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SUMMARY

This study reports the novel observation that inflammation
and inhibition of bone morphogenetic protein signaling
activate Leucine-rich repeat-containing G-protein-coupled
receptor 5 þve cells located on the lesser curvature of the
oxyntic mucosa that give rise to spasmolytic polypeptide
expressing metaplasia as well as dysplastic, proliferating
lineages. These findings offer new insights into the mecha-
nisms that lead to gastric metaplasia and dysplasia.

BACKGROUND & AIMS: Gastric Leucine-rich repeat-containing
G-protein-coupled receptor 5 (Lgr5) cells exert important
functions during injury and homeostasis. Bone morphogenetic
protein (BMP) signaling regulates gastric inflammation and
epithelial homeostasis. We investigated if BMP signaling con-
trols the fate of Lgr5þve cells during inflammation.

METHODS: The Hþ/Kþ-adenosine triphosphatase b-subunit
promoter was used to express the BMP inhibitor noggin (Nog)
in the stomach (Hþ/Kþ-Nog mice). Inhibition of BMP signaling
in Lgr5 cells was achieved by crossing Lgr5-EGFP-ires-CreERT2
(Lgr5-Cre) mice to mice with floxed alleles of BMP receptor 1A
(Lgr5-Cre;Bmpr1aflox/flox mice). Lgr5/GFPþve cells were isolated
using flow cytometry. Lineage tracing studies were conducted
by crossing Lgr5-Cre mice to mice that express Nog and
tdTomato (Lgr5-Cre;Hþ/Kþ-Nog;Rosa26-tdTom). Infection with
Helicobacter felis was used to induce inflammation. Morphology
of the mucosa was analyzed by H&E staining. Distribution of
Hþ/Kþ-adenosine triphosphatase-, IF-, Ki67-, CD44-, CD44v9-,
and bromodeoxyuridine-positive cells was analyzed by immu-
nostaining. Expression of neck and pit cell mucins was deter-
mined by staining with the lectins Griffonia (Bandeiraea)
simplicifolia lectin II and Ulex europaeus agglutinin 1, respec-
tively. Id1, Bmpr1a, Lgr5, c-Myc, and Cd44 messenger RNAs
were measured by quantitative reverse-transcription poly-
merase chain reaction.

RESULTS: Lgr5-Cre;Bmpr1aflox/flox mice showed diminished
expression of Bmpr1a in Lgr5/GFPþve cells. Infection of Lgr5-
Cre;Bmpr1aflox/flox mice with H felis led to enhanced inflam-
mation, increased cell proliferation, parietal cell loss, and to the
development of metaplasia and dysplasia. Infected Lgr5-
Cre;Hþ/Kþ-Nog;Rosa26-tdTom mice, but not control mice,
showed the presence of tomatoþve glands lining the lesser
curvature that stained positively with Griffonia (Bandeiraea)
simplicifolia lectin II and Ulex europaeus agglutinin 1, and with
anti-IF, -CD44, -CD44v9, and -bromodeoxyuridine antibodies.

CONCLUSIONS: Inflammation and inhibition of BMP signaling
activate Lgr5þve cells, which give rise to metaplastic, dysplastic,
proliferating lineages that express markers of mucus neck and
zymogenic cell differentiation. (Cell Mol Gastroenterol Hepatol
2018;5:523–538; https://doi.org/10.1016/j.jcmgh.2018.01.007)
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hronic inflammation has been recognized as an
Cimportant causative factor for the development of
gastric metaplasia, dysplasia, and neoplasia. Numerous
experimental models have confirmed that exposure of
the gastric epithelium to chronic inflammatory stimuli
such as infection with Helicobacter organisms can
lead to significant aberrations in gastric epithelial
homeostasis.1–5

The mechanisms involved in the pathogenesis of meta-
plasia, dysplasia, and neoplasia in the context of chronic
inflammation have been only partially characterized. One
current hypothesis is that chronic inflammation and mucosal
injury can cause aberrations in the normal biological func-
tions of gastric epithelial cells, leading to the development of
metaplastic and dysplastic changes of the gastric mucosa
and, ultimately, to neoplasias.1–6 Indeed, both intestinal
metaplasia and spasmolytic polypeptide expressing
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metaplasia (SPEM), which is characterized by the aberrant
expression of Trefoil factor 2 (TFF2), and of mucins that bind
the lectin Griffonia (Bandeiraea) simplicifolia lectin II (GSII)
at the base of glands of the oxyntic mucosa, have
been associated with inflammation-induced gastric neo-
plasms.2,5,7–9 It has been suggested that SPEM might derive
from reprograming of zymogenic cells during situations of
inflammation and injury such as those triggered by infection
with Helicobacters.10

Several studies have identified, on the basis of expression of
molecular markers, such as the Wnt target gene Lgr5,11 pop-
ulations of gastric epithelial cells that can self-renew and that
can show multilineage differentiation capacity. In addition to
Lgr5, other potential markers for gastric stem/progenitor cells
have been investigated recently, including villin, Prom1/Cd133,
Cd44, Dckl1/ Dcamkl1, Troy,Mist-1, Sox-2, Tff2, and Runx1.11–17

It has been suggested that genetic and epigenetic alterations
of these cells might lead to their transformation and to the
initiation of tumor growth.14

Leucine-rich repeat-containing G-protein-coupled recep-
tor 5 (Lgr5) cells, in particular, have been shown to play an
important role in gastrointestinal tissue homeostasis.11,13,14

In the stomach, cells with Lgr5 transcriptional activity
initially were identified at the base of antral glands and, to a
lesser degree, along the lesser curvature of the oxyntic mu-
cosa, an area known to be one of the most common locations
for the development of gastric carcinomas.11,18,19 Recent
studies, however, which have taken advantage of a different
mouse model, have shown that Lgr5 cells are widely
distributed in glands of the corpus where they represent a
subpopulation of chief cells.20 It also has been suggested that
in the corpus these cells do not show stem cell characteris-
tics during homeostasis but that after injury they acquire
stem cell functions to promote epithelial repair.20

An increased number of Lgr5-expressing cells has been
detected in patients with gastritis and intestinal metaplasia
and in gastric carcinomas.20–22 In support of these findings,
a recent study showed that Lgr5-expressing chief cells can
be a major cell-of origin of gastric neoplasms.20 Reports also
have shown that inflammatory stimuli such as Helicobacter
organisms can adhere to Lgr5-expressing cells, leading to
their proliferation and activation.23

The bone morphogenetic proteins (BMPs) are regulatory
peptides that exert important effects on the growth and
differentiation of gastrointestinal tissues. The actions of
these proteins can be blocked by secreted inhibitory mole-
cules, such as noggin, gremlin, and chordin, which are
expressed in vivo to modulate the actions of the BMPs.24,25 It
has been shown that loss of BMP signaling in the stomach
leads to perturbations of the normal homeostatic mecha-
nisms of the gastric mucosa, leading to the development of
metaplasia, dysplasia, and neoplasia.25–27 In support of these
observations studies have shown that BMP receptors such as
BMPR1A and the BMP signal transducing proteins Smad1, 5,
and 8 are widely expressed in the glandular stomach.26,28

In a series of published studies26 we showed that
transgenic expression in the corpus of the mouse stomach of
the BMP inhibitor noggin leads to the development of SPEM,
parietal cell loss, and to increased cell proliferation. We also
reported that expression of noggin enhances H felis– and
Helicobacter pylori–induced inflammation and gastric
epithelial cell proliferation, leading to the accelerated
development of dysplasia, and to increased expression and
activation of the oncogenic proteins activation-induced
cytidine deaminase and signal transducer and activator of
transcription (STAT)3.27

The mechanisms that regulate the number and function of
Lgr5þve cells during gastric inflammation, and those involved
in the development of gastric metaplasia and dysplasia, have
been only partially characterized. Accordingly, we sought to
investigate the role of BMP signaling in the regulation of Lgr5
cell homeostasis during gastric inflammation. In particular,
we tested the hypothesis that inflammation and inhibition/
loss of BMP signaling induce the activation of Lgr5þve cells,
located in the oxyntic mucosa of the lesser curvature, that
lead to the development of metaplastic and dysplastic
epithelial cell lineages.

Materials and Methods
Mice

The H/K-noggin (H/K-nog) transgenic mice were gener-
ated in our laboratory and they were described
previously.26 Pathogen-free C57BL/6 mice, Lgr5-enhanced
green fluorescent protein (EGFP)-ires-CreERT2 (Lgr5-Cre)
mice, in which the expression of both Cre and green fluo-
rescent protein (GFP) is driven by endogenous Lgr5 regu-
latory sequences,11 and Rosa26-tdTom (Rosa26-Tom) mice
aged 4–10 weeks were purchased from Jackson Laboratory
(Bar Harbor, ME). Bmpr1aflox/flox29 mice were received from
the laboratory of Dr Yuji Mishina (University of Michigan).
Mouse genotyping was described elsewhere.26

Specific inhibition of BMP signaling in Lgr5 cells was ach-
ieved by crossing Lgr5-Cre mice to Bmpr1aflox-flox mice to
generate Lgr5-Cre;Bmpr1aflox-flox mice. To conduct lineage
tracing in thepresenceofNoggin,Hþ/Kþ-nogmicewere crossed
to Rosa26-Tom reporter mice to generate Hþ/Kþ-nog;Rosa26-
Tom mice. Lgr5-Cre mice then were crossed to both Hþ/Kþ-
Nog;Rosa26-Tom and Rosa26-Tom mice to generate Lgr5-
Cre;Hþ/Kþ-Nog;Rosa26-Tom and Lgr5-Cre;Rosa26-Tom mice.
Cre was activated by 1 intraperitoneal injection of tamoxifen
(0.1 mg/g body weight). All mice, including Lgr5-Cre, Lgr5-
Cre;Bmpr1aflox-flox, Lgr5-Cre;Hþ/Kþ-Nog;Rosa26-Tom, and Lgr5-
Cre;Rosa26-Tom mice received tamoxifen injections. The mice
were maintained on a C57BL/6 background. In some experi-
ments, mice were injected with 200 mL of a 10 mg/mL solution
of bromodeoxyuridine (BrdU, BD Biosciences, San Jose, CA) 2
hours before tissue collection. In all experiments, animals were
fasted overnight with free access to water before tissue collec-
tion. Mice were housed under specific pathogen-free conditions
in automated watered and ventilated cages on a 12-hour light/
dark cycle in the animalmaintenance facility at the University of
Michigan. All animal experiments were approved by the Uni-
versity of Michigan Animal Care and Use Committee.

H felis Culture and Infection
Two- to 3-month-old Lgr5-Cre mice, Lgr5-

Cre;Bmpr1aflox/floxmice, Lgr5-Cre;Rosa26-Tom mice, and
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Lgr5-Cre;Hþ/Kþ-Nog;Rosa26-Tom mice were inoculated
orally with overnight broth cultures of approximately
108 cfu of H felis organisms.27,30 Control animals were
inoculated with broth without organisms. Both infected
and noninfected animals were killed 12 weeks after inoc-
ulation. Similar numbers of male and female mice were
used for the studies.
RNA Isolation and Quantitative
Reverse-Transcription Polymerase Chain
Reaction Analysis

RNA was isolated from full-thickness samples of the
corpus of mice using TRIzol reagent (Invitrogen, Carlsbad,
CA), followed by DNase treatment and purification with the
RNeasy Mini kit (Qiagen, Valencia, CA).26 Quantitative
reverse-transcription polymerase chain reaction (QRT-PCR)
was performed according to previously published methods26
Figure 1. Deletion of Bmpr1a in Lgr5 cells. GFPþve cells from
mice) and Lgr5-EGFP-ires-CreERT2;Bmpr1aflox-flox mice (Lgr5
Mice were treated with 1 intraperitoneal. injection of tamoxifen (0
cytometry plots of cells isolated from (A) Lgr5-Cre mice and (B)
isolated from nontransgenic negative control mice. (D) Bmpr1a m
compared with those detected in cells from control mice using
parenthesis indicate the number of animals used in each group
using primer sequences and protocols that were obtained
from commercially available sources. Gapdh, Cd44, and
Bmpr1a primers were obtained from Integrated DNA Tech-
nologies (Coralville, IA). Bmpr1a QRT-PCR primers span
exons 2–3 of the gene. The sequences are as follows: primer
5’-CTTGGCAATGACTTTCACCTG-3’ binds in exon 3 (284-304
in Genebank NM-009758.4), primer 5’-TCGCTTTGA
TACTGTCTTGGAA-3’ binds in exon 2 (170-191 in Genebank
NM-009758.4). The deletion in the Bmpr1a floxed mice from
the laboratory of Y. Mishina deletes a portion of exon 2.
Accordingly, these primers will not amplify a product in the
recombined mice. The Id1, c-Myc, and Lgr5 primers were
obtained from Qiagen.

Gastric Epithelial Cell Isolation
and Flow Cytometry

Fluorescence-activated cell sorting isolation of
Lgr5/GFPþ cells from Lgr5-Cre and Lgr5-Cre;Bmpr1aflox/flox
1- to 2-month-old Lgr5-EGFP-ires-CreERT2 mice (Lgr5-Cre
-Cre;Bmpr1aflox-flox mice) were isolated by flow cytometry.
.1 mg/g body weight) and killed 15 days after tamoxifen. Flow
Lgr5-Cre;Bmpr1aflox-flox mice. (C) Flow cytometry plot of cells
RNA signals in cells from Lgr5-Cre;Bmpr1aflox-flox mice were
QRT-PCR. Values are shown as means ± SE. Numbers in

. *P < .05.
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mice was performed as previously described,31 with modi-
fications. Both Lgr5-Cre and Lgr5-Cre;Bmpr1aflox/flox mice
were injected with 1 intraperitoneal injection of tamoxifen
(0.1 mg/g body weight). The mice were killed 15 days after
tamoxifen injection. Samples of gastric mucosa were placed
in Mg2þ-, Ca2þ-free Hank’s balanced salt solution (HBSS),
5% fetal bovine serum, 2 mmol/L EDTA, shaken for
20 minutes at 37�C, and filtered through a 100-mm cell
strainer. After filtration the samples were pelleted and
resuspended in HBSS containing 0.1 U/mL Liberase (Roche,
Basel, Switzerland) and 40 mg/mL DNase I (Sigma, St. Louis,
MO). The solutions were shaken for 10 minutes at 37�C,
filtered through a 100-mm cell strainer, and spun at
1500 rpm for 5 minutes. After 1 wash with HBSS, the pellets
were resuspended in HBSS containing aqua viability dye
(Live/Dead Fixable Aqua dead cell stain kit; Invitrogen)
according to themanufacturer’s instructions. After 1 wash the
cells were resuspended in HBSS containing 1% fetal bovine
serum, filtered through a 50-mm filter (Partec/Sysmex,
Lincolnshire, IL), and used for analysis. GFPþve cells were
isolated using fluorescence-activated cell sorting. Analyses
were performed using an iCyte Synergy (Sony Biotechnology,
San Jose, CA) with WINLIST V.8 software (VertySoftware
House, available: http://www.vsh.com). The laser emission
wavelengths and filter used were 488-nm laser with a 525/
50-nm filter. Aqua viability dye was excited with a 405-nm
laser and detected with a 577/25-nm filter. The sorted cells
were collected into sterile 1.5-mL tubes containing 300 mL
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RNA lysis buffer and used for RNA extraction (ZymoResearch,
Irvine, CA).
Histochemical Analysis and Image Acquisition
Tissue fixation, generation of paraffin sections, H&E

staining, and immunostaining were performed according to
previously published methods.26,27 Sections were stained with
the following primary antibodies: anti-Hþ/Kþ-adenosine tri-
phosphatase (ATPase) a-subunit (1:500, catalog number:
DO31-3; Medical and Biological Laboratories, Nagoya, Japan),
anti-Ki67 (1:500, catalog number: MA5-14520; Thermo
Scientific, Waltham, MA), anti-BrdU (1:200, catalog number:
MO744; Dako Corporation, Carpinteria, CA), anti-intrinsic
factor (anti-IF) (1:1000; gift from Dr Jason Mills, Washington
University, St. Louis, MO), anti-red fluorescent protein (1:200,
catalog number: 600-401-379; Rockland/Biomol, Hamburg,
Germany), anti-TFF2 (1:200, catalog number: ab49536;
Abcam, Cambridge, UK), anti-CD44 (1:30, catalog number:
550538; BD Biosciences), anti-CD44v9 (1:200, catalog number
CAC-LKG-M002; Cosmo Bio, Carlsbad, CA), and with Alexa
488–conjugated anti-GFP (1:200, catalog number A21311;
Invitrogen). In some experiments the slides were stained for
1.5 hours at 37�C with Alexa 488–conjugated GSII (1:1000,
catalog number: FL-1211; Vector Laboratories, Burlingame,
CA) and fluorescein isothiocyanate–conjugated Ulex euro-
paeus agglutinin 1 lectin (1:200, catalog number: FL-1061;
Vector Laboratories). For immunohistochemistry with
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Figure 2. Expression of
Bmpr1a, Id1, and Lgr5 in
the lesser and greater
curvatures of Lgr5-Cre
and Lgr5-Cre;Bmpr1aflox-
flox mice. One- to 2-month-
old Lgr5-Cre mice and
Lgr5-Cre;Bmpr1aflox-flox

mice were treated with 1
intraperitoneal injection of
tamoxifen (0.1 mg/g body
weight) and killed 5 months
after tamoxifen. Bmpr1a,
Id1, and Lgr5mRNA signals
in the lesser and greater
curvatures of Lgr5-Cre
mice were compared with
those detected in Lgr5-
Cre;Bmpr1aflox-flox mice us-
ing QRT-PCR. Values are
shown as means ± SE.
Numbers in parenthesis
indicate the number of ani-
mals used in each group.
*P < .05.
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detection with diaminobenzidine as substrate, slides were
rinsed and subsequently treated with biotin-conjugated sec-
ondary antibodies (1:200; Vector Laboratories) for 30 minutes
at room temperature. To visualize biotin staining, the Vec-
tastain Elite ABC kit was used (Vector Laboratories). For
immunofluorescence analysis, Alexa 555–donkey anti-rabbit
(1:500), Alexa 594–donkey anti-rat (1:500), and Alexa
488–donkey anti-rat and anti-mouse (1:500) secondary anti-
bodies were used (Molecular Probes, Eugene, OR). ProLong
Gold Antifade reagent with 40,6-diamidino-2-phenylindole
(Invitrogen) was used for nuclear counterstain and
mounting medium. Control experiments were performed by
incubating the slides in the presence of the secondary anti-
bodies without the primary antibodies (data not shown).
Visualization of slides was performed with a Nikon (Tokyo,
Japan) Eclipse E 800 fluorescence microscope for all other
studies.

For histologic scoring of gastritis, sections from the
stomachs of 3–4 separate animals from each of the 4 treat-
ment groups were examined and scored largely as previously
described.32 Slides containing sections of well-oriented gastric
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Figure 3. Regulation of cells with Lgr5 transcriptional activity
Lgr5-Cre;Bmpr1aflox-flox mice were treated with 1 intraperitoneal
with H felis for 2 months after tamoxifen. Animals were analyz
injection. (A) Paraffin sections of the lesser and greater curvatur
with Alexa 488–conjugated anti-GFP antibodies (green) togethe
an Alexa 555–conjugated secondary antibody (red). Scale bar: 5
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glandular mucosa were examined in a blinded fashion. Only
fields that contained full-thickness gastric mucosa that was
oriented perpendicularly were analyzed. All well-oriented
fields were scored. Each field was scored separately for the
presence or absence and severity of neutrophilic cell infil-
tration, gastritis, and epithelial metaplasia/dysplasia.32 The
severity of the changes was graded using a scale from 1
(mild) to 3 (severe), as follows. For neutrophilic infiltration: a
score of 1 was defined as 2–3 clusters of neutrophils in the
lamina propria, a score of 2 was defined as many clusters of
neutrophils, and a score of 3 was defined as neutrophils
present throughout the lamina propria. For gastritis: a score
of 1 was defined as focal displacement of glands by inflam-
matory infiltrate, a score of 2 was defined as inflammatory
infiltrate displacing less than 50% of glands in the field, and a
score of 3 was defined as more than 50% of glands displaced
by inflammatory infiltrate. For dysplasia: a score of 1
(epithelial metaplasia) was defined as loss of parietal cells
with replacement by mucus-type cells or SPEM; a score of 2
(cellular dysplasia) was defined as anisocytosis/karyosis, loss
of polarity, abnormal shape, and/or multiple epithelial layers;
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and a score of 3 (glandular dysplasia) was defined as dilation,
irregularity, and disorganization of glands, with cellular
dysplasia. Each field was scored, and the final score was
calculated and expressed as a weighted average of all fields
with that lesion as follows: sum of the number of fields for
each score � the score, divided by the total number of fields.

The number of GFP-, HþKþ-ATPase a-subunit– and Ki67-
positive cells was determined by counting the number of
stained cells in at least 3–4 fields in slides derived from 3 to
6 animals from each treatment group, using the Fiji imaging
program (ImageJ, National Institutes of Health, Bethesda,
MD).33

Data Analysis
Data are expressed as means ± SE. Statistical analysis

was performed using the Student t test. P values less than
.05 were considered significant.

Results
We sought to test the hypothesis that BMP signaling reg-

ulates the census and fate of Lgr5 cells in the oxyntic mucosa.
Accordingly, we deleted BMP receptor 1A (Bmpr1a) in cells
with Lgr5 transcriptional activity. For these studies we took
advantage of Lgr5-Cre mice, which express Cre and EGFP in
cells with Lgr5 transcriptional activity located only in glands of
the antrum and of the lesser curvature, but not in those of the
greater curvature.11,18 To show diminished expression of
Bmpr1a in Lgr5 cells from Lgr5-Cre;Bmpr1aflox-flox mice, we
isolated GFPþve cells from the gastric mucosa of both Lgr5-Cre
and Lgr5-Cre;Bmpr1aflox-flox mice using flow cytometry. As
shown in Figure 1, GFPþve cells from Lgr5-Cre;Bmpr1aflox-flox

mice showed diminished expression of Bmpr1a messenger
RNA (mRNA) when compared with cells isolated from control
Lgr5-Cre mice.

The finding that inhibition of Bmpr1a mRNA expression
in Lgr5-Cre;Bmpr1aflox-flox mice was not complete likely
reflects variable levels of efficiency of Cre-mediated
recombination in Lgr5 cells. It is conceivable that not all Cre-
expressing Lgr5 cells could effectively and equally delete the
target (Bmpr1a) after tamoxifen activation.

The specificity of this effect and the presence of effective
inhibition of BMP signaling were confirmed by QRT-PCR
assays that showed a significant decrease in the expression
Figure 4. Expression of IF
in cells with Lgr5 tran-
scriptional activity. One-
to 2-month-old Lgr5-Cre
mice and Lgr5-
Cre;Bmpr1aflox-flox mice
were treated with 1 intra-
peritoneal injection of
tamoxifen (0.1 mg/g body
weight) and inoculated
with H felis 2 months after
tamoxifen. Animals were
analyzed 3 months after
inoculation and 5 months
after tamoxifen injection.
Paraffin sections of the
lesser curvature of Lgr5-
Cre and of Lgr5-
Cre;Bmpr1aflox-flox mice in
the presence and absence
of H felis (H. f.) were
stained with anti-IF primary
antibodies and an Alexa
555–conjugated second-
ary antibody (red) together
with Alexa 488–conjugated
anti-GFP antibodies
(green). Scale bar: 25 mm.
Similar results were
observed in at least 1 other
mouse and in 6 other mice
in the H felis–infected
Lgr5-Cre;Bmpr1aflox-flox

group. DAPI, 4’6-dia-
midino-2-phenylindole.
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of Bmpr1a and Id1, a well-characterized BMP-responsive
gene,34–36 together with an increase in that of Lgr5 in sam-
ples obtained from the mucosa of the lesser, but not
the greater curvature of Lgr5-Cre;Bmpr1aflox-flox mice
(Figure 2).

We examined the distribution of cells with Lgr5 tran-
scriptional activity in the oxyntic mucosa of the lesser and
greater curvatures of Lgr5-Cremice.11 Staining of sections of
these areas of the stomach with anti-GFP and anti–HþKþ-
ATPase antibodies showed, in agreement with previously
published reports,11,18 that GFPþve cells are located in the
mucosa of the lesser but not the greater curvature of Lgr5-
Cre;Bmpr1aflox-flox mice (Figure 3A).

To investigate the role of BMP signaling in the regulation
of Lgr5 cells during inflammation, we infected both Lgr5-Cre
and Lgr5-Cre;Bmpr1aflox-flox mice with H felis, which is
known to induce an inflammatory response in the gastric
mucosa of mice.37 The mice were studied 3 months after
inoculation, and 5 months after tamoxifen injection. First,
we examined if inhibition of BMP signaling in Lgr5 cells and
the presence of H felis affect the number of cells with Lgr5
transcriptional activity. Accordingly, we counted the num-
ber of GFPþve cells in sections obtained from the lesser
curvature of both Lgr5-Cre and Lgr5-Cre;Bmpr1aflox-flox mice
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Figure 5. Enhanced inflammatory changes, metaplasia, an
Lgr5-Cre;Bmpr1aflox-flox mice. One- to 2-month-old Lgr5-Cre
intraperitoneal injection of tamoxifen (0.1 mg/g body weight) a
were analyzed 3 months after inoculation and 5 months after
sections of the lesser curvature of Lgr5-Cre and of Lgr5-Cre;Bm
The magnified window depicts dysplastic and inflammatory ch
bars: (A) 100 mm, (B) 25 mm. (B) Red arrows point to areas of
morphonuclear cells. (C) Graph bars represent the percentage of
and dysplasia calculated in both Lgr5-Cre and Lgr5-Cre;Bmpr1a
shown as means ± SE. Numbers in parenthesis indicate the num
Lgr5-Cre mice.
in the presence and absence of H felis. As shown in
Figure 3A and B, Lgr5-Cre;Bmpr1aflox-flox mice showed a
statistically significant increase in the number of GFPþve

cells along the lesser but not the greater curvature. Infection
with H felis further enhanced this effect (Figure 3B and C).
We assessed if inhibition of BMP signaling and infection
with H felis modulated the number of proliferating GFPþve

cells. For these experiments we stained the sections with
antibodies directed against both GFP and Ki67, a mitotic
marker. As shown in Figures 3C and D, although both
noninfected and H felis–infected Lgr5-Cre mice did not show
the presence of a significant number of Ki67þve/GFPþve

cells, Lgr5-Cre;Bmpr1aflox-flox mice showed a significant
increase in the number of proliferating GFPþve cells. The
observation that this effect was more pronounced in the
presence of H felis supports the notion that both BMP
signaling and inflammatory stimuli regulate the census of
Lgr5þve cells.

A recent report has indicated that in the oxyntic mucosa
Lgr5 cells represent a subset of chief cells.20 Accordingly, we
investigated if in our model, cells with Lgr5 transcriptional
activity express IF, a chief cell marker. Staining of sections of
the lesser curvature of Lgr-Cre and Lgr5-Cre;Bmpr1aflox-flox
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anti-GFP and anti-IF antibodies, showed that chief cells ex-
press GFP, confirming the notion that Lgr5 cells represent a
subpopulation of chief cells (Figure 4).

We examined the morphologic consequences of dimin-
ished expression of Bmpr1a in Lgr5 cells in the presence
and absence of inflammatory stimuli. Microscopic and
morphometric analysis of H&E-stained sections of the lesser
curvature of uninfected Lgr5-Cre mice did not show any
morphologic alterations, whereas infection with H felis
induced only mild inflammation. In addition, uninfected
Lgr5-Cre;Bmpr1aflox-flox mice showed the presence of minor
metaplastic changes. In contrast, the mucosa of the lesser
curvature of H felis–infected, Lgr5-Cre;Bmpr1aflox-flox mice
showed robust morphologic abnormalities characterized by
a reduction in the number of cells that had the morphologic
appearance of parietal cells, a significant increase in the
severity of the inflammatory infiltrates, and the presence of
areas of metaplastic and dysplastic mucosa (Figure 5).

To confirm that inhibition of BMP signaling in Lgr5 cells
and infection with H felis cause alterations in parietal cell
homeostasis and induction of cell proliferation in the mu-
cosa of the lesser curvature, we analyzed the number of
Lgr5-Cre;Bmpr1aflox/floLgr5-Cre 
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Figure 6. Decreased parietal cells and increased cell proli
mice. One- to 2-month-old Lgr5-Cre mice and Lgr5-Cre;Bmpr
tamoxifen (0.1 mg/g body weight) and inoculated with H felis 2 m
inoculation and 5 months after tamoxifen injection. Paraffin
Lgr5-Cre;Bmpr1aflox-flox mice, in the presence and absence of
a-subunit primary antibody and an Alexa 488–conjugated sec
antibody and an Alexa 555–conjugated secondary antibody (r
Hþ,Kþ-ATPase a-subunit and of (D) Ki67-positive cells detected
presence and absence of H felis. Values are shown as means ±
used in each group. *P < .05 vs Lgr5-Cre mice. **P < .0
phenylindole.
parietal and proliferating cells by immunostaining for
Hþ,Kþ-ATPase a-subunit and Ki67. As shown in the histo-
logic sections and in the bar graphs shown in Figure 6
representing the number of positively stained cells, H felis-
–infected Lgr5-Cre; Bmpr1aflox-flox mice showed a marked
decrease in the number of parietal cells (Figure 6A and B),
and a robust increase in the number of Ki67-positive nuclei
(Figure 6C and D). In contrast, uninfected Bmpr1aflox-flox mice
showed only a mild decrease in parietal cell number and a
small increase in the number of Ki67-positive cells. No
significant changes were seen in both uninfected and
infected control Lgr5-cre mice (Figure 6B and D).

We sought to investigate if infection with H felis and
diminished expression of Bmpr1a in the gastric epithelium
lead to the emergence of SPEM. For these studies we stained
sections of the mucosa of the lesser curvature of both con-
trol noninfected and H felis–infected Lgr5-Cre and Lgr5-Cre;
Bmpr1aflox-flox mice with specific anti-IF antibodies and with
the lectin GSII, which is known to bind neck-cell mucins.
As shown in the overlay images depicted in Figure 7,
both infected and noninfected Lgr5-Cre mice did not
show any significant abnormalities, whereas noninfected
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Figure 7. Development of SPEM in H felis–infected Lgr5-Cre;Bmpr1aflox-flox mice. One- to 2-month-old Lgr5-Cremice and
Lgr5-Cre;Bmpr1aflox-flox mice were treated with 1 intraperitoneal injection of tamoxifen (0.1 mg/g body weight) and inoculated
with H felis 2 months after tamoxifen. Animals were analyzed 3 months after inoculation and 5 months after tamoxifen injection.
Gastric paraffin sections of the lesser curvature of Lgr5-Cre and of Lgr5-Cre;Bmpr1aflox-flox mice in the presence and absence
of H felis (H. f.) were stained with anti-IF primary antibodies and Alexa 555–conjugated secondary antibodies (red) together
with Alexa 488–conjugated GS II (green). Gastric paraffin sections of the lesser curvature of H felis–infected Lgr5-
Cre;Bmpr1aflox-flox mice were stained with anti-TFF2 primary antibodies and an Alexa 488–conjugated secondary antibody.
Scale bar: 100 mm. Similar results were observed in at least 3 other mice in each group. DAPI, 40,6-diamidino-2-phenylindole.
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Lgr5-Cre;Bmpr1aflox-flox mice showed a few foci of cells
expressing GSII-positive mucins at the base of the glands. In
contrast, H felis–infected Lgr5-Cre;Bmpr1aflox-flox mice
showed robust co-expression of mucus neck-cell mucins and
IF in cells located at the base of the fundic glands of the
mucosa of the lesser curvature. Identical results were
observed when the slides were stained with antibodies
against TFF2 (Figure 7).

The adhesion molecule and Wnt target CD44 participates
in the response of the gastric epithelium to inflammatory
stimuli. In addition, CD44 appears to be involved in the
pathogenesis of SPEM and to label putative gastric cancer
stem cells, suggesting that it might play an important
role in the process of inflammation/injury-induced
carcinogenesis.38–43 It also has been shown that alterna-
tive mRNA splicing produces Cd44 variant isoforms, such as
Cd44v9, which are more specifically expressed in H pylori
gastritis, SPEM, and in gastric carcinomas.40,41 Thus, we
examined if H felis–infected Lgr5-Cre;Bmpr1aflox-flox mice
show perturbations in the expression of both CD44 and of
CD44v9. Staining of sections of the lesser curvature of H
felis–infected Lgr5-Cre;Bmpr1aflox-flox mice with anti-CD44
antibodies showed robust expression of CD44 in the mu-
cosa of the lesser curvature (Figure 8A), with intense
staining noted in nests of epithelial cells located at the base
of the glands. In contrast, staining of the sections of the
lesser curvature of noninfected Lgr5-Cre;Bmpr1aflox-flox mice
and of both infected and noninfected Lgr5-Cre mice showed
the presence of only a few rare CD44þve cells at the level of
the isthmus and the pits of the gastric glands (Figure 8A).
Similarly, incubation of sections of the lesser curvature of
H felis–infected Lgr5-Cre;Bmpr1aflox-flox mice, but not of
noninfected mice, with anti-CD44v9 antibodies showed the
presence of extensive staining of cells located at the base of
the glands, suggesting that both inflammation and loss of
BMP signaling modulate the expression of this splice variant



Figure 8. Expression of CD44 in H felis–infected Lgr5-Cre;Bmpr1aflox-flox mice. One- to 2-month-old Lgr5-Cre mice and
Lgr5-Cre;Bmpr1aflox-flox mice were treated with 1 intraperitoneal injection of tamoxifen (0.1 mg/g body weight) and inoculated
with H felis 2 months after tamoxifen. Animals were analyzed 3 months after inoculation and 5 months after tamoxifen injection.
(A) Paraffin sections of the lesser curvature of Lgr5-Cre and Lgr5-Cre;Bmpr1aflox-flox mice in the presence and absence of H
felis (H. f.) stained with anti-CD44 primary antibodies and a biotin-conjugated secondary antibody. The magnified window
shows intense CD44 staining of epithelial cells in H felis–infected Lgr5-Cre;Bmpr1aflox-flox mice. Scale bar: 100 mm, 50 mm in
the magnified window. Arrows point to CD44þve cells. (B) Paraffin sections of the lesser curvature of noninfected and
H felis–infected Lgr5-Cre;Bmpr1aflox-flox mice stained with anti-CD44v9 primary antibodies and Alexa 488–conjugated sec-
ondary antibodies. The magnified window shows CD44v9 staining of epithelial cells at the base of glands in H felis–infected
Lgr5-Cre;Bmpr1aflox-flox mice. Scale bar: 100 mm, 50 mm in the magnified window. Arrows point at CD44v9þve cells. (C) Paraffin
sections of the lesser curvature of H felis–infected Lgr5-Cre;Bmpr1aflox-flox mice stained with anti-CD44 primary antibodies and
Alexa 594-conjugated secondary antibodies (red) together with Alexa 488–conjugated GSII (green), anti-CD44 primary anti-
bodies and Alexa 488–conjugated secondary antibodies (green) together with IF antibodies and Alexa 555–conjugated sec-
ondary antibodies (red) and anti-CD44 primary antibodies and Alexa 488–conjugated secondary antibodies (green) together
with anti-Ki67 antibodies and Alexa 555–conjugated secondary antibodies (red). Similar results were observed in at least 2
other mice in each group. Scale bar: 50 mm. DAPI, 40,6-diamidino-2-phenylindole.
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of CD44 (Figure 8B). To better define the phenotypic char-
acteristics of CD44-expressing cells in the mucosa of the
lesser curvature of H felis–infected Lgr5-Cre;Bmpr1aflox-flox

mice, we co-stained the sections with anti-CD44 antibodies
together with the lectin GSII, IF, and Ki67. As shown in
Figure 8C, CD44þve cells, located at the base of the glands,
expressed markers of cell proliferation, mucus neck-cell
mucins, and IF, suggesting that SPEM can arise in prolifer-
ating CD44þve cells.

By using QRT-PCR assays we also observed increased
expression of CD44 mRNA in the gastric mucosa of the
lesser curvature of H felis–infected Lgr5-Cre;Bmpr1aflox-flox
mice when compared with both infected Lgr5-Cre mice and
noninfected Lgr5-Cre;Bmpr1aflox-flox mice, confirming the
notion that inhibition of BMP signaling in Lgr5 cells and the
presence of inflammatory stimuli lead to increased CD44
mRNA expression (Figure 9).

In addition to CD44, the oncoprotein c-myc, another Wnt
target, has been implicated in gastric carcinogenesis and it has
been shown to cooperate with CD44 to regulate gastric cancer
growth.44,45 Accordingly, we performed QRT-PCR assays in
which we measured the expression of c-MycmRNA. As shown
in Figure 9, H felis–infected Lgr5-Cre;Bmpr1aflox-flox mice
showed a significant increase in the expression of c-Mycwhen
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Figure 9. Expression of
Cd44 and c-Myc mRNAs
in the lesser curvature of
Lgr5-Cre;Bmpr1aflox-flox

mice. One- to 2-month-old
Lgr5-Cre mice and Lgr5-
Cre;Bmpr1aflox-flox mice
were treated with 1 intra-
peritoneal injection of
tamoxifen (0.1 mg/g body
weight) and inoculated with
H felis 2 months after
tamoxifen. Animals were
analyzed 3 months after
inoculation and 5 months
after tamoxifen injection.
Cd44 and c-Myc mRNA
signals in samples of the
lesser curvature of Lgr5-Cre
mice and of Lgr5-
Cre;Bmpr1aflox-flox mice in
the presence and absence
of H felis (H. f.) were
measured using QRT-PCR.
Numbers in parenthesis
indicate the number of ani-
mals used in each group.
*P < .05.
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compared with both infected Lgr5-Cre mice and noninfected
Lgr5-Cre;Bmpr1aflox-floxmice, suggesting that inhibition of BMP
signaling in Lgr5 cells leads to the development of a pro-
oncogenic environment characterized by increased expres-
sion of multiple targets of Wnt signaling.

To perform lineage tracing studies in the presence
of the BMP inhibitor noggin, we took advantage of
Lgr5-Cre;Hþ/Kþ-Nog;Rosa26-Tom mice that express both
noggin and tomato in the oxyntic mucosa. As shown in
Figure 10A a few rare tomatoþve cells could be seen along
the lesser curvature of the oxyntic mucosa of both
H felis–infected and noninfected Lgr5-Cre control mice. As
shown in the H&E-stained sections, expression of noggin
caused significant morphologic changes of the gastric
mucosa in agreement with previously published re-
ports,26,27 but only a modest increase in the number of
tomatoþve cells (Figure 10B), whereas infection with H felis
enhanced this effect of noggin, leading to the appearance of
robust tomato expression in glandular structures that
were located along the lesser curvature of the oxyntic
mucosa (Figure 10C).

We investigated the cellular lineages that derive from
cells with Lgr5 transcriptional activity in the
H felis–infected Lgr5-Cre;Hþ/Kþ-Nog;Rosa26-Tom mice. As
shown in Figure 11, staining of sections with the lectins
Ulex europaeus agglutinin 1 and GSII, molecules that label
pit and mucus neck-cell mucins, respectively,5 and with
anti-CD44, anti-CD44v9, and anti-IF antibodies, showed
expression of pit and mucus neck-cell markers, CD44,
CD44v9, and IF in the tomato-positive cells. These data
suggest that pit cell lineages, SPEM, CD44þve, and
CD44v9þve cells can arise from cells with Lgr5 transcrip-
tional activity in the presence of inflammatory stimuli and
inhibition of BMP signaling. Moreover, as shown in
Figure 11, we observed that some of the tomatoþve cells
were proliferating because they could be positively stained
with anti-BrdU antibodies.
Discussion
In this article, we report a series of novel observations

that underscore the importance of BMP signaling in the
regulation of gastric epithelial homeostasis. In particular, we
present evidence that inhibition of BMP signaling and
infection with H felis lead to the activation and expansion of
Lgr5þve cells that give rise to metaplastic proliferating lin-
eages that express markers of SPEM.

Although the level of deletion of Bmpr1a in Lgr5 cells
was not complete, H felis–infected Lgr5-Cre;Bmpr1aflox-flox

mice showed robust phenotypic changes, suggesting that
even partial inhibition of BMP signaling in Lgr5 cells can
induce significant aberrations in the normal homeostatic
mechanisms of the gastric mucosa. A possible explanation
for this finding lies in the observation that Lgr5 cells can
express growth-promoting and proinflammatory
peptides,10,38–43 factors known to play an important role in
the regulation of cell proliferation and in the response of the
gastric mucosa to inflammatory stimuli. It therefore is
conceivable that diminished BMP signaling in Lgr5 cells
could induce the expression of these molecules leading to
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Figure 10. Distribution of
tomato-positive cells in H
felis–infected Lgr5-
Cre;HD/KD-Nog;Rosa26-
Tom mice. One- to
2-month-old Lgr5-
Cre;Rosa26-Tom mice and
Lgr5-Cre;Hþ/Kþ-Nog;-
Rosa26-tdTom mice were
treated with 1 intraperito-
neal injection of tamoxifen
(0.1 mg/g body weight) and
inoculated with H felis 2
months after tamoxifen.
Animals were analyzed 3
months after inoculation
and 5 months after tamox-
ifen injection. Gastric
paraffin sections of the
lesser curvature of
Lgr5-Cre;Rosa26-Tom and
Lgr5-Cre;Hþ/Kþ-Nog;-
Rosa26-tdTom in the pres-
ence and absence of H felis
(H. f.) were stained with anti-
tomato (red fluorescent
protein) primary antibodies
and Alexa 555–conjugated
secondary antibodies.
Matching sections of the
gastric mucosa of both
noninfected and H felis–
infected Lgr5-Cre;Hþ/Kþ-
Nog;Rosa26-tdTom mice
were stained with H&E.
Similar results were
observed in at least 3 other
mice in each group. DAPI,
40,6-diamidino-2-
phenylindole.
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broader and more widespread responses that might affect
the biological functions not only of Lgr5 cells, but also of
other adjacent cell types.

Numerous studies have shown that inflammation, loss of
parietal cells, and gastric mucosal injury lead to the
reprogramming of a subset of chief cells that undergo pro-
found biological modifications, characterized by the activa-
tion of proliferative mechanisms and by the expression of
markers of mucus neck-cell differentiation at the base of the
glands of the oxyntic mucosa.5,10,20 These events have been
associated with the development of dysplastic changes and
gastric carcinogenesis.5,7–9,20
Recent reports have shown that in the corpus Lgr5þve

cells express IF, and that these cells represent a subpopu-
lation of chief cells with Lgr5 transcriptional activity.18,20

Interestingly, elegant lineage tracing studies conducted in
Lgr5-EGFP-IRES-CreERT2/þ;Rosa26R mice that were treated
with either the proinflammatory compound L365 or the
protonophore DMP777, which causes ablation of parietal
cells without any significant inflammation, did not detect the
presence of markers of SPEM in lineages derived from Lgr5
cells located in the lesser curvature.18 These observations
suggest that inflammation and loss of parietal cells, stimuli
that can effectively induce SPEM,5 are not sufficient by



Figure 11. Lineage tracing of cells with Lgr5 transcriptional activity in H felis–infected Lgr5-Cre;HD/KD-Nog;Rosa26-
Tom mice. 1-2-month old Lgr5-Cre;Hþ/Kþ-Nog;Rosa26-tdTom mice were treated with one i.p. injection of tamoxifen (0.1
mg/g body weight) and inoculated with H. felis two months post tamoxifen. Animals were analyzed 3 months after inoculation,
and 5 months after tamoxifen injection. Gastric paraffin sections of the lesser curvature of H felis–infected Lgr5-Cre;Hþ/Kþ-
Nog;Rosa26-tdTommice were stained with anti-tomato (red fluorescent protein) primary antibodies and Alexa 555–conjugated
secondary antibodies together with anti-IF antibodies and Alexa 488–conjugated secondary antibodies (IF/Tom), Alexa
488–conjugated GSII (GSII/Tom), Alexa 488–conjugated Ulex europaeus agglutinin 1 (UEA1), anti-CD44 and anti-CD44v9
primary antibodies and Alexa 488–conjugated secondary antibodies (CD44/Tom and CD44v9/Tom), and anti-BrdU primary
antibodies and Alexa 488–conjugated secondary antibodies (BrdU/Tom). Scale bars: 50 mm. Similar results were observed in at
least 5 other H felis–infected Lgr5-Cre;Hþ/Kþ-Nog;Rosa26-tdTom mice except for the experiments with the anti-CD44v9
antibodies that were repeated in 1 other mouse.
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themselves to support the development of metaplastic lin-
eages in Lgr5þve cells.

In our study we observed that either infection with
H felis or inhibition of BMP signaling by themselves caused
only small changes in the number and fate of Lgr5þve cells.
However, infection with H felis in the presence of inhibition
of BMP signaling led to robust aberrations in the normal
homeostatic mechanisms of the gastric epithelium charac-
terized by the emergence of SPEM in glands derived from
cells with Lgr5 transcriptional activity located along the
lesser curvature of the oxyntic mucosa. It is possible that
some of these changes could have been caused by the
heightened level of inflammation caused by H felis in the
presence of loss of BMP signaling, a mechanism that we
previously showed has anti-inflammatory effects.27 How-
ever, the observation that neither L365 nor H felis by
themselves were able to induce the emergence of SPEM in
Lgr5 progenitors18 suggests that BMP signaling has addi-
tional, specific actions on the physiological mechanisms that
regulate the proliferation and differentiation of gastric
epithelial cells. In support of this hypothesis, transgenic
mice that express the BMP signaling inhibitor noggin in the
gastric epithelium develop epithelial hyperproliferation and
extensive SPEM in the context of only minimal inflammatory
changes.26,27
An important factor that should be considered in the
interpretation of our results is that in this study we used the
Lgr5-EGFP-ires-CreERT2 (Lgr5-Cre) mouse model in which
EGFP and Cre were expressed only in the antrum and along
the lesser curvature of the oxyntic mucosa.11 It is therefore
conceivable that the changes observed in our studies could
have been detected in more extensive areas of the corpus if
we had used the Lgr5-2A-CreERT2 mouse, a biological sys-
tem20 that allows an unrestricted expression of the trans-
gene in all segments of the gastric mucosa.

The intracellular mechanisms responsible for the devel-
opment of SPEM have been only partially characterized.
Recent reports have indicated that activation of the Ras/
extracellular signal–regulated kinase (ERK) kinase signal
transduction pathway in chief cells leads to SPEM, sug-
gesting that this signaling mechanism plays an important
role in the biological processes that cause the emergence of
this type of metaplasia.20,46 Interestingly, in a series of
previously published studies we observed that inhibition of
BMP signaling leads to enhanced activation of the ERKs and
to increased growth factor gene expression in the gastric
mucosa.26 We also reported that BMP-4, a member of the
BMP family of regulatory peptides, inhibits growth
factor–stimulated ERK2 activation in primary cultures of
canine gastric epithelial cells,47 confirming the notion that
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the BMP signal transduction pathway restrains the induc-
tion of growth factor signaling in the stomach. On the basis
of these observations it is conceivable to speculate that in-
hibition of BMP signaling in Lgr5 cells could remove an
inhibitory break on ERK activation, leading to the induction
of a series of intracellular events that ultimately could lead
to the development of SPEM and to the stimulation of pro-
liferative mechanisms. In support of this observation recent
studies have shown that induction of Ras activation in
Lgr5-expressing chief cells can lead to the development of
metaplasia and neoplasia.20,46

We reported that diminished expression of Bmpr1a and
noggin cause increased expression of CD44 in the gastric
epithelium of the lesser curvature and in epithelial cells
derived from Lgr5þve cells. CD44 has been implicated in the
pathogenesis of inflammation, SPEM, and in the process of
gastric carcinogenesis because Cd44-expressing cells iso-
lated from gastric tumors behave as gastric cancer stem
cells.38–43 Studies also have shown that induction of
mitogen-activated protein kinase/ERK signaling leads to
increased expression of CD44,38 and to the activation of
STAT3, a pro-oncogenic molecule that has been linked to
gastric carcinogenesis.48,49 Elegant biochemical experiments
have shown that CD44 physically interacts with phosphor-
ylated STAT3 and that the CD44/phosphorylated STAT3
complex is necessary for induction of cell proliferation.38

Because we previously reported that H pylori–infected
noggin transgenic mice show enhanced activation of
STAT3,27 it is possible that inhibition of BMP signaling in
Lgr5 cells could activate a biochemical cascade that links the
ERKs to CD44 and STAT3, leading to stimulation of cell
proliferation and to the development of metaplastic changes
of the gastric mucosa.

The expression of CD44 in pathologic states of the
stomach is complex, and there are some isoforms of CD44,
such as CD44v6 and CD44v9, that have been more specif-
ically linked to gastric inflammation and neoplasia.40,41 Our
experiments confirm the involvement of CD44v9 in the
phenotypic changes observed in Lgr5-Cre;Bmpr1aflox-flox

mice. Future studies will be needed to analyze in more
detail the CD44 isoforms that specifically are linked to
altered BMP signaling and to Lgr5 cell fate during
Helicobacter-induced inflammation.

In our study we also observed a significant increase in
the expression of c-Myc, a Wnt target that has been impli-
cated in gastric carcinogenesis and that appears to coop-
erate with CD44 in the regulation of gastric cancer
growth.44,45 Thus, inhibition of BMP signaling and activation
of inflammatory mechanisms appear to lead to the induction
of multiple Wnt targets and to the development of a pro-
oncogenic environment.

In conclusion, we have shown that inflammation and
inhibition of BMP signaling lead to the activation of cells with
Lgr5 transcriptional activity that give rise to dysplastic,
proliferating lineages that express markers of both mucus
neck and zymogenic cell differentiation. These findings
underscore the importance of BMP signaling in the regulation
of gastric inflammation and epithelial homeostasis,
providing new clues for a better understanding of the
pathophysiological mechanisms that lead to the development
of both dysplastic and neoplastic lesions in the stomach.
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