the absolute number
of labeled cells per field (right graphs). The total number of nuclei counted is listed below the left graph. Error bars for all charts represent � 1 S.D. Nuclei are
stained blue with DAPI in all the immunofluorescence images. All scale bars represent 50 �m.

FIGURE 7. Proliferating cells in Agr2 KO do not label with differentiated
lineage markers. Agr2 KO mice (A–C) were sacrificed 2 h after injection with
EdU (green) and labeled for the following cell markers: A, ATP4A, a parietal cell
marker (red). The inset shows a magnified image of a representative EdU
labeled nuclei and ATP4A labeled cells. B, MUC5AC, a pit cell marker (red). C,
GIF, gastric intrinsic factor, a chief cell marker (red). D, AGR2, expressed by
mucous neck cells in Agr2 WT (red) and EdU (green). The inset shows a magni-
fied representative image of cells labeled for both AGR2 and EdU. Nuclei are
stained blue with DAPI in all images. All scale bars represent 50 �m.
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Agr2LoxP/LoxP controls (Fig. 6C). Tamoxifen is known to induce
a reversiblemetaplasia similar toSPEM.ThecontrolAgr2LoxP/LoxP

mice expressed AGR2 in the same metaplastic cells that
expressed GSII in the gastric gland base, thus supporting a
potential role for Agr2 in the development of SPEM. Although
the observed hyperplasia in theAgr2KOmouse did not express
signs of overt transformation with the formation of metastatic
tumors, the features exhibited by theAgr2KOsupport a role for
Agr2 in the development of neoplasia.

The absence of Agr2 expression resulted in a significant
increase in cell proliferation. Increased cell proliferation was
observed in both the stomach and intestinal tract and thus
reflects what is likely a universal function for Agr2. Most pro-
liferating cells were located in the gastric isthmus region and
were unlabeled by any specific lineage marker, suggesting they
may be stem cells or early progenitors. Because a definitive
marker for stem cells in the gastric corpus has yet to be identified,
the hypothesis is inferred from previous studies that have impli-

FIGURE 8. Nuclear SOX9 positive cell numbers increase in the Agr2 KO and is co-expressed with GSII. A, 3-week-old Agr2 WT (top row) and Agr2 KO (middle
and bottom row) mice were labeled with anti-SOX9 antisera (green) and GSII lectin (red) and DAPI stain for the nucleus (blue). The bottom row represents a
magnified image showing co-labeling of SOX9 and GSII. The Agr2 WT corpus is shown at higher magnification because the nuclear SOX9 signal was much less
intense than the antrum. B, Agr2 KO antrum labeled with antisera for SOX9 (red) and Ki-67 (green) is shown. The inset contains a magnified view of the area
within the white rectangle showing double-labeled nuclei with Ki-67 and SOX9 (arrows). Proliferating SOX9� cells generally label less intensely. The nuclei are
stained with DAPI in all images. The scale bars represent 50 �m.
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cated the isthmus as the source of gastric stem cells. Cell prolifer-
ation in the intestine was greatest in themid-crypt, which is most
consistent with the proliferation of progenitor cells. The results
support amodel inwhichAgr2 expression results innegative feed-
back for cell proliferation. The results observedwith the inducible
Agr2 KO in adult mice established that Agr2 also regulates cell
proliferation in themature adult mice.
The results concerning cell proliferation may be viewed as

contrary to previously published data in which Agr2 enhanced
the growth and cell division of adenocarcinoma cell lines. Pre-
vious work demonstrated that Agr2 expression activates the
Hippo and EGF signaling pathways in lung and esophageal ade-
nocarcinoma cell lines (28). These results may be reconciled if
there are different stimuli for cell division among stem cells and
progenitors. In the wild-type animal,Agr2 expressionmay pro-
mote cell division in a post-stem cell compartment while at the
same timeproviding a negative feedback for an earlier compart-
ment such as stem cells or early progenitors.
Agr2 exhibits other characteristics consistent with a role in a

post-stem cell compartment, including the maturation of cell
lineages. Gastric chief cells in the Agr2 KO never fully develop.
In the intestine, mucin-secreting goblet cells are present, but
the mucin content is markedly decreased. The findings were
similar to a recent study focused on intestinal goblet cell devel-
opment in zebrafish, which concluded thatAgr2 serves a role in
terminal differentiation (50). Similar to the present study,
reduced zebrafishAgr2 expression resulted in decreasedmucin
production without an actual change in goblet cell numbers.
TheAgr2KOprogressivelyexpressed lower transcript levels for

the products of enteroendocrine cells and mucin-secreting pit
cells in thepostnatal period. In addition, parietal cells alsodeclined
in numbers as the mouse aged. The result suggests that Agr2 loss

results in incomplete maturation of chief cells and compromises
the persistence or maturation of other differentiated cell lineages.
Previous studies have demonstrated that disruption of one lineage
can affect the homeostasis and maintenance of other lineages in
the stomach (44–47). Another potential cause for the delayed
effects on parietal-, enteroendocrine-, and mucin-secreting cells
may be the postnatal development of the gastric glands. Complete
developmentascharacterizedbyattainmentof full thicknessof the
gastric glands is not achieved until 6 weeks of age in the mouse.
The full impact of theAgr2 nullmay not be achieved until 6 weeks
when the gastric glands are fully developed andAgr2may be fully
functional in the newly established mucous neck cells. How Agr2
affects other cell lineages remains unclear and is a focus of current
investigations.
Thedecline in intestinal goblet cellmucinobserved in this study

was similar to two previous publications that also generated Agr2
null mice. One study by Park et al. (41) attributed the decrease in
intestinalmucus production to a role forAgr2 inMUC2 folding as
supported by its in vitro binding to AGR2 protein (42).
In contrast to the study by Zhao et al. (42), this study and that

of Park et al. (41) did not result in an increase in inflammation
or ER stress response. It should be noted that the mice in the
study by Park et al. (41) were housed in a gnotobiotic facility. A
recent zebrafish study also found no evidence of an increased
ER stress response with the reduction inAgr2 expression (50), a
result shared by the Agr2 KOmice in this study.
Clearly themostprofounddifferencebetweenthis studyandthe

two previously publishedAgr2nullmicewere the effects observed
in the stomach. No abnormalities were previously reported in the
stomach. The reasons for the differences are unclear, although all
threestudiesgenerated theAgr2nullmiceusingdifferent targeting
constructs, promoters for the expression of Cre recombinase, and

FIGURE 9. The small intestine of Agr2 KO mice exhibit decreased mucin and increased weight, cell proliferation, and nuclear SOX9. A, hematoxylin and
eosin stained the small intestine of Agr2 WT and KO mice. Mucus-secreting goblet cells are stained with Alcian blue. The arrows highlight Alcian blue-stained
goblet cells, and a magnified view is displayed in the inset. B, shown is a scatter plot of mouse age versus small intestine weight of Agr2 KO (KO), WT (WT), and
heterozygotes (HET). C, shown is the average number of SOX9- and Ki-67-labeled cells per crypt (WT, n � 41 crypts; KO, n � 51). p values ( � 10�13) between WT
and KO are listed below each measured label. Error bars represent � 1 S.D. D, double-labeled immunofluorescence for SOX9 (red) and Ki-67 (green) is shown. The
nuclei are stained blue with DAPI. The scale bar in all images represents 50 �m.
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husbandry conditions. Similar to this study, Park et al. (41) did
report weight loss by the Agr2 null mice beginning at 16 weeks,
whichwere followed to 21weeks. In contrast, theAgr2KOmice in
this study were followed for up to 36 weeks, and significant mor-
bidity requiring euthanasia was encountered at 26 weeks.
The DNA microarray analysis supported a significant regula-

tory role for Agr2, which revealed changes in expression of 3-fold
or more for 	800 genes in the Agr2 KO. Previous work deter-
mined that AGR2 protein functions fromwithin the endoplasmic
reticulum (43), which may mediate the assembly or folding of yet
to be defined regulatory proteins that reside or are in transit
through the ER.Among the genes identified by theDNAmicroar-
rays were members of the Reg family of genes, which have been
previously implicated in promoting gastric mucosal growth.
EnhancedReg1 expression has been implicated in gastric regener-
ation and the expansion of progenitor cells in the neck zone (51,
52) and in human preneoplastic and neoplastic lesions (53, 54).
Agr2 loss results in incomplete maturation of chief cells and a

decline in other differentiated cell lineages. The persistence of
immature cells that do not fully mature is also supported by the
expansion of nuclear SOX9-labeled cells in the Agr2 KO mice.
Previouswork has shown that Sox9 can determaturation andmay
serve to maintain the pluripotent state of stem or progenitor cells
(38). Recent studies have also shown that Sox9 is expressed in pro-
liferatingstemcells (55),whichprovides insight into thesignificant
fraction of proliferating cells that are SOX9-positive in this study
(Figs. 8 and 9). Furthermore, mucous neck cells and deep antral
gland cells in the normal glandular stomach expressed AGR2 and
SOX9, and the absenceofAgr2 expression results in the expansion
of GSII/SOX9-labeled cells, some of which are actively proliferat-
ing (Fig. 4A). The co-expression with Sox9 indicates that Agr2 is
expressed in cells that may represent an immature progenitor
before terminal differentiation and is consistent with prior studies
(9). The data also indicate thatAgr2may affect the fate of cells that
do not ultimately express the gene.
Prior studies describing a Sox9 null mutation that was specifi-

cally induced in the intestine sharedmany featureswith that of the
Agr2 KOmouse described in the present study (56). The absence
of intestinal Sox9 expression constrained thematuration of goblet
cells and led to an increase in intestinal cell proliferation, hyper-
plasia, and dysplasia. The phenotypes of the Agr2 and Sox9 null
mutants indicate that the expression of either gene results in neg-
ative feedback inhibition of cell proliferation. Considering the sig-
nificant increase in nuclear SOX9 observed in theAgr2KO stom-
ach and intestine,Agr2may function downstreamof Sox9. In fact,
a recently published gene expression profile demonstrated that
induced expression of Sox9 in HT-29 cells by transfection signifi-
cantly enhancedAgr2 expression (57).
This study supports a role for Agr2 in regulating cell home-

ostasis at the level of stem/early progenitor cell proliferation,
which is operational in adult mice. Agr2 expression influences
cell lineage maturation. Agr2 is also expressed in metaplasia,
and disrupted Agr2 expression results in many features consis-
tent with a preneoplastic process for stomach cancer.
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