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Metaplastic Gastric Epithelial Progenitor Cell Proliferation™
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Background: Gastric parietal cell atrophy causes metaplasia, reactive stem cell proliferation, and increased risk for cancer.
Results: Atrophy induces proliferation of CD44-positive epithelial cells that requires ERK — CD44 — STAT3 signaling.
Conclusion: CD44 is a putative gastric stem cell marker that regulates normal and metaplasia-associated proliferation.
Significance: Targeted pharmacological inhibition of ERK/CD44/STATS3 signaling may help block or reverse proliferation in

precancerous atrophic/metaplastic lesions.

The stem cell in the isthmus of gastric units continually
replenishes the epithelium. Atrophy of acid-secreting parietal
cells (PCs) frequently occurs during infection with Helicobacter
pylori, predisposing patients to cancer. Atrophy causes
increased proliferation of stem cells, yet little is known about
how this process is regulated. Here we show that CD44 labels a
population of small, undifferentiated cells in the gastric unit
isthmus where stem cells are known to reside. Loss of CD44 in
vivo results in decreased proliferation of the gastric epithelium.
When we induce PC atrophy by Helicobacter infection or
tamoxifen treatment, this CD44* population expands from the
isthmus toward the base of the unit. CD44 blockade during PC
atrophy abrogates the expansion. We find that CD44 binds
STAT3, and inhibition of either CD44 or STAT3 signaling
causes decreased proliferation. Atrophy-induced CD44 expan-
sion depends on pERK, which labels isthmal cells in mice and
humans. Our studies delineate an in vivo signaling pathway,
ERK — CD44 — STATS3, that regulates normal and atrophy-
induced gastric stem/progenitor-cell proliferation. We further
show that we can intervene pharmacologically at each signaling
step in vivo to modulate proliferation.
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Tumors of the stomach are the second leading cause of can-
cer-related death worldwide (1, 2). Most of these tumors occur
in the setting of chronic infection with the bacterium Helico-
bacter pylori, which causes atrophy (death) of the acid-secret-
ing parietal cells (PC).* PC atrophy in turn causes precancerous,
metaplastic changes in other epithelial cells (3—6). In normal
corpus gastric units, PCs concentrate in the middle (neck) por-
tion among mucous neck cells (7) and below the isthmus that
houses the stem cell. Classical **P-radiolabeling studies indi-
cate that one or a few cells in the isthmus constantly regenerate
cells that undergo bidirectional migration, up to the mucosal
surface and down to the gland base, as they differentiate into
mature cells of the gastric unit (4, 8). Neck cells migrate slowly
from their birth into the base, where they rapidly transition into
digestive enzyme-secreting zymogenic cells.

PCatrophy in humans, mice, and other model animals causes
existing zymogenic cells to re-express neck cell markers (6,
9-11). This aberrant zymogenic cell differentiation pattern is
known as spasmolytic polypeptide expressing metaplasia
(SPEM) due to greatly increased expression of the neck cell
marker spasmolytic polypeptide (TFF2). PC atrophy also causes
increased proliferation of normal stem/progenitor cells in the
isthmus (6, 7). The pattern of chronic PC atrophy and SPEM
has been associated with 90% of resected gastric cancers and is
thought to be a key predisposing factor, but the molecular
mechanisms causing SPEM as well as progenitor expansion
have not been elucidated (12—14). Given that eradication of
H. pylori seems to cause only partial reversion of metaplasia and
risk for cancer (15-18), developing additional treatment strat-
egies that would encourage reversion of these lesions can
potentially greatly decrease the risk for gastric cancers
worldwide.

Our understanding of the molecular regulation of gastric
corpus isthmal stem cell proliferation, even under normal
homeostasis, is still rudimentary despite considerable recent

“The abbreviations used are: PC, parietal cell; SPEM, spasmolytic polypeptide
expressing metaplasia; HA, hyaluronic acid.
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work having elucidated gene products marking stem cells in the
intestines (e.g. LGR5 (19), LRIG1 (20), BMI (21)) and even in the
more distal gastric antrum (19, 22). A handful of molecular
pathways and markers (23—25) have been proposed for the gas-
tric epithelium, but no mechanistic studies revealing molecules
that regulate proliferation of the canonical isthmal stem cell
either under normal conditions or in response to injury have
been reported (4). Furthermore, the mechanisms underlying
altered patterns of stem cell behavior during precancerous con-
ditions in any tissue are only beginning to be explored.

We have recently shown thata =3 mg/20-g body weight dose
of tamoxifen is toxic specifically to PCs, in an estrogen receptor
independent manner, within the mouse stomach (26). Nearly
all PCs atrophy by 3 days after a single intraperitoneal injection
of tamoxifen, and death begins within hours, leading to SPEM
(26) that eventually reverses several weeks later if no more
tamoxifen is injected. PC death is accompanied by rapid activa-
tion of stem and progenitor cells in the isthmus region (26).
Thus, tamoxifen causes PC atrophy and isthmal stem cell acti-
vation that is rapid, synchronous, and robust, affording us a
novel tool to study the induction of stem cell activity in
response to PC atrophy within an animal model. Here, we
report the signaling mechanisms by which gastric corpus epi-
thelial stem cells maintain homeostasis. We find that CD44
labels undifferentiated, proliferating cells within the isthmus,
that expand dramatically during atrophy induced by Helicobac-
ter infection and tamoxifen. Base-line isthmal progenitor pro-
liferation is reduced in Cd44 '~ mice. Moreover, wild-type
(WT) mice treated with PEP-1, a peptide that blocks the inter-
action between hyaluronic acid (HA) and CD44, also show both
inhibited normal proliferation as well as blocked expansion
during atrophy. We next show that, along with CD44, STAT3
phosphorylation is critical for isthmal cell proliferation in
response to injury and that STAT3 activation depends on
CD44. We find ERK signaling is activated almost immediately
after PC damage and acts as the upstream modulator of Cd44
and the atrophy induced proliferative response, as determined
by a kinase activation screen. Finally, we show that cells
expressing pERK in their nuclei expand in the isthmus of mice
during PC atrophy and in atrophic and metaplastic lesions in
human patients. Our results identify for the first time an in vivo
signaling pathway that mediates the response of the normal
stem/progenitor cell compartment to a metaplasia-inducing
injury.

EXPERIMENTAL PROCEDURES

Animals and Injections—All experiments involving animals
were performed according to protocols approved by the Wash-
ington University School of Medicine Animal Studies Commit-
tee. Mice were maintained in a specified-pathogen-free barrier
facility under a 12-h light cycle. Wild-type C57BL/6 and
Cd44~'~ mice were purchased from The Jackson Laboratory.
Mice from all treatment groups were given an intraperitoneal
injection of a mixture of 5-bromo-2’-deoxyuridine (BrdU, 120
mg/kg) and 5-fluoro-2’-deoxyuridine (12 mg/kg) 90 min before
sacrifice to label S-phase cells. Vehicles used for all injections
were sterile water, sterile saline, ethanol in sunflower seed oil,
or DMSO in sunflower seed oil; no phenotypes were induced by
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injection of any of the vehicles alone. For detailed concentra-
tion, dosage, injection and H. pylori infection schemes, please
see supplemental Materials.

Human Tissues—Examination of human gastric pathological
tissue specimens was approved by the Institutional Review
Board of Washington University School of Medicine, the
Comité de Bioetica of Nicaragua for Universidad Nacional
Autonoma De Nicaragua-Facultad De Ceincias Medicas Mana-
gua, and the Research Ethics Board Manager for Health Sci-
ences at the University of Toronto. Serial sections (4—6 wm
thick) obtained from paraffin-embedded tissue samples (hema-
toxylin and eosin and Alcian blue-periodic acid-Schiff stains)
were reviewed by two pathologists in Italy with specific exper-
tise in gastrointestinal diseases, and a consensus on the score
for each pertinent histologic variable was reached. Diagnoses
and selection of specific regions of transitions among normal
stomach, atrophic stomach, and intestinal metaplasia was per-
formed by a third pathologist in the United States.

Immunofluorescence and Immunohistochemistry—Stom-
achs were prepared, stained, and imaged using methods modi-
fied from Ramsey et al. (27).

Western Blotting—Western blot analysis was performed as
described (26). Antibodies used for blotting are listed under
supplemental Materials. Immobilon Western Chemilumines-
cent HRP substrate (Millipore) was used for detection.

Immunoprecipitation—Immunoprecipitation was performed
using the Pierce Crosslink IP kit (Thermo Scientific, Rockford, IL)
using the manufacturer’s instructions. Rabbit anti-Stat3 (1:200,
Cell Signaling Technology) was used for pulldown, and West-
ern blots analysis was done as described.

Microscopy—Light and epifluorescence micrographs were
taken as described (7).

Graphing and Statistics—All graphs and statistics were per-
formed in GraphPad Prism using Student’s ¢ test (one-tailed or
two-tailed as appropriate) for comparison of two groups of data
and one-way analysis of variance with either Dunnett’s or
Tukey’s test for multiple comparison tests.

RESULTS

CD44 Is Expressed in Isthmal Cells and Regulates Normal
Base-line Proliferation—CD44 is a cell-surface adhesion mole-
cule widely described as a marker of cells with highest prolifer-
ative capacity in cancers of the breast (28, 29), colon (30, 31),
and stomach (32). CD44 is highly expressed in gastric cancer cell
lines (32), H. pylori-infected human patient epithelia (32, 33), gas-
tric carcinomas (34, 35), intestinal metaplasia (35, 36), and dyspla-
sia (37). Although CD44 is expressed in gastric tumors (32, 33, 38),
its expression has not been characterized in normal mouse corpus
gastric epithelial tissue (39), but it has been observed in the antral
epithelium (32) and at the squamous-corpus junction (40). We
found that CD44 was expressed throughout the scant interglandu-
lar mesenchymal cells (supplemental Fig. 1A4), but CD44 ™" epithe-
lial cells could also be found in epithelial cells within the isthmus
(Fig. 1A) and in the foveolar/pit region of wild-type mice
(supplemental Fig. 14, white bracket). CD44™" isthmal epithelial
cells were small and undifferentiated, as they did not co-stain
with markers of differentiated cells, such as AAA and GSII (Fig.
1A). Because CD44 is known to affect proliferation (41), we next

VOLUME 288+NUMBER 22-MAY 31,2013



D Proliferation in PEP-1 treated mice
1001 I
)
® ~
+° °\° B
=y
T
o0 =1
5.2 50 |
R
- ©
©
Es
<z> o
0
WT WT + PEP-1
(5 weeks)

Number of Pit cells per

CD44 Regulates Gastric Stem Cell Proliferation

Neck - Base

C Proliferation in Cd44 ™~
®
E — ok
o R — ]
2=
&S
- L —
25
-
®
Es
(]
> o
WT Cd44 —/—
Pit cell deficit in Cd44 ™
*
157
*%k%
*kk
S 10
9
=
(2]
©
o]
.
0 A z AN \s
DR S
X ] A
® Q

s\

FIGURE 1. CD44 labels undifferentiated cells in the normal stem cell zone, i.e. the isthmus, of the gastric unit, and its loss stunts basal rates of
proliferation. In the normal mouse gastric unit, CD44 labeled small, distinct cells in the isthmus region (A). Mice lacking the Cd44 gene have about half the
number of proliferating cells per gastric unit compared with WT controls (Band C). PEP-1 is a peptide inhibitor that blocks the interaction between hyaluronic
acid and CD44. Treatment with PEP-1 for 5 weeks reduced basal rates of proliferation (D) and resulted in lower numbers of pit cells (E), similar to the Cd44 '~

animals (E). ¥, p < 0.05; **, p < 0.01; ***, p < 0.001.

investigated the requirement for CD44 signaling in gastric epi-
thelial stem cell proliferation. In mice lacking Cd44, the basal
rate of proliferation was half that of the WT controls (Fig. 1, B
and C; n = 10), suggesting a role for CD44 in normal stem cell
homeostasis.

CD44 can interact with multiple ligands in the extracellular
matrix such as osteopontin, collagen, fibronectin, laminin, and
chondroitin sulfate, but its principal ligand is HA (42). HA acti-
vates CD44 by binding to its N-terminal functional domain
(43). To determine whether direct CD44 activation was
required for isthmal cell proliferation, we next treated adult
mice with PEP-1 twice a week for 5 weeks. PEP-1 inhibits
CD44-mediated signaling by blocking the binding of its ligand,
HA. Blocking the CD44-HA interaction with PEP-1 caused a
statistically significant decrease in proliferation of normal stem
cells to levels phenocopying Cd44 '~ mice (Fig. 1D, n = 12
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mice total, 3 mice per experiment, 50 gastric units analyzed per
mouse). Cd44 '~ gastric units also showed stunting of the gas-
tric unit zone between the gastric lumen and the isthmus, the
pit/foveolar zone (supplemental Fig. 2, A and B) and overall
decreased census of pit cells (Fig. 1E), a phenotype that was
recapitulated by five-week treatment of WT mice with PEP-1
(supplemental Fig. 2C). Pit cells slough rapidly after emergence
from the isthmal stem cell zone (half-life of ~3 days (44)) and
would be expected to be most affected by decreased stem cell
proliferation due to their high turnover rate. We also treated
mice for 5 weeks with HA, which caused statistically significant
increased isthmal cell proliferation (supplemental Fig. 2E , n=
7) and pit/foveolar zones relative to wild-type (Fig. 1E), showing
that injection of the CD44 activating ligand was sufficient to
induce increased proliferation and further confirming a direct
role of CD44 signaling in regulating isthmal stem cell prolifer-
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FIGURE 2. H. pylori infection causes parietal cell atrophy and expansion of CD44 expression. Hematoxylin- and eosin-stained sections of wild-type,
uninfected mice show healthy parietal cells (4, left, green arrowhead), whereas those infected for 8 weeks with the cag™ PMSS1 strain of H. pylori showed diffuse
loss of parietal cells (A, right). The gastric unit is largely replaced with metaplastic cells (A, right; brown arrowheads), and only a few parietal cells remained (A,
right; green arrowheads). CD44 also labeled occasional immune cells infiltrating interglandular regions (B, right; beige arrowheads). CD44 is expressed in the
uninfected gastric epithelium in the isthmus (B, blue box, and C, orange arrowheads) but expands to the base of the unit upon infection with H. pylori (B, right,
yellow box). In uninfected mice, the zymogenic cells did not express CD44 (C, left, white arrowheads); however, upon infection, they became metaplastic and
expressed neck cell markers such as GSI (red) as well as CD44 (G, right, yellow arrowheads). In mice infected with H. pylorifor a shorter time period of 4 weeks (D),
CD44 expansion can be seen to extend from the isthmus (purple box) and into the base (orange box) in some gastric units. Exemplar CD44 ™" cells are marked with

purple arrowheads (D, insets); gastric units are outlined by dashed white line.

ation. PCs and other non-pit cell epithelial lineages did not
differ in their base-line census whether CD44 was activated,
inhibited, or deleted (supplemental Fig. 2F). Taken together,
our data indicate that CD44 is expressed in undifferentiated
epithelial cells within the isthmus and regulates normal rates of
gastric epithelial stem cell proliferation.

Infection with H. pylori Causes PC Atrophy and Expansion of
CD44 into the Base of Gastric Units—We sought to determine
whether CD44 expression in gastric epithelial cells was affected
by PC atrophy, which induces proliferation in mice and
humans. Infection of humans with CagA™ strains of H. pylori is
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a major predisposing factor for the development of gastric ade-
nocarcinoma (45). We infected WT mice with a CagA™ strain
of H. pylori, PMSS], for 8 weeks (n = 5 mice). As expected, in
uninfected mice, there was no parietal cell death (Fig. 24, left,
the green arrowhead indicates a PC), and CD44 was expressed
in the epithelium in the isthmus (Fig. 2, B and C, left; orange
arrowhead). In contrast, 8 weeks after H. pylori infection, most
PCs were atrophic (Fig. 24, right, note only rare residual PCs in
a section of the gastric corpus; green arrowheads), and CD44
expression was found diffusely in the base of gastric units
(Fig. 2, B and C) in zymogenic cells, which co-expressed the

VOLUME 288+NUMBER 22-MAY 31,2013



CD44 Regulates Gastric Stem Cell Proliferation

_ Tamoxifen 12h Tamox

ifen D3

B 50 um

C . D s o ¢ F Facsofisolated cDas*
o > _\z\ & epithelial cells
-?-) - \C-'\Ql 0'\'\ 0*.\
+ € QE© & S Hkk
S S50 S 2
F o1 %
Iy # Cyclin D1 3 424
© S
£ D 7 5 T o /:
23 [ wes@spcNA £ 5]
£ = o
4 g 3
3 J
z 2]
2
N\ g 14
$ 0
o T —
G Vehicle  12h Tamoxifen

m

Neck - Base

Tamoxifen 6h

<
N
—
(=
2
<
o
S
=

Tamoxifen D3

FIGURE 3.CD44 expands and labels proliferating cells upon parietal cell atrophy and is required for this injury induced expansion of progenitor cells.
Hematoxylin- and eosin-stained sections of wild-type mice at 3 days (A, left) after intraperitoneal injection of vehicle and at 12 h (A, middle) and 3 days (A, right)
after intraperitoneal injection of 5 mg/20-g body weight of tamoxifen. Wild-type mouse stomach treated with vehicle showed normal stomach epithelium,
whereas those injected with tamoxifen showed a progressive loss of PCs. PC loss is coupled with an expansion in proliferation, measured by BrdU incorporation
(stained in red) at 12 h (B, middle; C) and 3 days (B, right, C) after tamoxifen treatment compared with vehicle controls (B, left, C). Cyclin D1 and PCNA, which are
markers of proliferation, were also increased on PC atrophy at 12 h and day 3 by Western blot of whole corpus stomach regions (D). The blot also shows that
CD44 expression increases upon atrophy. A CD44™ epithelial population started expanding from the time point (6 h) when PCs first began to die (E) and
reached the base of the unit by day 3 (). The number of CD44™" epithelial cells expanded ~3-5-fold during this time, as shown by multiple FACS experiments

(F). One of the FACS plots graphed in F is shown in G. Many CD44-expressing cells co-stain with Ki67 after treatment with tamoxifen (H, the yellow box is
magnified in the inset at the right).

neck cell marker, GSII (yellow arrowheads), indicating they
were metaplastic.
Tamoxifen Induced Parietal Cell Atrophy Causes a Burst of

gastric mucosa, an effect that does not depend on the estrogenic
or anti-estrogenic effects of tamoxifen but instead causes direct
PC toxicity (26). Fig. 3 shows how within 3 days, >90% of PCs

CD44™ Progenitor Cell Proliferation—H. pylori infection in
mice and humans is chronic and often focal and asynchro-
nous across the stomach. Elucidation of the molecular mech-
anisms underlying atrophy-induced proliferation in the
stomach requires a system for inducing atrophy that is syn-
chronous, rapid, and global throughout the whole stomach.
We have shown that a single injection of 5 mg/20-g body
weight of tamoxifen causes dramatic rearrangement of the

MAY 31,2013 +VOLUME 288+-NUMBER 22

atrophied, yet complete recovery of PC census occurred by 21
days (Fig. 3A and Ref. 26). As PCs atrophied, proliferation accel-
erated in the normal stem cell region, the isthmus, reaching
6-fold base-line levels by day 3 (Fig. 3, B and C, and Ref. 26).
Even by 12 h, almost half of the PCs had atrophied, and isthmal
progenitor cells could be seen expanding toward the base of the
unit, the region vacated by dying PCs (Fig. 3, B and C). Western
blots showed that CD44 and the proliferation markers, PCNA
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FIGURE 4. CD44 is necessary for elevating the rate of progenitor cell proliferation upon induction of atrophy. PEP-1 blockade of CD44 activation halved
atrophy-induced proliferation (B and C), measured by BrdU incorporation (red, B), whereas parietal cells died upon PEP-1 inhibition of CD44 (A).

and cyclin D1, increased throughout the gastric corpus (Fig.
3D).

In short, tamoxifen causes PC atrophy, increased CD44
expression, and proliferation, similar to infection with Helico-
bacter but has a rapid and synchronous timeframe for atrophy
and injury response across the whole stomach allowing for bio-
chemical analysis of the process. Furthermore, we have shown
previously that tamoxifen treatment does not cause substantial
inflammatory cell infiltrate (26). Unlike infection with CagA™
Helicobacter; the changes are almost wholly confined to the
mucosal cells already present at time of treatment, reducing
confounding variables in analyzing differences in global analy-
sis of changes in signaling pathways and gene expression.

We next set out to use tamoxifen-induced atrophy as a tool to
determine the origin of CD44-positive cells after PC atrophy.
CD44" isthmal cells began to expand as early as 6 h after
tamoxifen injection (Fig. 3E). The initial increase in CD44-pos-
itive epithelial cells occurred in the isthmal progenitor zone,
from which they expanded into the base until there were
CD447, E-cadherin double-positive epithelial cells from isth-
mus to base by D3 (Fig. 3E, supplemental Fig. 1, B and C). This
pattern was similar to the chronic CD44 labeling that occurred
in the base of Helicobacter-infected corpus units. By day 3,
many of the CD44 ™" cells in the base labeled SPEM-type meta-
plastic cells, co-labeling with GSII (Fig. 3E). We next decided to
look at an earlier time point in our Helicobacter-infected mice
(4 weeks post infection) to determine whether, in certain units,
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CD44™ cells could also be identified expanding from the isth-
mus as occurred shortly after tamoxifen-induced atrophy. Fig.
2D shows that whereas many units already show full metaplasia
with GS-II7/CD44™" cells only at the base, as in the 8-week
post-infection animals, some units showed CD44 extending
from isthmus to the base.

We next quantified the expansion of CD44™ epithelial cells.
Their census increased ~3-5-fold over the course of the 3-day
tamoxifen treatment, as determined by flow cytometry (n = 18
mice across 9 experiments) (Fig. 3, F and G, supplemental Fig.
3). Furthermore, there was extensive co-labeling of the CD44."
population (at 12 h) with the proliferation marker Ki67 (Fig.
3H).CD44 activating ligand, HA, was found in the mesenchyme
between gastric glands (supplemental Fig. 44) and increased
after atrophy, as did the enzymes that synthesize it, HAS1 and
HAS2 (supplemental Fig. 4B). Thus, both CD44 and HA were
increased in expression in tandem after atrophy, with HA pres-
ent in the region of the basement membrane of the epithelial
cells expressing CD44. During response to PC atrophy,
Cd44~'~ mice showed a statistically significant reduction in
isthmal proliferation compared with controls (n = six mice,
two experiments) (supplemental Fig. 54), and a short, 3-day
pretreatment with PEP-1 was sufficient to nearly completely
abrogate the proliferative response induced by PC atrophy (Fig.
4; n = 5, two experiments). Thus, both stem cell normal home-
ostasis and response to PC atrophy are mediated by HA-CD44
interactions, although in mice null for Cd44 from conception,

VOLUME 288+NUMBER 22-MAY 31,2013



compensatory mechanisms allow for some degree of non-
CD44-mediated proliferation increase (note in supplemental
Fig. 5B that atrophy still caused an increase in cyclin D1 expres-
sion in Cd44 ' mice).

Therefore, our data show that CD44 (a) is expressed by cells
in the normal stem cell compartment, () marks proliferating
progenitor cells during injury, and (c) is necessary for maintain-
ing the normal and injury-responsive proliferative capacity of
the gastric units. We next sought to determine the mechanism
by which CD44 regulates progenitor cell proliferation.

CD44 Regulates Gastric Progenitor Cell Proliferation through
STAT3—Signal transducer and activator of transcription 3
(STAT3) controls diverse cellular functions, such as growth,
differentiation, and apoptosis (46). When activated by cyto-
kines and growth factors, STAT3 localizes to the nucleus and
regulates transcription of target genes that control proliferation
and apoptosis (32, 46, 47). STAT3 increases normal and cancer
stem cell proliferation (48) by inducing its targets survivin and
cyclin D1 (49, 50) and is activated by cagA™ strains of H. pylori
in host cells, in vitro and in vivo (51). CD44 increases cyclin D1
expression by directly interacting with active STAT3 (52). As
we observed increased proliferation and cyclin D1 expression in
the CD44-dependent response of the gastric unit to PC atrophy,
we hypothesized that the mechanism of CD44 action might be
via STAT3-cyclin D1. Consistent with our hypothesis, we
found that although activated STAT3 (STAT3 phosphorylated
on Tyr 705) was at low levels in normal mucosa, there was
abundant p-STAT3 during atrophy (Fig. 54). We then checked
whether STAT3 bound CD44 by co-immunoprecipitation and
found indeed that there was more CD44 associated with
STATS3 in response to atrophy (Fig. 5B) when compared with
controls. Immunoprecipitated STAT3 was phosphorylated
only in tamoxifen-treated samples and not in control or
Cd44~'~ stomachs (Fig. 5B). STAT3 phosphorylation was also
decreased in the absence of CD44 or when CD44-HA interac-
tions were blocked by PEP-1 (Fig. 5C; supplemental Fig. 5B).
CD44 expression was also reduced by PEP-1 blockade of its HA
ligand (Fig. 5C). When we blocked STATS3 activation by
injecting its specific inhibitor, WP1066 (53) with and with-
out tamoxifen, we found that STAT3 inhibition greatly
reduced atrophy-induced cyclin D1 expression and stem cell
proliferation (Fig. 5, D and E) without affecting CD44
expression (Fig. 5E). Hence, we conclude that STAT3 is acti-
vated upon injury in the gastric epithelium, and CD44 binds
to STAT3 to regulate the injury-induced burst of prolifera-
tion of progenitor cells.

ERK Signaling Regulates Progenitor Cell Proliferation through
CD44—To determine the upstream signal causing CD44
expansion and increased proliferation, we surveyed multiple
signaling pathways known to affect proliferation, such as the
MAP kinases (p38MAPK, ERK, and JNK), AKT, and phospho-
lipase Cvy in tamoxifen-induced atrophy. Whereas most prolif-
eration mediators were either not substantially or only margin-
ally increased, there was a dramatic increase in active ERK at
the time of peak atrophy (Fig. 64). ERK is known to increase
proliferation in normal (54) as well as neoplastic cells (54, 55),
although its role in gastric stem cell homeostasis has not previ-
ously been assessed. Accordingly, ERK was strongly activated as
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FIGURE 5. CD44 regulates gastric progenitor cell proliferation through
STAT3. STAT3 was activated by tyrosine phosphorylation after atrophy
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STAT3 followed by Western blot for CD44 showed increased association
between CD44 and STAT3 during tamoxifen-induced atrophy compared with
controls; also, phosphorylated STAT3 was pulled down only during tamox-
ifen-induced atrophy (B). Inhibition of STAT3 and CD44 functions (using
WP1066 and PEP-1, respectively) caused decreased cyclin D1 expression (C
and E) and proliferation as quantified in tissue using BrdU (D); D1, 1 day post
tamoxifen; D2, 2 days. CD44 levels were not affected by STAT3 inhibition,
whereas pSTAT3 was significantly reduced upon CD44 inhibition with PEP-1
(Cand E). CD44 expression was reduced upon blocking interaction with its HA
ligand by PEP-1 (C).

early as 6 h after treatment with tamoxifen (Fig. 6B), which was
further confirmed by the concomitant increase in expression of
its downstream target, EGR1, as well as CD44 (Fig. 6B) (56). If
ERK signaling was indeed involved in regulating proliferation in
the gastric epithelium after PC atrophy, blocking it should
block atrophy-induced proliferation. ERK phosphorylation can
be blocked with the kinase-specific inhibitor of MEK, U-0126
(57). We co-injected mice intraperitoneally with U-0126 along
with tamoxifen. Fig. 6C shows that U-0126 successfully blocked
ERK phosphorylation in the stomach during tamoxifen-in-
duced atrophy and prevented a downstream increase in ERK
transcriptional target EGR1 (58, 59). Confirming our hypothe-
sis that pERK mediates PC-atrophy induced CD44, U-0126
injection into mice blocked the increase in CD44 (n = 10 mice
across 3 experiments) (Fig. 6C). We observed similar results
with another inhibitor of ERK activation, PD 98059 (60)
(unpublished data; n = three mice, two experiments). As
expected, ERK inhibition also blocked the proliferative
response to atrophy (Fig. 6, D and E), much like loss or inhibi-
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FIGURE 6. ERK signaling is activated early upon induction of injury and is required to induce CD44. Shown are Western blots of candidate signaling
pathways that might be involved in increasing the proliferative response after PC atrophy by tamoxifen (A). PLC, phospholipase C. Of the pathways analyzed,
only ERK signaling showed a dramatic increase in activation after tamoxifen compared with vehicle controls. ERK1/2 were tyrosine-phosphorylated soon after
PC damage ensued (6 h after tamoxifen treatment); EGR1 and CD44, downstream targets of ERK signaling, were already increased in expression at this early
time point (B). Co-injection of tamoxifen with U-0126, a specific inhibitor of ERK phosphorylation, muted the metaplastic induction of pERK along with
downstream targets, EGR1 and CD44, by Western blot (C) and muted the proliferative response shown by BrdU immunostaining in red (D), quantified in E.

tion of CD44. BrdU incorporation per gastric unit at 12 h post
tamoxifen treatment was reduced by 56 = 5% (n = 3 mice; 50
gastric units counted per mouse) in mice treated with U-0126
compared with those receiving tamoxifen and vehicle.

ERK Signaling Is Increased in Multiple Models of Gastric
Metaplasia and Labels Isthmal Cells—If ERK activation medi-
ates the expansion of stem/progenitor cells, then phosphorylated
ERK should be identifiable within those cells. In agreement, Fig. 7,
A and B, show that whereas control mice showed no detectable
pERK 6 h after induction of atrophy, we identified 2—-3 undif-
ferentiated cells per unit with nuclear pERK within the canon-
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ical isthmal stem cell zone (Fig. 7, A and B). pERK could also be
detected in multiple cell nuclei per unit in tox176 mice (61) that
show constitutive PC atrophy due to PC-specific expression of
attenuated diphtheria toxin® and in mice 8 weeks after infection
with Helicobacter (supplemental Fig. 7A, right panels),
whereas pERK was completely absent in uninfected controls
(supplemental Fig. 7A, left panels). Serial histological sections
immunostained with anti-pERK and anti-CD44 from mice

5S.S.Khurana, T.E. Riehl, B. D. Moore, M. Fassan, M. Rugge, J. Romero-Gallo, J.
Noto, R. M. Peek, Jr., W. F. Stenson, and J. C. Mills, unpublished data.
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FIGURE 7. pERK labels metaplasia-associated cells in mice and humans. pERK labeled nuclei of isthmal progenitor cells (orange arrowheads) at 6 h of
tamoxifen treatment (A and B), whereas there was no pERK signal in vehicle-treated controls. PCs did not stain positive for pERK in either vehicle- or tamoxifen-
treated mice. Gastric units of human patients showed focal intestinal metaplasia (C, right) in a region with mixed gastric and intestinal differentiation (magnified in E),
indicating transitional/early metaplasia (goblet cell is marked with a yellow arrowhead) stain positive for pERK (green arrowheads). Shown is quantification of pERK
expression in human IM patients (n = 3) displaying such a transitional epithelium by counting the number of pERK ™ cells in the intestinal metaplasia (/M) regions and
in residual gastric-differentiation regions “Adjacent to IM” epithelium versus those in normal humans showed a dramatic increase in pERK™ cells in IM regions, with a
significant increase in pERK™ cells even in gastric regions adjacent to IM when compared with normal human patients (D). IHC, immunohistochemistry.

injected with tamoxifen for 12 h showed a population of posi-
tive cells in the same location in the isthmus (supplemental Fig.
6). Finally, we examined a small cohort (# = 3) of human gastric
resection specimens for pERK staining (10). pERK™ cells were
almost never observed in normal control stomach specimens
(Fig. 7C) or in regions without atrophy. However, pERK™ epi-
thelial cells could be found in regions of gastric differentiation
neighboring or contiguous with intestinal metaplasia (Fig. 7C,
magnified in E). pERK™ cells were also particularly prominent
in intestinal metaplasia lesions that neighbored regions of gas-
tric differentiation. To test this pattern of pERK staining in
regions of transition between normal and metaplastic differen-
tiation in a broader cohort of samples, we extended our study to
include 10 more gastric specimens with chronic parietal cell
atrophy and inflammation caused by infection with H. pylori.
The specimens were acquired in collaboration with an interna-
tional consortium studying gastric carcinogenesis in Nicara-
gua. %o of these specimens showed the same pattern of pERK
staining, with high pERK staining in transition regions adjacent

ACEVEN
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to metaplastic tissue. One specimen did not display metaplasia
nor did it stain with pERK. The remaining sample did not stain
with pERK even though it displayed intestinal metaplasia. We
took three random pERK-stained patient slides and quantified
regions showing transitions between gastric and intestinal dif-
ferentiation. In regions of intestinal metaplasia with residual
gastric epithelium, there were 11 = 3.46 pERK™ cells per high
power field of 60X magnification (quantification from n = 3
different patient specimens, representative of staining patterns
observed in 9/11 specimens; p < 0.01). In the gastric epithelium
adjacent to intestinal metaplasia, pERK-positive cells were also
increased significantly (3.67 * 1.15 per high power field, p <
0.05) compared with regions in the same specimens that had
residual normal differentiation patterns with preserved parietal
cells (~0.33 pERK™ cells per high power field) (Fig. 7D; supple-
mental Fig. 7, B and C). Given the data in humans and mice, we
posit that activation of ERK signaling plays a key role in the cell
proliferative response to PC atrophy and is the upstream regu-
lator of the CD44-STAT3 proliferation axis.
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FIGURE 8. Model for stem/progenitor cell renewal during normal and
atrophic injury conditions. The isthmal stem cell (SC) is self-renewing and
also gives rise to acid-secreting PCs among other cell-types within the stom-
ach. Upon atrophy of PCs by toxins or H. pylori infection, the stem cells acti-
vate ERK to ramp up proliferation. ERK activation is required for expanded
CD44 expression and the association between CD44 and pSTAT3, which in
turn up-regulates cyclin D1 to drive proliferation.

DISCUSSION

Here we demonstrate that parietal cell atrophy, which
increases the risk for gastric cancer (62), causes increased isth-
mal stem/progenitor cell proliferation, which depends on acti-
vation of ERK. ERK induces CD44, which is critical for both
normal proliferation and the atrophy-induced expansion.
CD44 signaling maintains normal proliferation and increases
proliferation after PC atrophy via interaction with its ligand
HA. STAT3 binds CD44 and is phosphorylated only when
CD44 is present and can interact with its ligand HA. Inhibition
of STAT3 phosphorylation inhibits atrophy-induced stem cell
proliferation but does not affect increased expression of CD44.
Thus, we conclude that atrophy-induced proliferation depends
on an ERK — CD44 — STAT3 axis (Fig. 8).

To our knowledge, this is the first report delineating an in
vivo mechanism for isthmal cell expansion almost immediately
after PC damage and atrophy. We utilize tamoxifen treatment
as a rapid, synchronous, and inducible model for PC atrophy
that recapitulates what we observe in mice in chronic H. pylori
infection. Soon after PC atrophy begins, there is a dramatic
increase in activation of ERK in isthmal cells, possibly due to
release of a damage-induced pro-proliferative signal or loss of a
proliferation-inhibiting signal from the surrounding PCs. Our
finding that ERK is critical for inducing stem cell proliferation is
consistent with other reports. In the juvenile rat, premature
weaning also induces isthmal proliferation that depends on
ERK signaling (63). In patients infected with H. pylori, it has
been proposed that bacterial CagA activates the ERK cascade in
gastric epithelial cells, which initiates the development of gas-
tric cancer (64). It has also been shown that systemic constitu-
tive activation of the K-ras oncogene, which is upstream of ERK
in the ERK-MAPK pathway, causes gastric hyperplasia and
increased proliferation (65). It appears that ERK is a consistent
injury-induced proliferative signal in precancerous lesions of
the gastrointestinal tract, such as esophageal dysplasia (66),
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Barrett’s adenocarcinoma cells (67), and pancreatic ductal ade-
nocarcinoma (68).

Once active, ERK increases the expression of its target CD44.
CD44 expression expands from the isthmus soon after PC dam-
age. CD44 is a well known cancer stem cell marker and co-labels
proliferating cells in the gastric epithelium upon injury. CD44
labels a population of cells that includes the LGR5™ population
in the bases of the pyloric glands (Ref. 19 and data not shown)?;
however, we show here it also labels occasional, small epithelial
cells in the corpus gastric unit isthmus. Lack of CD44 signaling
in Cd44~'~ mice and in mice treated with PEP-1 stunts stem
cell proliferation. Cd44 '~ mice display a defect in the numbers
of pit cells possibly due to a faster turnover rate of these cells
compared with parietal and other epithelial cells, which leads to
an accumulation of the deficit over time. Another explanation
for this observation could be that CD44 might regulate pit cell
progenitor proliferation selectively, as we do observe mesen-
chymal CD44 accumulation adjacent to pit cells. When sub-
jected to PC injury by tamoxifen, the PEP-1 mice are unable to
elicit the same proliferative response as control mice, whereas
Cd44 nulls are better at coping with PC atrophy, probably due
to compensatory mechanisms established during a lifelong lack
of CD44. This is confirmed by the fact that although PEP-1-
treated mice do not show an expansion in cyclin D1 expression
after injury, the Cd44 '~ mice are still able to elevate cyclin D1
to control levels, suggesting they have developed other ways of
responding to injury that are independent of the normal CD44-
dependent mechanism. Both PEP-1-treated and Cd44 '~
mice, when injured with tamoxifen, undergo PC atrophy, estab-
lishing that the proliferative response is downstream of the ini-
tial attack of tamoxifen, i.e. the ablation of PCs (note in Fig. 4,
PEP-1-treated mice have lower proliferation, even though there
are almost no PCs remaining). It will be interesting to see
whether loss of CD44 in Cd44 '~ or PEP-1-inhibited mice
affects the course of H. pylori infection. In addition to its role in
proliferation, CD44 has recently been shown to impart cells
with resistance against reactive oxygen species (69). As most
gastric pathology involves inflammatory responses and inflam-
mation induces the release of reactive oxygen species, CD44
might play a dual role in overcoming such injurious stimuli by
increasing proliferation and protecting the dividing cells from
the surrounding toxicity, thereby increasing their lifespan.

CD44 induces cyclin D1 by associating with active STAT3
(52). Abolishing STAT3 activity decreases proliferation despite
PC atrophy without affecting Cd44 expression. Tamoxifen-
treated Cd44 '~ and PEP-l-injected mice show reduced
pSTATS3, establishing a role for CD44 in STAT3 activation in a
feed-forward proliferation circuit. Interestingly, Cd44 '~ mice
are able to increase cyclin D1 without the presence of active
STATS3, confirming that the CD44-independent mechanism
regulating proliferation in cases of acute PC injury is also
STAT3-independent. As PEP-1 has a more dramatic effect on
atrophy-induced proliferation than loss of CD44, it is possible
that HA signaling through its other receptors, such as TLR4
(70), which would be blocked by PEP-1 but would still function
in Cd44~'~ mice, might compensate loss of CD44. However,
treating Cd44 '~ mice with PEP-1 does not further reduce the
rate of proliferation in uninjured mice,” suggesting that HA
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receptors other than CD44 might not play key roles in main-
taining normal stem cell turnover. Taken together, it appears
that the ERK — CD44 — STAT3 axis is involved in expansion
of proliferating isthmal stem/progenitor cells under conditions
of acute injury.

There is only scant literature on the intracellular signaling
pathways that regulate non-neoplastic turnover of progenitor
cells in the corpus (4). On the other hand, some of the signals
regulating stem cell response extrinsically have been identified.
For example, Sonic hedgehog and BMP2/4/7 are critical for
regulation of normal stem cell turnover because deficiencies in
those factors cause increased isthmal proliferation (71, 72),
although those effects might be indirect via loss of PCs causing
decreased acid and increased gastrin, which is a known corpus
stem cell mitogen (73, 74). Gastrin works in part by stimulating
histamine release by enterochromaffin cells, which also regu-
lates proliferation of isthmal stem cells (75-77). EGFR stimu-
lating factors like EGF, TGF«, and amphiregulin work through
ERK and other downstream signaling pathways; all cause
increased proliferation (78, 79).

It is unclear which ligand stimulates activation of ERK in the
responsive isthmal cells. It might be derived from neighboring
dying PCs. We do not believe the early stem cell response to
atrophy we observe depends on gastrin, as gastrin transcript
levels are unchanged until at least 3 days after tamoxifen treat-
ment (26). Signaling through the EGFR receptor tends to cause
pit/foveolar cell-specific proliferation as opposed to stimula-
tion of the multipotent, isthmal stem cell (80). Thus, EGF family
ligands are less likely candidates.

Inhibition of the ERK pathway decreases proliferation and
CD44 expression. Although regulation of biological processes
like proliferative response to injury in vivo is undoubtedly com-
plex, we posit three possible, non-mutually exclusive mecha-
nisms by which ERK could mediate increase in CD44. First,
ERK activation could increase CD44 transcriptionally leading
to an increase in CD44 " cell proliferation. Second, ERK could
increase proliferation of CD44™ isthmal cells without increas-
ing CD44 expression directly. Third, ERK signaling could
increase HA in the basement membrane/mesenchyme by
directly activating HAS, which in turn would increase CD44-
dependent proliferation. Our data support the first interpreta-
tion. The second mechanism does not seem plausible because if
it were true, then blocking CD44 action would not affect pro-
liferation, yet our data show that CD44 is necessary for atrophy-
induced increase in proliferation. The third interpretation
seems less likely because we observe pERK in isthmal cells in the
epithelium as early as 6 h after atrophy induction, just before
CD44™ cells start expanding from the same region. We do not
observe pERK in the mesenchyme, so there are likely to be other
mechanisms leading to up-regulation of HAS.

It is intriguing to speculate that the resident CD44 " epithe-
lial population in wild-type mice might mark a normal corpus
stem cell, as these cells are isthmal, occasional, have high N:C
ratios under normal conditions, and expand greatly upon
injury. CD44" cells also co-label with LGR5" cells in the
antrum/pyloric region of the stomach, which can regenerate
the entire pyloric unit, consistent with multipotency.
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One seeming paradox in our CD44 data is that loss of CD44
under homeostatic conditions decreases census of surface/pit
cells, whereas during response to parietal cell atrophy it affects
proliferation of cells expanding away from the pit zone and into
the base. One explanation is that in homeostasis, pit cells turn-
over far more rapidly than any other cells in the gastric unit, so
defective CD44 signaling manifests as decreased census of
those cells. During parietal cell atrophy, there is rapid turnover
of parietal cells, deeper in the unit, so CD44 mediates expansion
of cells toward the base of the unit to replace the lost parietal
cells.

Lifetime risk for development of gastric cancer has been
reported to be decreased only partially by eradication of
H. pylori (15-17). It is likely that aberrant epithelial differenti-
ation patterns, such as atrophy, metaplasia, and increased pro-
liferation, persist after treatment and must also be treated to
reduce cancer risk substantially. The experiments in the cur-
rent study identify both the novel role of a specific signaling
pathway involved in the proliferative response to PC atrophy
and show, as proof of principle, that those pathways can be
pharmacologically inhibited at multiple steps. Ultimately, the
identification of clear pharmaceutical targets in the metaplasia/
atrophy sequence might be critical for reversing the risk for
cancer progression from precursor lesions.
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