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BACKGROUND AND AIMS: Loss of bone morphogenetic pro-
tein (BMP) signaling in the stomach, achieved by transgenic
expression of the BMP inhibitor noggin (H'/K"-Nog mice),
causes parietal cell (PC) loss, spasmolytic polypeptide-
expressing metaplasia, a marker of preneoplasia, and activation
of cell proliferation. We examined if specific inhibition of BMP
signaling in PCs leads to aberrations in epithelial homeostasis.
METHODS: Mice with floxed alleles of BMP receptor 1la
(Bmpri1a™/°% mice) were crossed to H'/K'-Cre mice to
generate H'/K'-Cre;Bmpria™/"°* mice. Morphology of the
mucosa was analyzed by hematoxylin and eosin staining. Dis-
tribution of H"/K*-ATPase-, IF-, and Ki-67-positive cells was
analyzed by immunostaining. Expression of pit and neck cell
mucins was determined by staining with the lectins Ulex
Europaeus Agglutinin 1 and Griffonia (Bandeiraea) simplicifolia
lectin II, respectively. Isolation of PCs from control and Nog-
expressing mice was achieved by crossing H'/K™-Nog mice to
Rosa26-tdTomato (Tom) mice to generate H' /K'-Nog;Rosa26-
tdTom mice. H'/K"-Cre mice were then crossed to H'/K*-
Nog;Rosa26-tdTom mice to generate H'/K'-Cre;H"/K'-Nog;-
Rosa26-tdTom mice. Tom-labeled PCs were purified by flow
cytometry. Changes in PC transcripts were measured by RNA-
Seq. RESULTS: Six-month-old H'/K"-Cre;Bmpria™/f°* mice
exhibited increased epithelial cell proliferation, presence of
transitional cells showing colocalization of IF with both Grif-
fonia (Bandeiraea) simplicifolia lectin II-binding mucins and the
H"/K"-ATPase, and expansion of Ulex Europaeus Agglutinin
1-positive cells. PC transcripts from Nog-expressing mice
demonstrated induction of markers of Spasmolytic Poly-
peptide-Expressing Metaplasia. CONCLUSION: PC-specific loss
of BMP signaling alters the homeostasis of the gastric epithe-
lium leading to the development of metaplasia.
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Introduction

he gastric epithelium is a complex structure char-
acterized by the presence of several types of highly
specialized cells that belong to distinct differentiation path-
ways.! It has been suggested that perturbation of the ho-
meostatic mechanisms that maintain the morphological and

functional features of the gastric mucosa, as it occurs during
chronic inflammation and injury, can induce aberrations in
the normal programs of cell differentiation leading to
metaplasia, dysplasia, and, ultimately, neoplastic trans-
formation." It appears that these events are initiated by the
development of metaplastic changes of the gastric epithe-
lium, such as those seen in intestinal metaplasia and spas-
molytic polypeptide-expressing metaplasia (SPEM), a type of
metaplasia characterized by the aberrant expression of
spasmolytic polypeptide and of neck cell mucins at the base
of the glands of the corpus."”” According to some studies,
SPEM might occur due to reprogramming of zymogenic cells
in response to an epithelial injury and parietal cell loss.
Indeed, several investigations have shown that loss of pari-
etal cells is associated with profound abnormalities in the
differentiation and development of multiple cell lineages.* "’

The bone morphogenetic proteins (BMPs) are regulatory
peptides that exert important effects on the growth and
differentiation of gastrointestinal tissues. The actions of the
BMPs can be specifically blocked, in vivo, by inhibitory
proteins, such as noggin that are expressed in tissues to
modulate the level of activation of BMP signaling.*?

The work from our laboratory has shown that in the
stomach, BMP signaling exerts important regulatory effects
on epithelial homeostasis. In particular, we demonstrated
that transgenic expression of noggin in the mouse oxyntic
mucosa leads to the development of SPEM, to parietal cell
loss, and to increased epithelial cell proliferation. In addition,
we noted that the gastric mucosa of the noggin-transgenic
mice exhibits increased expression of growth factors and

*Hidehiko Takabayashi and Tuo Ji equally contributed to this work.

Abbreviations used in this paper: BMP, bone morphogenetic protein;
HBSS, Hank's Balanced Salt Solution; PC, parietal cell; QRT-PCR, quan-
titative real-time PCR; SPEM, spasmolytic polypeptide-expressing
metaplasia.
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enhanced activation of mitogenic signaling mechanisms."* In
support of a role of BMP signaling in the regulation of parietal
cell homeostasis, we showed that incubation of cultured pa-
rietal cells with BMP-4 leads to stimulation of H*/K*-ATP-
ase a-subunit gene expression and to enhancement of
secretagogue-stimulated gastric acid production.”*

The relevance of BMP signaling in gastric pathophysi-
ology was further demonstrated by studies in which we
reported that inhibition of BMP signaling in the stomach
enhances Helicobacter felis- and Helicobacter pylori-induced
inflammation, leading to the accelerated development of
dysplasia, to increased expression and activation of onco-
genic proteins such as AID and STAT3,"” and to expansion of
IF-expressing-Lgr5 progenitor cells.*®

Because the role of the parietal cells in the development
of metaplasia has been only partially elucidated, we under-
took studies to test the hypothesis that inhibition of BMP
signaling in the parietal cells leads to the development of
metaplasia and to alterations in the normal programs of pa-
rietal cell differentiation. Toward this goal, we deleted BMP
receptor 1a (Bmprla) in the parietal cells by crossing mice
with floxed alleles of Bmpria (Bmpr1d™¥/°* mice) to animals
that express Cre recombinase under the control of the H/K-
ATPase (-subunit gene promoter (H'/K'-Cre mice). Our
studies demonstrate that parietal cell-specific loss of BMP
signaling alters the homeostasis of the gastric epithelium,
leading to the development of metaplasia and to alteration in
the normal programs of parietal cell differentiation.

Material and Methods
Mice

The H' /K" -noggin (H' /K" -nog) transgenic mice were bred
in our laboratory, and they were previously described.”®
Pathogen-free C57BL/6 mice and Rosa26-tdTom (Rosa26-Tom)
mice aged 4-10 weeks were purchased from Jackson Labora-
tory (Bar Harbor, ME). The Bmpri1a™/°* 17 mjce were pro-
vided by the laboratory of Dr Yuji Mishina (University of
Michigan). The H'/K*-cre mice in which the expression of Cre
is driven by endogenous H'/K"-ATP-ase 8 subunit regulatory
sequences were obtained from the laboratory of Dr Jeff Gor-
don.'® Mouse genotyping was described elsewhere.'® Specific
inhibition of BMP signaling in parietal cells was achieved by
crossing H' /K" -cre mice to Bmpr1a™°* mice to generate H'/
K*-cre;Bmpr1a™°* mice. In order to perform an RNA-Seq
analysis in parietal cells isolated from mice that express the
BMP inhibitor noggin in the gastric mucosa, we crossed H* /K*-
Nog mice to Rosa26-tdTomato reporter mice to generate H'/
K*-Nog;Rosa26-tdTom mice. H" /K" -Cre mice were then crossed
to both H'/K*-Nog;Rosa26-tdTom and Rosa26-tdTom mice to
generate H'/K'-Cre;H'/K'-Nog;Rosa26-tdTom (HKNT) and
H"/K"-Cre;Rosa26-tdTom (HKT) mice, which were used as
controls. The mice were maintained on a C57BL/6 background.
In all experiments, the animals were fasted overnight with free
access to water before tissue collection. The mice were housed
under specific pathogen-free conditions in automated watered
and ventilated cages on a 12-hour light/dark cycle, in the ani-
mal maintenance facility at the University of Michigan. All
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animal experiments were approved by the University of Mich-
igan Animal Care and Use Committee. Three- and six-month-old
mice were used for analysis.

RNA Isolation and Quantitative Real-Time PCR
Analysis

RNA was isolated from full-thickness samples of the corpus
of mice using TRIzol reagent (Invitrogen), followed by DNase
treatment and purification with the RNeasy Mini kit (Qiagen)."
Quantitative real-time PCR (QRT-PCR) was performed accord-
ing to previously published methods '* using primer sequences
and protocols that were obtained from commercially available
sources. Gapdh and Bmprla primers were obtained from Inte-
grated DNA Technologies (Coralville, 1A). Bmpria QRT-PCR
primers span exons 2-3 of the gene. The sequences include
primer 5'-CTTGGCAATGACTTTCACCTG-3’ that binds in exon 3
(284-304 in Genebank NM-009758.4) and primer 5'-
TCGCTTTGATACTGTCTTGGAA-3’ that binds in exon 2
(170-191 in Genebank NM-009758.4). The deletion in the
Bmprla floxed mice obtained from the laboratory of Dr Yuji
Mishina removes a portion of exon 2. Accordingly, these
primers will not amplify a product in the recombined mice. The
Id2 primers were obtained from Qiagen (Valencia, CA). A QRT-
PCR analysis of Gif and Tff2 mRNA abundance was performed
using previously described primers and methods."’

Gastric Epithelial Cell Isolation and Flow Cytometry

Fluorescence-activated cell sorting isolation of tomato-
labeled parietal cells from HKNT mice and HKT mice was per-
formed as previously described.?° Samples of gastric mucosa
were placed in Mg?*- and Ca*"-free Hank's Balanced Salt Solu-
tion (HBSS), 5% fetal bovine serum, and 2-mM ethyl-
enediaminetetraacetic acid; shaken for 20 minutes at 37 °C; and
filtered through a 100-um cell strainer. After filtration, the
samples were pelleted and resuspended in HBSS containing 0.1-
U/ml Liberase (Roche, Basel, Switzerland) and 40-ug/ml DNase I
(Sigma, St. Louis, MO). The solutions were shaken for 10 minutes
at 37 °C, filtered through a 100-um cell strainer, and spun at
1500 rpm for 5 minutes. After one wash with HBSS, the pellets
were resuspended in HBSS, containing an aqua viability dye
(LIVE/DEAD Fixable Aqua dead cell stain Kkit; Invitrogen, Carls-
bad, CA) according to the manufacturer’s instructions. After 1
wash, the cells were resuspended in HBSS containing 1% fetal
bovine serum, filtered through a 50-um filter (Partec/Sysmex,
Lincolnshire, IL), and used for analysis. Tomato'"® cells were
isolated using fluorescence-activated cell sorting. Analyses were
performed using an iCyte Synergy (Sony Biotechnology, San Jose,
CA) with WINLIST V.8 (Verity Software House, http://www.vsh.
com) software. The laser emission wavelengths and filter used
were 561-nm laser with a 577/25-nm filter. The aqua viability
dye was excited with a 405-nm laser and detected with a 525/
50-nm filter. The sorted cells were collected into sterile 1.5-ml
tubes containing 300 ul of RNA lysis buffer and used for RNA
extraction (Zymo Research, Irvine, CA).

Histochemical Analysis and Image Acquisition

Tissue fixation, generation of paraffin sections, hematoxylin
and eosin staining, and immunostaining were performed
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according to previously published methods.*">!? Sections
were stained with the following primary antibodies: anti-H*/
K*-ATP-ase a-subunit (1:500) (Medical and Biological Labo-
ratories, Nagoya, Japan, catalog number: DO31-3), anti-Ki-67
(1:500) (Thermo Fisher Scientific, Waltham, MA, catalog num-
ber: MA5-14520), and anti-intrinsic factor (1:1000) (gift from
Dr Jason Mills, Washington University, St. Louis, MO). In some
experiments, the slides were stained for 1.5 hours at 37 °C with
Alexa 488-conjugated Griffonia (Bandeiraea) simplicifolia lectin
IT (GSII) (1:1000) (Vector Laboratories, Burlingame, CA, catalog
number: FL-1211) and Alexa 555-conjugated Ulex Europaeus
Agglutinin 1 (UEA1) lectin (1:200) (Vector Laboratories, Bur-
lingame, CA, catalog number: FL-1061). For immunofluores-
cence analysis, Alexa 555-donkey antirabbit (1:500) and Alexa
488-donkey antirat and antimouse (1:500) secondary anti-
bodies were used (Molecular Probes, Eugene, OR). ProLong
Gold Antifade reagent with 4',6-Diamidino-2-phenylindole
(Invitrogen, Carlsbad, CA) was used for nuclear counterstain
and mounting medium. Control experiments were performed
by incubating the slides in the presence of the secondary an-
tibodies without the primary antibodies (data not shown).
Visualization of the slides was performed with a Nikon Eclipse
E 800 fluorescence microscope for all other studies.

For histologic analysis, sections from the stomachs of 3 to 4
separate animals from each of the 4 treatment groups were
examined as previously described.">*" Slides containing sec-
tions of well-oriented gastric 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 analyzed. Each field was
examined separately for the presence or absence and severity
of neutrophilic cell infiltration, gastritis, and epithelial meta-
plasia/dysplasia.’’ Glandular dysplasia was defined as an
abnormal gland morphology including splitting, focally severe
epithelial hyperplasia (“piling up”), and metaplasia. Cellular
dysplasia was defined as the presence of cytoplasmic and/or of
nuclear anomalies (size variation, binuclear cells), loss of po-
larity, and/or loss of basement membrane contact.'**’

The number of H'K*-ATP-ase a-subunit- and Ki-67-
positive cells was determined by counting the number of
stained cells in at least 8 to 10 fields in slides derived from 3 to
4 animals from each treatment group, using the Fiji imaging
program (Image]).?>

Data Analysis

Data are expressed as means + standard error. Statistical
analysis was performed using Student’s t test. P values < .05
were considered to be significant.

RNA-Seq Analysis

Library preparation and sequencing was performed by the
UM Advanced Genomics Core. The total RNA quality was
assessed using the TapeStation 2200 (Agilent). At least 1 ng of
DNase-treated total RNA was used to generate indexed mRNA
libraries using SMART-Seq Ultra Low Input RNA-seq V3 kits
(Takara). Library quality was assessed using the TapeStation
2200 (Agilent), and libraries were quantitated using KAPA Li-
brary Quantification Kits (Roche). Pooled libraries were sub-
jected to 50-bp single-end sequencing according to the
manufacturer’s protocol (Illumina HiSeq 2500). bcl2fastq2
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Conversion Software (Illumina) was used to generate demul-
tiplexed Fastq files. The read files were downloaded from the
Sequencing Core’s storage at the University of Michigan Bioin-
formatics Core and concatenated into a single fastq file for each
sample. The quality of the raw reads data for each sample was
checked using FastQC (http://www.bioinformatics.bbsrc.ac.uk/
projects/fastqc/) (version 0.10.0) to identify features of the
data that may indicate quality problems (eg, low-quality scores,
overrepresented sequences, inappropriate guanine/cytosine
content). Three bases at the 5’ ends were trimmed to remove
Clonetech adapter sequences and also for low-quality se-
quences. The Tuxedo Suite software package was used for
alignment, differential expression analysis, and postanalysis
diagnostics.”>"2° Briefly, reads were aligned to the reference
genome including mRNAs (UCSC mm10) (http://genome.ucsc.
edu/) using TopHat (version 2.0.9) and Bowtie (version
2.1.0.). The default parameter settings were used for alignment,
with the exception of “~b2-very-sensitive” telling the software
to spend extra time searching for valid alignments. FastQC was
employed for a second round of quality control (postalignment)
to ensure that only high-quality data would be input to
expression quantitation and differential expression analysis.
Cufflinks/CuffDiff (version 2.1.1) was utilized for expression
quantitation, normalization, and differential expression anal-
ysis, using UCSC mm10.fa as the reference genome sequence.
For this analysis, parameter settings “~multi-read-correct” were
used to adjust expression calculations for reads that map in
more than 1 locus, as well as “~compatible-hits-norm” and
“—upper-quartile-norm” for normalization of expression values.
Diagnostic plots were generated by using the CummeRbund R
package.

Locally developed scripts were used to format and annotate
the differential expression data output from CuffDiff. Briefly,
genes and transcripts were identified as being differentially
expressed based on 3 criteria: test status = “OK”, FDR 0.05, and
fold change > £1.5. Genes and isoforms were annotated with
NCBI Entrez GenelDs and text descriptions.

The Molecular Signatures Database,?® version 6, was used
for enrichment analysis of sets of differentially expressed genes
to identify significantly enriched functional categories.

The R Software (version 3.5.1; https://www.r-project.org)
and the “pheatmap” R package (https://cran.r-project.org/
web/packages/pheatmap/index.html) were used to cluster
the expression of differentially expressed genes between pari-
etal cells obtained from control mice (HKT mice) and those
isolated from mice that expressed the BMP inhibitor Noggin in
the gastric mucosa (HKNT mice).

Venn diagram analysis (http://bioinformatics.psb.ugent.be/
webtools/Venn/) was used to determine the overlap between
the transcripts expressed in our database and those listed in a
published report of intestinal metaplasia- and SPEM-specific
transcripts.”” The RNA-seq data were deposited in the GEO
repository, accession number GSE202355/https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE202355.

Results

In this manuscript, we tested the hypothesis that specific
inhibition of BMP signaling in parietal cells alters parietal
cell differentiation leading to aberrations in the normal
homeostatic mechanisms of the gastric epithelium. Toward
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this goal, we deleted BMP receptor 1A (Bmprla) in the
parietal cells, by crossing mice expressing floxed alleles of
Bmprila to H" /K*-Cre mice in which the expression of Cre is
driven by the H'/K*-ATP-ase 8 subunit gene promoter, to
generate H'/K'-Cre;Bmpr1a™°* mice. To confirm
decreased expression of Bmprla and inhibition of BMP-
dependent gene expression in the transgenic mice, we
measured using QRT-PCR the expression of Bmprla and IdZ,
a well-characterized BMP-responsive gene,”® in homoge-
nates of full-thickness samples of fundic mucosa. As shown
in Figure 1A, H'/K'-Cre;Bmpr1d™7°* mice exhibited a
significant decrease in the expression of both Bmpria and
Id2, supporting the inhibition of BMP signaling.

We examined morphological changes induced by the
diminished expression of Bmprla in the parietal cells. As
shown in the representative H&E-stained sections obtained
from six-month-old mice depicted in Figure 1B, the mucosa of
the corpus of H'/K"-Cre;Bmpr1A™°* mice demonstrated
prominent foci of epithelial hyperplasia, metaplasia, and focal
glandular dysplasia, resulting in downward expansion of the
apical compartment and of compression of the adjacent
mucosa. No significant inflammation was seen. The changes
involved the entire length of the glands, and they were pre-
sent in all examined sections from six-month-old H'/K*-

cre;Bmprlaﬂ"x/ﬂ"x mice. No difference in the extent or
severity of the abnormalities between individual mice was
seen. One to 2 foci of dysplasia were detected in each section.

In order to assess if inhibition of BMP signaling in the
parietal cells causes alterations in parietal cell number and
in the normal proliferative activity of the epithelium of the
corpus, we analyzed the number of parietal and proliferating
cells by immunostaining for the H" ,K*-ATPase a-subunit and
Ki-67. As shown in the histological sections of the corpus of
six-month-old mice and in the bar graphs depicted in
Figure 2, representing the number of positively stained cells,
H'K'-Cre;Bmpr1d™°* mice demonstrated a marked
decrease in the number of parietal cells (Figure 2A and B)
and a robust increase in the number of proliferating cells
with Ki-67-positive nuclei (Figure 2C and D), which could be
seen both in the isthmus and at the base of the glands, when
compared to control H' /K" -cre mice. Staining of sections of
the corpus of six-month-old H'K"-Cre;Bmpria™7* mice
with both anti-H" K*-ATPase «-subunit and anti-Ki67 anti-
bodies did not identify any Ki-67-positive nuclei in the pari-
etal cells, suggesting that, in this system, H",K*-ATPase a-
subunit-expressing cells do not proliferate (Figure 2E).

In contrast to these observations, no abnormalities in
mucosal morphology, cell proliferation, and the distribution
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Figure 2. Decreased parietal cells and increased cell proliferation in six-month-old H*/K*-Cre;Bmpr1a™*"* mice. Paraffin
sections of the mucosa of the corpus of six-month-old H*/K*-Cre mice and of H*/K*-Cre;Bmpr1a™* "% mice were stained

with an anti-H*,K"-ATPase «-subunit primary antibody and an Alexa 488-conjugated secondary antibody (A) and with an anti-
Ki-67 primary antibody and an Alexa 488-conjugated secondary antibody (C). Size bars 100 um. Paraffin sections of the
mucosa of the corpus of six-month-old H*/K*-Cre;Bmpr1a™*°* mice were stained with an anti-H*,K™-ATPase a-subunit
primary antibody and an Alexa 555-conjugated secondary antibody (red) together with an anti-Ki-67 primary antibody and an
Alexa 488-conjugated secondary antibody (green) (E). Size bars 25 um. Similar results were observed in at least 3 separate
sections obtained from 4 separate mice. Windows frame glands exhibiting proliferating cells. Graph bars represent the number
of H" K*-ATPase a-subunit (B) and Ki-67 (D) positive cells detected in H*/K*-Cre mice and H*/K*-Cre;Bmpr1a™*"* mice.
Values are shown as means + standard error. Numbers in parenthesis indicate the number of animals used in each group.

*P < .05.

of parietal cells and chief cells were noted in sections ob-
tained from three-month-old H"K*-Cre;Bmpri1a™°* mice
which were stained with hematoxylin and eosin, anti-Ki-67,
anti-H*,K"-ATPase a-subunit, and anti-IF antibodies
(Figure A1).

To better define the cellular changes caused by the
diminished expression of Bmprla in the parietal cells, we
stained sections of the mucosa of both control and six-
month-old H*/K"-Cre;Bmpr1a™7° mice with the lectins
GSII and UEA1 which bind to neck and pit cell mucins,
respectively. As shown in Figure 3A and B, H'/K"-Cre;Bm-
pr1d™7°% mice demonstrated a marked downward expan-
sion of the pit cell compartment with an increase in the
number of UEA1-stained cells. In addition, we observed the
presence of aberrant cells expressing GSII-positive mucins
at the base of the glands of the corpus, indicating the

development of SPEM in the gastric mucosa of H'/K*-
Cre;Bmprlaﬂ"xﬂ”X mice.

In order to confirm the development of metaplasia, we
stained sections of the gastric mucosa of six-month-old H'/
K"-Cre;Bmpr1a™°* mice with antibodies directed against
IF and with the lectin GSII. As shown in Figure 3C, H'/K"-
Cre;Bmpr1a™"°* mice displayed areas of the mucosa with
cells that coexpressed markers of both mucus neck and
zymogenic cell differentiation. In addition, staining of the
sections with both anti-IF and anti-H*,K"-ATPase a-subunit
antibodies revealed the presence of aberrant cells that
exhibited markers of both parietal and zymogenic lineages
(Figure 3D). Similar findings were also observed in the
corpus of H*/K"-Nog mice (Figure 3E), which express the
BMP inhibitor noggin in the oxyntic mucosa. Taken together,
these observations suggest that diminished BMP signaling
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Figure 3. Cellular changes in the gastric mucosa of six-month-old H*/K*-Cre;Bmpria
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mice. Paraffin sections of the

gastric mucosa of the corpus of six-month-old H*/K*-Cre (A) and of H*/K*-Cre;Bmpr1a™*"°* mice (B) were stained with
Alexa 555-conjugated UEA1 (red) and Alexa 488-conjugated GSII (green). Size bar 100 um. Similar results were observed in at
least 3 other mice from each group. (C) Paraffin sections of the gastric mucosa of the corpus of six-month-old H*/K™"-
Cre;Bmpr1a™* ™ mice were stained with anti-IF primary antibodies and Alexa 555-conjugated secondary antibodies (red)
together with Alexa 488-conjugated GSII (green). (D) Paraffin sections of the gastric mucosa of the corpus of six-month-old
H*/K*-Cre;Bmpr1a™ ™ mice were stained with anti-IF primary antibodies and Alexa 555-conjugated secondary anti-
bodies (red) together with anti-H",K*-ATPase a-subunit primary antibody and Alexa 488-conjugated secondary antibody
(green). (E) Paraffin sections of the mucosa of the corpus of H*/K™-Nog mice were stained with anti-IF primary antibodies and
Alexa 488-conjugated secondary antibodies (green) together with the anti-H™,K™-ATPase a-subunit primary antibody and
Alexa 555-conjugated secondary antibody (red). Size bar 100 um in (C) and (D) and 20 um in (E). Similar results were observed

in at least 3 other mice from each group. Arrows point to IF/H",K*-ATPase a-subunit double-labeled cells.

leads to perturbations of the normal programs of parietal
cell differentiation.

We sought to investigate BMP-regulated transcripts in
the parietal cells in the presence and absence of BMP-
generated signals. For these studies, we performed an
RNA-Seq analysis using tomato-labeled parietal cells iso-
lated, using flow-cytometry, from both noggin/tomato-
expressing H'/K'-Cre;H" /K"-Nog;Rosa26-Tom  (HKNT)
mice and control HKT mice that express tomato but not
noggin. In agreement with our previous observations,'*'°
noggin-expressing H"/K*-Cre;H' /K" -Nog;Rosa26-Tom mice
exhibited a reduced number of parietal cells when
compared to control H'/K'-Cre;Rosa26-Tom  mice
(Figure A2).

The RNA-seq analysis demonstrated 1249 upregulated
genes and 897 downregulated genes in HKNT mice when
compared to the control, HKT mice (Figure 4). The enrich-
ment analysis of differentially expressed genes highlighted
that the parietal cells of HKNT mice exhibit increased
expression of molecules involved in the regulation of

cellular apoptosis and in the response to inflammatory
mediators, cellular stress, reactive oxygen species, Kirsten
Rat Sarcoma viral oncogene homolog, and mammalian
Target of Rapamycin Complex 1 signaling (Figure 5). In
contrast, the parietal cells of HKNT mice showed down-
regulation of genes involved in the response to hypoxia,
protein secretion, and apical junction complex (Figure 6). To
define more precisely the genetic landscape of the parietal
cells in the presence of inhibition of BMP signaling, we
performed a curated and more targeted analysis of parietal
cell transcripts from HKNT mice. In these studies, we noted
a significant increase in the expression of Tff2, Mucé6, Spdef,
and Gif genes that are normally expressed by mucus neck
and zymogenic cells,"**° confirming the notion that
diminished BMP signaling leads to the development of
metaplastic gene signatures (Figure 7A). In support of this
observation, we detected a significant induction of the
SPEM markers, GKN3,°°*" Il1rn, and HE4/Wfdc2,’* and of
the genes cd74,°3 quS,34 1133° and Pdgfa,%'37 which
have been linked to gastric metaplasia and neoplasia
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Figure 4.RNA-Seq analysis of transcripts of parietal cells
isolated from H*/K"-Cre;Rosa26-tdTom (HKT) mice and H*/
K*-Nog;H"/K"-Cre;Rosa26-tdTom (HKNT) mice. The heat
map shows differentially regulated genes in H*/K*-Cre;R-
0sa26-tdTom (HKT) mice and H'/K"-Nog;H*/K*-Cre;R-
o0sa26-tdTom (HKNT) mice. P < .05, q < 0.05.
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(Figure 7A). Parietal cells of HKNT mice also exhibited
decreased expression of AMPK (PrkaaZ2) (0.46-fold change,
P = .002, q = 0.02) and PGCla (Ppargcla) (0.52-fold
change, P = .003, q = 0.02), genes that belong to a
recently described metabolic pathway that regulates pari-
etal cell maturation and differentiation.*®

To further confirm that parietal cells of HKNT mice ex-
press markers of metaplasia, we compared our RNA-seq
data with previously identified gastric metaplasia (SPEM
and intestinal Mmetaplasia) signature gene sets °’ and
found, as shown in the Venn-diagram depicted in Figure 7B,
that 9 out of the 36 genes reported in the published meta-
plasia gene set were significantly upregulated in the parietal
cells of HKNT mice.

Discussion

In this manuscript, we report a series of novel obser-
vations that underscore the importance of BMP signaling in
the regulation of parietal cell differentiation and gastric
epithelial homeostasis. In particular, we demonstrate that

Descripti Number of detected Number of
GAHED genes upregulated genes

Genes up-regulated in response to interferon gamma 8.16E-23

Genes up-regulated in response to alpha interferon proteins 85 40 1.57E-22

Genes encoding proteins involved in oxidative phosphorylation 187 58 5.69E-21

A subgroup of genes regulated by MYC - version 1 186 45 2.97E-12

Genes involved in DNA repair 143 28 3.78E-06

Genes up-regulated by reactive oxigen species (ROS) 47 14 7.35E-06

Genes of the system, which is part of the innate immune system 178 30 3.78E-05
Genes encoding proteins involved in processing of drugs and other xenobiotics 195 31 8.86E-05
Genes involved in cholesterol homeostasis il i5; 2.76E-04

Genes defining late response to estrogen 193 29 3.93E-04

Genes up-regulated by KRAS activation 197 29 5.55E-04

Genes specifically up-regulated in pancreatic beta cells 39 10 5.72E-04

Genes regulated by NF-kB in response to TNF 192 28 7.96E-04

Genes up-regs during adi| 194 28 9.38E-04

Genes involved in p53 pathways and networks. 194 28 9.38E-04

Genes iating p cell death is) by activation of 159 24 0.001126
Genes up-regulated through activation of mTORC1 complex. 197 28 0.001191

Genes of blood system; also up-regulated in platelets. 131 19 0.005492
Genes encoding proteins involved in glycolysis and gluconeogenesis. 197 25 0.009308

Genes up. during protein ..remu l:: ra:llular stress respi related to the endoplasmic 110 16 0.01002
Genes defining inflammatory response 190 23 0.02055

Genes involved in protein secretion pathway 91 13 0.02189

Figure 5. Gene Set Enrichment Analysis (GSEA) of parietal cell transcripts from H/K-Cre;Rosa26-tdTom (HKT) mice and H*/
K*-Nog;H"/K"-Cre;Rosa26-tdTom (HKNT) mice. GSEA of upregulated transcripts in H*/K*-Nog;H"/K"-Cre;Rosa26-tdTom
(HKNT) mice was performed using the Molecular Signatures Database v6 (MSigDB) Hallmark list. KRAS, Kirsten rat sar-
coma viral oncogene homolog; TNF, Tumor necrosis factor; NF-«B, Nuclear factor-«B.
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= )
Genes di lated in resp to ultraviolet (UV) radiati 143 3.64E-06
Genes involved in development of skeletal muscle (myogenesis) 194 24 0.000185
Genes defining response to androgens 96 15 0.000242
Genes encoding components of apical junction complex 192 23 0.0004
Genes involved in metabolism of heme (a cofactor consisting of iron and porphyrin) and erythroblast differentiation 185 22 0.000586
Genes defining early response to estrogen 193 22 0.001035
Genes up-regulated in response to TGFB1 52 9 0.002005
Genes important for mitotic spindle assembly 194 21 0.002525
Genes if in protein 91 12 0.004286

Genes up-regulated in response to low oxygen levels (hypoxia)

191 19 0.009655

Figure 6. Gene Set Enrichment Analysis (GSEA) of parietal cell transcripts from H/K*-Cre;Rosa26-tdTom (HKT) mice and H*/
K*-Nog;H"/K"-Cre;Rosa26-tdTom (HKNT) mice. GSEA of downregulated transcripts in H*/K"-Nog;H*/K*-Cre;Rosa26-
tdTom (HKNT) mice was performed using the Molecular Signatures Database v6 (MSigDB) Hallmark list. TGFB1, trans-

forming growth factor beta.

specific inhibition of BMP signaling in the parietal cells
causes profound morphological and functional changes of
the fundic epithelium. Our studies indicate that the gastric
mucosa of six-month-old H'/K"-Cre;Bmpr1d™°* mice ex-
hibits increased epithelial cell proliferation, paucity of pa-
rietal cells, and a marked expansion of the pit cell
compartment which appears to extend downward toward
the base of morphologically abnormal and compressed
glands. The finding that these changes were detectable only
in older mice is consistent with the previously described
observation that the parietal cells exhibit a slow process of
differentiation and maturation.*”

One possible mechanism responsible for these changes
could reflect the presence of increased expression of growth
factors, such as epidermal growth factor receptor ligands, in
the gastric mucosa of the transgenic mice. In support of this
possibility, previously published reports from our labora-
tory have demonstrated that inhibition of BMP signaling by
transgenic expression of noggin in the stomach leads to
increased production of transformingrowth factor a and
amphiregulin,’® molecules known to stimulate cell prolif-
eration and to promote pit cell differentiation.*” Another
plausible explanation could be related to the recently
described ability of the parietal cells to contribute to the
spatial organization of the glands of the fundus.** According
to this theory, the parietal cells can direct the flow of cells
that migrate from the stem cell zone of the isthmus to other
sections of the glands while they complete their process of
maturation and differentiation. It is conceivable that in our
mice, the presence of scant and abnormal parietal cells that
are unable to respond to BMP-generated signals might cause
aberrancies in the normal mechanisms that regulate the
process of cell migration and differentiation, leading to

expansion of the pit cell compartment and to alterations in
the normal spatial organization of the fundic mucosa.

In order to examine the consequences of inhibition of
BMP signaling to the gene signature of the parietal cells, we
performed an RNA-Seq analysis using pure populations of
tomato-labeled parietal cells isolated from the gastric mu-
cosa of noggin-expressing transgenic mice using flow
cytometry. An enrichment analysis of parietal cell tran-
scripts in the presence of noggin revealed a series of
intriguing observations that demonstrate that inhibition of
BMP signaling induces alterations in the normal genetic
features of the parietal cells.

One interesting and novel finding of our study is that
parietal cells exposed to noggin exhibit a significant increase
in the expression of genes involved in inflammation, sug-
gesting that BMP signaling plays an important role in the
regulation of the response of the gastric mucosa to inflam-
matory stimuli. These observations support work from our
laboratory that has shown that the noggin transgenic mice
exhibit mucosal inflammation and an enhanced inflammatory
response to H. pylori.'” Another significant finding is that
parietal cells of HKNT mice express gene signatures that can
be detected in the context of both intestinal metaplasia and
SPEM, supporting the notion that in the presence of inhibition
of BMP-generated signals, the parietal cells exhibit decreased
expression of markers of parietal cell differentiation and the
acquisition of metaplastic gene signatures. In support of this
hypothesis, we noted that parietal cells isolated from noggin-
expressing mice demonstrate reduced expression of mole-
cules such as AMPK and PGC1la which have been shown to
direct progenitor cells to become differentiated parietal
cells.*® The concept that parietal cells can acquire metaplastic
features was further substantiated by the observation that
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Genes up-regulated in IM and SPEM
(Gastroenterology 139: 213-225, 2010) TFFL

Figure 7. Metaplastic gene signatures in parietal cells of H/K*-Nog;H /K *-Cre;Rosa26-tdTom (HKNT) mice. (A) List of genes
expressed in SPEM, involved in the regulation of cell proliferation and linked to the development of gastric neoplasia, which are
upregulated in parietal cells of H"/K"-Nog;H" /K" -Cre;Rosa26-tdTom (HKNT) mice. (B) Venn diagram analysis depicting the
overlap between transcripts expressed in our database and those listed in a published report of intestinal metaplasia- and

SPEM-specific genes.?” (C) List of shared genes.

inhibition of BMP signaling leads to the expression in the
parietal cells of IF, a protein which, in mice, can be normally
detected in chief cells." Parietal cells of HKNT mice also dis-
played enhanced expression of genes associated with
neoplastic transformation and cell proliferation, such as
Pdgfa, a growth factor®®%7; Agp5, a molecule which labels
antral stem cells and that appears to contribute to the
development of gastric cancer’’; and Cd74, a factor that is
involved in the process of inflammation-linked gastric carci-
nogenesis.”> Moreover, the data showed upregulation of
genes induced by Ras signaling, a biochemical mechanism
that has been shown to be responsible for the development of
SPEM and the reprogramming of chief cells.>*® Taken
together, these observations underscore the concept that
inhibition of BMP signaling causes significant aberrations in
parietal cell biology and mucosal homeostasis.

Another intriguing finding of the RNA-Seq analysis was
that parietal cells isolated from HKNT mice exhibit increased
expression of genes involved in mammalian Target Of Rapa-
mycin Complex 1 signal transduction and in the folded pro-
tein response. Interestingly, these biochemical mechanisms
have been linked to the endoplasmic reticulum stress
response and to the induction of Paligenosis, a biological
process in which cells challenged with stressful stimuli

undergo reprogramming of their metabolic functions,
regressing from a differentiated state to that of a dediffer-
entiated progenitor-like cell.***> Thus, it is conceivable that
in the presence of inhibition of BMP signaling, the tomato-
labeled parietal cells could remain in a “transitional state”
displaying features of immature, poorly differentiated cells.

One consideration that should be made in the interpre-
tation of our data is that although the parietal cells of HKNT
mice express metaplastic gene signatures, they do not
appear to be proliferating. One possible explanation for this
observation is that these parietal cells could give rise to
nonproliferating metaplastic changes. Alternatively, it is
conceivable that at least some of the proliferating cells
might be the result of altered parietal cell differentiation, a
process which could have led to the development of
proliferating, immature epithelial cells that have failed to
express detectable levels of markers of parietal cell differ-
entiation. Future studies will be necessary to better define
the mechanisms involved in these processes.

Conclusion

In conclusion, we demonstrated that inhibition of BMP
signaling in the parietal cells leads to altered parietal
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differentiation. These events appear to have broad re-
percussions on the homeostasis of the epithelium of the
corpus which appears to undergo significant morphological
and functional changes. Furthermore, we provide evidence
that parietal cells devoid of BMP signals fail to differentiate
normally, acquiring gene signatures that can be identified in
the context of metaplasia. These findings underscore the
importance of BMP signaling in the regulation of gastric
homeostasis, and they provide new information regarding
the pathophysiological mechanisms that lead to the devel-
opment of metaplastic lesions of the stomach.

Supplementary Materials

Material associated with this article can be found in the
online version at https://doi.org/10.1016/j.gastha.2022.10.
002.
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