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SUMMARY

co-immunoﬂuorescence, immunoblotting, mRNA sequencing,
and bioinformatics analyses were performed.

Our studies demonstrate for the ﬁrst time that Protein Kinase A (PKA) executes gastric mesenchymal-epithelial
crosstalk. Mice expressing a constitutively active PKA
mutant in the gastric mesenchyme develop classic preneoplastic lesions and marked chronic inﬂammation, factors
strongly associated with gastric cancer.

RESULTS: Lineage tracing showed that Six2-Cre activity in the
stomach is restricted to the mesenchymal compartment. CAPKA mice showed disruption of gastric homeostasis characterized by aberrant mucosal development and epithelial
hyperproliferation; ultimately developing multiple features of
gastric corpus preneoplasia including decreased parietal cells,
mucous cell hyperplasia, spasmolytic peptide expressing
metaplasia with intestinal characteristics, and dysplastic and
invasive cystic glands. Furthermore, mutant corpus showed
marked chronic inﬂammation characterized by inﬁltration of
lymphocytes and myeloid-derived suppressor cells along with
the upregulation of innate and adaptive immune system components. Striking upregulation of inﬂammatory mediators and
STAT3 activation was observed. Mechanistically, we determined there is an activation of ERK1/2 and downregulation of
BMP/SMAD signaling characterized by marked upregulation of
BMP inhibitor gremlin 1.

BACKGROUND & AIMS: Mesenchymal-epithelial crosstalk
(MEC) in the stomach is executed by pathways such as bone
morphogenetic protein (BMP) and extracellular signalregulated kinase (ERK). Mis-regulation of MEC disrupts
gastric homeostasis and causes tumorigenesis. Protein Kinase A
(PKA) crosstalks with BMP and ERK signaling; however, PKA
function(s) in stomach development and homeostasis remains
undeﬁned.
METHODS: We generated a novel Six2-Creþ/-PKAcaRﬂ/wt (CAPKA) mouse in which expression of constitutive-active PKAcaR
was induced in gastric mesenchyme progenitors. Lineage
tracing determined spatiotemporal activity of Six2-Cre in
the stomach. For phenotyping CA-PKA mice histological,

CONCLUSIONS: We report a novel role of PKA signaling in
gastric MEC execution and show that PKA activation in the
gastric mesenchyme drives preneoplasia by creating a proinﬂammatory and proproliferative microenvironment associated
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with the downregulation of BMP/SMAD signaling and activation of ERK1/2. (Cell Mol Gastroenterol Hepatol
2022;14:643–668; https://doi.org/10.1016/j.jcmgh.2022.06.001)
Keywords: Gastric Metaplasia; Gastric Preneoplasia; PKA.

See editorial on page 722.

M

esenchymal-epithelial interactions (MECs) play
crucial roles in stomach function in the healthy
and diseased states.1,2 Mouse stomach mucosa consists of
three regions lined by epithelia with distinct features. The
non-glandular forestomach is lined by stratiﬁed squamous
epithelium, whereas the glandular portions, corpus, and
antrum are lined by columnar epithelium. Corpus glands
consist of mucus-secreting foveolar/pit cells and mucous
neck cells, acid-secreting parietal cells, enzyme precursorsecreting chief cells, and endocrine cells such as enteroc
cromafﬁn-like (ECL) and delta (D) cells.3 Antral glands
consist of mucus-secreting cells and gastrin-secreting G
cells. The mesenchymal population, present in proximity to
the epithelium, consists of various stromal cell types,
including ﬁbroblasts and myoﬁbroblasts that secrete key
paracrine factors.1 Numerous signaling pathways such as
bone morphogenetic protein (BMP), ﬁbroblast growth factor, and sonic hedgehog contribute to the MEC.3 Misregulation of the MEC can disrupt development and
homeostasis and can lead to tumorigenesis.1,3 BMP signaling
initiated from both mesenchymal and epithelial compartments is crucial for gastric development and function.2
Mesenchymal-speciﬁc loss of BMP signaling causes disruption of the gland architecture and function, leading to the
development of spasmolytic polypeptide expressing metaplasia (SPEM) and intestinal metaplasia, precursor lesions
associated with gastric adenocarcinoma.4 Inhibition of BMP
signaling in parietal cells by transgenic expression of a BMP
inhibitor noggin results in inﬂammation, hyperproliferation,
and decreased parietal cell number ultimately leading to
SPEM.5,6 Transgenic mice expressing noggin also show
increased inﬂammatory response following Helicobacter
Pylori (H. Pylori) infection indicating an anti-inﬂammatory
role of BMP signaling in the stomach.7
H. Pylori-induced inﬂammation is the major predisposing
factor for gastric adenocarcinoma.8-10 More recently, it has
been shown that H. Pylori causes inﬂammation by altering
the amounts of a BMP ligand, BMP2, and multiple BMP
antagonists that are all important components of the niche
surrounding gastric stem cells.11 A precisely balanced level
of the BMP ligands and antagonists are released by distinct
stromal cell population localized in close proximity to the
gland surface and base, respectively.11 H. Pylori is known to
invade deep into the gastric glands and disrupts the BMP
signaling components of the niche by altering the number
and location of stromal cells.11,12 Although the role of misregulation of BMP signaling is well-established in H pyloriinduced gastric pathology, the mechanisms that regulate
BMP signaling and/or the stromal population that secrete

BMP components remain undeﬁned. In addition to BMP
signaling, mis-regulation of extracellular signal-regulated
kinase (ERK) signaling in gastric stromal ﬁbroblasts is also
known to disrupt the niche created by stromal cells and
contribute to the pathogenesis of gastric cancer.13 Protein
kinase A (PKA) signaling is known to crosstalk with both
BMP and ERK signaling.14-17 Therefore, we hypothesized
that mesenchymal PKA signaling plays a key regulatory role
in the functioning of gastric stromal cell populations and
their crosstalk with the epithelium. Furthermore, aberrant
increases in PKA activity are sufﬁcient to cause tumors in
mesenchyme (bone), endocrine (adrenal), or epithelial
(breast) tissues.18-20 However, PKA contributions to gastric
preneoplastic lesions and/or cancer remain unknown. In the
stomach, PKA is critical for histamine-stimulated gastric
acid production in parietal cells.21 However, PKA-speciﬁc
functions in other gastric cells/compartments have not
been well-deﬁned.
PKA, one of the main effectors of the second messenger
cAMP, exists as an inactive complex of 2 catalytic and 2
regulatory subunits.22 Ligand-stimulated cAMP production
and cAMP binding to PKA regulatory subunits releases and
activates catalytic subunits. Mice have 3 genes with multiple
splice variants encoding PKA catalytic subunits. Of the
various isoforms, PKAca1 is ubiquitously expressed and
predominantly accounts for most of the PKA activity in
almost all tissues.22
To evaluate PKA signaling in gastric cells/compartments,
we generated a novel mutant mouse model in which a
constitutively active PKA mutant PKAcaR is activated by a
Six2-promoter-driven Cre recombinase.23,24 In the PKA
catalytic subunit mutant, PKAcaR, a mis-sense mutation,
hampers its ability to bind with regulatory subunit, leading
to constitutive activation.23 Expression of a single copy of
PKAcaR, speciﬁcally in hepatocytes, osteoblasts, and mammary glands, revealed PKA functions in glucose metabolism,
bone anabolism, mammary gland development, and
tumorigenesis, respectively.23,25-27 Our results show that
Six2-Cre induced constitutively active PKAcaR in the
stomach mesenchyme nonautonomously disrupts gastric
homeostasis, characterized by increased epithelial proliferation and aberrant epithelial maldevelopment, ultimately
leading to gastric preneoplasia.

Abbreviations used in this paper: AB, Alcian blue; ACTA1, alpha
smooth muscle actin; BMP, bone morphogenetic protein; CA-PKA,
Six2CreD/--PKAcaRﬂ/wt; CHGA, chromogranin A; D, delta; ECL,
enteroc cromafﬁn-like; ERK, extracellular signal-regulated kinase;
GIF, gastric intrinsic factor; GO, Gene Ontology; IF, immunoﬂuorescence; MEC, mesenchymal-epithelial crosstalk; MRNA seq, mRNA
sequencing; PAS, periodic acid-Schiff; PDGFRA, platelet-derived
growth factor receptor alpha; PIGR, polymeric immunoglobulin receptor; PJS, Peutz-Jeghers Syndrome; PKA, Protein Kinase A; RFP,
red ﬂuorescent protein; SPEM, spasmolytic peptide expressing
metaplasia; VIM, vimentin.
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Figure 1. Generation and characterization of CA-PKA mice. A, A schematic of the genetic construct and mating scheme of
the CA-PKA mice.23 B, The presence of the Cre transgene was detected by a polymerase chain reaction that generated a band
of 320 bp. For detecting the ﬂoxed Prkaca allele, a 2-step genotyping protocol was used. First, an 835 bp segment of Prkaca
was ampliﬁed from the tail DNA from all possible genotypes. In mice carrying the mutant ﬂoxed allele, the 835bp polymerase
chain reaction product was partially digested and generated 609 bp and 226 bp fragments due to the presence of a unique
restriction site for the enzyme Mlu. C, Representative immunoblot and quantiﬁcation graph showing relative PKAca levels in
the mutant corpus vs control (n ¼ 4). D, Images of corpus sections of 12-month-old control and CA-PKA mice co-stained with
p-CREB (PKA activity) antiserum (red) and GSII-lectin (green, mucous neck cells). In control corpus, nuclear p-CREB signal
was observed primarily in stromal cells (white arrowheads). In mutant corpus, stronger nuclear p-CREB signal was observed in
mutant stromal cells vs control (red arrows), and the number of p-CREBþ stromal cells were also increased (red arrows).
Inﬁltrated inﬂammatory cells that either formed tertiary follicles (red concave arrowhead) or scattered in the submucosa also
were also strongly positive for p-CREB.; p-CREB signal was also observed in a subset of GSIIþ cells in the mutant (red
arrowhead). Scale bars ¼ 50 mm.

Results

We generated and characterized Six2Creþ/--PKAcaRﬂ/wt
(CA-PKA) mice in which Six2-Cre activates PKAcaR
expression (Figure 1, A–E). In PKAcaR mutant, a mis-sense
mutation hampers its ability to bind with regulatory subunit, leading to constitutive activation.23 The constitutively
active mutant allele is functionally silent, due to the insertion of a ﬂoxed neomycin cassette between exons 5 and 6
that prevents transcription in the absence of Cre.23 Cremediated recombination excises the neomycin cassette,
and the mutant allele can be transcribed under the endogenous Prkaca promoter. Accordingly, no signiﬁcant change
in PKAca levels was detected in the stomach samples of CAPKA mutants vs control by immunoblotting (Figure 1, C). To
determine whether a single-allele mediated expression of
constitutively active PKAcaR altered PKA activity, we
analyzed expression of phospho-CREB (a well-characterized
substrate and mediator of cAMP/PKA signaling).28,29
Immunoﬂuorescence (IF) studies revealed that number of
p-CREBþ cells and intensity of staining were increased
primarily in the mesenchymal compartment of the CA-PKA
mutant stomach vs control (Figure 1, D–E). Notably, Cre
recombinase expression in our CA-PKA mice is driven by the
promoter of Six2 gene that is expressed in the mesenchymal
cells of the kidney and stomach.24,30 It is known that Six2Cre induces recombination in the kidney and stomach;
however, in the stomach, Six2-Cre activity has not been fully

characterized.31 To analyze spatiotemporal activity of Six2Cre in the stomach, Six2-Creþ/- R-tdTomatoﬂ/wt mice were
generated in which Six2þ cells and their derivatives were
labeled permanently with tdTomato (Figure 2, A–B). Stomach sections from newborn Six2-Creþ/-R-tdTomatoﬂ/wt mice
were co-stained with red ﬂuorescent protein (RFP) antibody
(that detects tdTomato) and either E-cadherin, an epithelial
marker, or ACTA2, a mesenchymal marker (Figure 3, A–L).
RFP/ACTA2 co-IF revealed that RFP staining overlapped
with ACTA2 staining in the gastric mesenchymal compartment, indicating that Six2-Cre-drives tdTomato expression
in the stomach mesenchyme. No RFP signal was detectable
in the ECADþ epithelial compartment (Figure 3, G–L). These
results show that Six2-Cre activity in the stomach is
restricted to the mesenchymal compartment.

Gross and Histological Examination
Grossly, the stomach of 6-week-old mutants appeared to
be normal; however, 8- to 13-month-old mutants showed
marked cystic enlargement of the corpus, and the antrum
was mildly enlarged (Figure 4, A–D). Histologically, 6-weekold mutant showed increased height of the corpus mucosa,
decreased number of parietal cells and an increase in mucous cells (Figure 4, E–G). The number of pit cells on the
surface and basophilic chief cells at the base of the gastric
glands were decreased. We observed cystic glands that
frequently penetrated the muscularis mucosa into the
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Figure 2. Generation and
characterization of Six2C r e D/-R-td Tom at o ﬂ/wt
mice. A, A schematic of
the genetic construct and
mating
scheme
to
generate
Six2-Creþ/-RtdTomatoﬂ/wt. B, Gross
ﬂuorescent image of the
stomach from a neonatal
control Six2-Cre-/-R-tdTomatoﬂ/wt stomach (boundary shown with a dotted
line) did not show any red
ﬂuorescence,
whereas
Six2-Creþ/-R-tdTomatoﬂ/wt
showed strong td-Tomato
ﬂuorescence, speciﬁcally
in the stomach.

submucosa (not shown). Multifocal submucosal expansion,
especially at the border of corpus and antrum, was observed
with inﬁltrating inﬂammatory cells that were predominantly
neutrophils (Figure 4, G). By 12 months of age, the defects
increased in severity (Figure 4, H–J). Parietal cells were
dramatically reduced, and there was striking mucous neck
cell hyperplasia. Mucosa was markedly hyperplastic, inundated with glandular cysts lined by mucous neck cells and
contained either none or a few remaining parietal cells.
Glands showed severe cystic dilations that frequently
penetrated deep into the expanded submucosa and lacked
chief cells. Mucosal glands were dysplastic, with epithelial
cells showing pleomorphism, nuclear stratiﬁcation, and loss
of polarity. The submucosa was markedly expanded and
inﬁltrated with predominantly mononuclear inﬂammatory
cells that frequently formed large lymphoid aggregates
(Figure 4, J). The corpus defects were fully penetrant, and no
mutants survived beyond 12 to 14 months of age. Control
mice analyzed at similar timepoints did not show any of the
defects. Antrum defects were comparatively milder but
included multifocal hyperplasia with small cystic dilations in
all 12-month-old mutants (Figure 4, K–M). Marked antral
hyperplasia and invasive cystic glands with scattered presence of a few goblet cells was observed in 20% of the
mutant mice (Figure 4, M).

Cellular Alterations in CA-PKA Stomach
To visualize mucosal cellular alternations, stomach
sections from 6-week-old and 12-month-old control and
mutant mice were stained with lectins UEA1 and GSII
(Figure 5, A–D). In the control stomach, UEA1-lectin signal
was observed speciﬁcally in pit cells whereas, GSII-lectin
stained mucous neck cells with only a rare overlap. In
contrast, UEA1 staining in pit cell layers of 6-week-old
mutants was decreased, and aberrant UEA1 staining was
observed in deeper regions of gastric glands in GSIIþ cells.
Reduced UEA1 staining could indicate either decreased
mucus production or fewer pit cells, whereas UEA1/GSII
double-positive cells could indicate mucous cell metaplasia. Twelve-month-old mutant mice showed a marked
decrease in UEAI-stained pit cells, whereas the gastric
glands containing UEA1/GSII-double positive cells were
abundant. To determine whether UEAIþ/GSIIþ cells could
be indicative of mucous cell metaplasia, control and
mutant stomach sections were co-stained with MUC5B/
GSII (Figure 5, E–F). In the control corpus, MUC5B stained
a distinct GSII- population, but in the mutant, MUC5B/GSII
double-positive cells were abundant, an indication of
mucous cell metaplasia. To conﬁrm cellular alterations,
extracts prepared from the corpus of 8- to 12-month-old
control and mutants were analyzed by immunoblotting
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Figure 3. Six2-Cre driven tdTomato expression is restricted to the mesenchymal compartment of all 3 regions of the
stomach. A–F, Images of 3 regions of stomach from neonatal control and CA-PKA mice co-stained with antisera against RFP
(green) and alpha smooth muscle actin (ACTA2) (red); nuclei are stained with DAPI. In the forestomach (A), corpus (B), and
antrum (C) regions of control Six2-Cre-/-R-tdTomatoﬂ/wt stomach, no RFP signal was observed; ACTA2-stained mesenchymal
cells of all 3 stomach regions are indicated (arrows). In Six2-Creþ/-R-tdTomatoﬂ/wt stomach (D–F), RFP signal observed in the
lamina propria submucosa, muscularis mucosae, and muscularis externa of stomach (arrowheads) overlapped almost
completely ACTA2-stained cells of all 3 stomach regions. G–L, Images of 3 regions of stomach from neonatal control and CAPKA mice co-stained with antisera against RFP (green) and ECAD (red); nuclei are stained with DAPI. In the forestomach (G),
corpus (H), and antrum (I) regions of control Six2-Cre-/-R-tdTomatoﬂ/wt stomach, no RFP signal was observed; ECAD-stained
epithelial cells of all 3 stomach regions are indicated (arrows). In Six2-Creþ/-R-tdTomatoﬂ/wt stomach (J–L) RFP signal in the
lamina propria (arrowheads) and developing muscularis externa (arrowheads) is indicated; no RFP signal (green) was observed
in ECAD-stained epithelial cells of all 3 stomach regions (arrows). Scale bars ¼ 50 mm

(Figure 5, G) with antisera against gastrokine1 (a pit cell
marker), TFF2 (a mucous neck cell marker), and
MUC5B. In mutants, gastrokine1 protein levels were
reproducibly lower, whereas TFF2 and MUC5B levels

were consistently higher. Together, these results show
that CA-PKA mutant stomachs have pit cell hypoplasia
and mucous neck cell hyperplasia with metaplastic
changes.
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Figure 4. CA-PKA mice show gastric mucosal maldevelopment and develop preneoplastic lesions. A–D, Images of 12month-old normal control (A) and CA-PKA mouse (B) with abdominal enlargement (arrows). Gross morphology of normal
control (C) and mutant stomach (D) with marked enlargement. E–M, Hematoxylin and eosin-stained images of the stomach
from 6-week-old and 12-month-old control and CA-PKA mice. In 6-week-old and 12-month-old control corpus (E & H), parietal
(arrow) and chief cells (arrowhead) are indicated. F, Six-week-old mutant corpus with remaining parietal (arrow), chief cells
(asterisks), and mucous cell hyperplasia (arrowheads) is shown. G, Image shows inﬁltrating neutrophils in the CA-PKA corpus
(arrows). I, Twelve-month-old CA-PKA corpus showing stromal expansion (arrowheads), cystic dysplasia with nuclear stratiﬁcation (arrows), and lymphocytic inﬁltration (asterisks). J, Lymphocytic inﬁltration (arrowheads) in 12-month-old mutants. K,
Antrum from a 12-month-old control mouse showing the neck (arrow) and base (arrowhead) of antral glands. L, Mutant antrum
showing invading antral glands (arrows) and goblet cells (arrowheads). M, Goblet cells (arrowheads) in 12-month-old mutants.
Scale bars ¼ 50 mm.

To determine whether there are alterations in parietal
and chief cells, stomach sections were co-stained with DBA
and MIST1 that label parietal and chief cells, respectively

(Figure 5, H–K). Six-week-old and 12-month-old control
stomach showed a robust population of DBAþ and MIST1þ
cells. In contrast, there were fewer DBAþ parietal cells and
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MIST1þ chief cells in 6-week-old mutants. In 12-month-old
mutant stomachs, there was a further striking reduction in
DBAþ parietal cells, and MIST1 expressing cells were rare.
To further analyze parietal cell loss, expression of parietal
cell maker ATP4A was analyzed by co-IF (Figure 5, L–M)
and immunoblotting (Figure 5, N). Co-IF analysis showed
scant presence of ATP4Aþ cells, and immunoblots revealed
weak to undetectable levels of ATP4A and undetectable
MIST1 expression (Figure 5, M–N) in the mutant. Together,
these results demonstrate severely reduced parietal cells
and the loss of expression of MIST1 in chief cells of the CAPKA mutants. Because endocrine cells regulate the growth
of gastric mucosa, the number of endocrine cells in stomach
sections from control and mutant mice were assessed by costaining with chromogranin A (CHGA) (a pan endocrine cell
marker) (Figure 6, A–H).32 The number of CHGAþ cells was
similar in both corpus and antrum of 6-week-old control
and mutant samples, but the number of CHGAþ cells
decreased in the mutant corpus at 12-month-old timepoint.

Gastric SPEM and SPEM With Intestinal
Characteristics
Atrophic gastritis characterized by parietal and chief cell
atrophy is a precursor lesion to SPEM and intestinal metaplasia.33 SPEM in the mutant stomach was observed in both
6-week-old (not shown) and 12-month-old mutants as
TFF2þ/GSIIþ cells were detected in the basal corpus glands,
present just above the mesenchyme or invading into the
mesenchyme (Figure 7, A–F). Co-labeling of corpus glands
with differentiated chief cell marker, gastric intrinsic factor
(GIF), and any mucous cell marker is considered strong
evidence of SPEM.33 In 6-week-old mutants, GIF/GSII
double-positive cells were frequently observed in the
mutant corpus, and some of these glands containing these
cells were cystic and invaded into the submucosa (Figure 7,
G–L). In 12-month-old mutants, large cystic glands that
contained GIF/GSII double-positive cells were abundant
(Figure 7, M–R). Together, these results indicate that mutant
corpus glands undergo SPEM.
To determine whether mutant gastric mucosa acquired
intestinal characteristics, periodic acid-Schiff (PAS) PAS/
Alcian blue (AB) staining was performed (Figure 8, A–H). Pit
cells in the control stomach showed magenta color following
PAS/AB staining, indicating the presence of neutral mucins;
staining of a serial section with AB did not show any
staining, conﬁrming the absence of acid mucins. In contrast,
pit cells and a subset of mucous cells in the CA-PKA corpus
stomach stained dark blue with PAS/AB and light blue with
AB alone, indicating the presence of acid mucins. As acid
mucins are normally present in the intestine, these results
indicate that CA-PKA corpus gastric mucosa has acquired
intestinal characteristics. Furthermore, we analyzed the
expression of villin1 (Figure 8, I–N), which is induced in
atrophic human and mouse stomach following H. Pylori
infection and is indicative of intestinal metaplasia.34 Co-IF
analysis showed that strong villin1 expression is induced
in the glandular cells of mutant corpus; in contrast, Villin1þ
cells were rarely observed in the control corpus stomach.

Prkaca Regulates Gastric Homeostasis and Preneoplasia

649

We also analyzed the expression of polymeric immunoglobulin receptor (PIGR) because its levels increase in intestinal metaplasia (Figure 8, O).35 Immunoblotting showed
that mutant stomach had dramatic upregulation of PIGR vs
control. Although a dramatic upregulation of VIL1 and PIGR
has been reported in intestinal metaplasia, these markers
are expressed in low amounts in normal gastric mucosa, and
their increased expression as deﬁnitive evidence of intestinal metaplasia is debatable.33,35,36 Expression of MUC2, a
marker of differentiated intestinal mucous cell, in the
stomach is well-accepted as a marker of intestinal characteristics/metaplasia.33 Therefore, we stained control and
CA-PKA stomach sections with MUC2 antiserum and found
that a subset of mucous cells lining cystic gastric glands of
CA-PKA corpus mucosa showed strong expression of MUC2,
whereas control corpus mucosa did not show any detectable
MUC2 signal. Together, these results show that the corpus
mucosa of CA-PKA stomach acquired intestinal characteristics (Figure 8, P–S).
Presence of goblet cells is one of the key features of intestinal metaplasia.33 Although we rarely observed cells
with characteristic intestinal goblet cell morphology in the
mutant corpus, PAS/AB staining of the mutant antrum
indicated the presence of goblet cells in the neck region of
antral glands (Figure 8, T–A’). IF analysis showed that a
subset of mucous cells (with characteristic goblet cell
morphology) in antral glands of CA-PKA showed expression
of MUC2 conﬁrming intestinalization/intestinal metaplasia
of the antral mucosa in CA-PKA stomach. (Figure 8, B’–E’).

mRNA Sequencing Analysis
To determine the molecular signature of the observed
phenotype of atrophic gastritis with expanded stromal and
epithelial compartments, we compared transcriptomes of
corpus of 7- to 8-month-old control (n ¼ 4) and mutant (n ¼
4) mice by mRNA sequencing (mRNA seq). Of 27114 mRNAs
detected, 4893 were found to be differentially expressed
(2397 upregulated and 2496 downregulated padj <0.05
and Log2 fold change >0) (Figure 9, A–B). Gene Ontology
(GO) analyses of signiﬁcantly upregulated mRNAs identiﬁed
the top 20 categories as being related to immune function.
The top 20 categories for downregulated mRNAs were
related to metabolism and oxidative phosphorylation
(Figure 9, C–D). Many similar categories were identiﬁed
using Kyoto Encyclopedia of Genes and Genomes and
Reactome pathway analyses (Figure 10, A–B). mRNA seq
analysis revealed a decrease in the expression levels of
genes known be enriched and/or speciﬁcally expressed in
parietal cells or chief cells supporting a decrease in their
number (Figure 11, A–B).35,37 Over-representation of categories representing metabolism in the analysis of downregulated mRNAs is also likely indicative of parietal cell loss
because a relatively large proportion of parietal cells transcriptome represents genes involved in various forms of
cellular metabolism due to their energy-intensive acid
secretory function.38,39 We also observed increased
expression of mRNAs enriched in mucous neck and tuft
cells, whereas pit cell and endocrine cell marker genes were

650

Puri et al

Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 3

decreased (Figure 11, A–C).37 Together, these results
conﬁrm alterations in the stomach differentiated cell populations. The mutant corpus showed increased levels of
multiple canonical SPEM transcripts Cftr, Pigr, Muc13,

Dmbt1, Wfdc2, Gda, Clu, Plaur, Slc5a1, and Lgals4 (Figure 11,
D), as observed previously in multiple models of gastric
cancer.35,40-43 We conﬁrmed upregulation of protein levels
of VIL1, PIGR, and CD44 in our model. Gastric stem or
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Figure 6. Alterations occur in endocrine cells in CA-PKA corpus A–H, Images of corpus and antrum sections from 6week- and 12-month-old control and CA-PKA mice co-stained with pan-endocrine cell marker chromogranin A (CHGA)
(red) and GSII-lectin (green). In the corpus (A) and antrum (C) of 6-week-old control mice, CHGAþ (white arrowhead) and
GSIIþ (white arrow) cells are indicated. In the corpus (B) and antrum (D) of 6-week-old mutants, the CHGA population (red
arrowheads) was unaffected, whereas hyperplasia of GSIIþ (red arrows) (in mutant corpus) can be seen. In the corpus (E) of 12month-old control mice, CHGAþ (white arrowhead) and GSIIþ (white arrow) cells are indicated. In the corpus of 12-month-old
CA-PKA mice (F) CHGAþ (red arrows) population was decreased. In the antrum (G) of 12-month-old control mice, CHGAþ
(white arrowhead) and GSIIþ (white arrow) cells are indicated. In the antrum (H) of 12-month-old mutants, the CHGAþ population (red arrowheads) was unaffected. Scale bars ¼ 50 mm.

progenitor cells have been proposed to be candidates for
cancer stem cells, a possible source of cancer initiation.44,45
Similarly, we observed upregulation of various gastric and
cancer stem cell markers (Figure 11, D).35 Together, mRNA
seq results show that CA-PKA stomach shows a molecular
signature of SPEM with intestinal characteristics.
GO analysis showed that upregulated genes had categories almost exclusively involved in immune pathways
activation, including the innate, adaptive immune system,
and cytokine-mediated signaling pathways (Figure 12, A–E).
Multiple genes encoding chemokines, cytokines, and their
receptors showed dramatic upregulation (Figure 12, C–E).
Many of these differentially expressed mRNAs have been
implicated in inﬂammation, polyps, and carcinogenesis of
stomach and could be secreted by stromal, epithelial, or
inﬂammatory cell compartments.46-48 To identify

inﬂammatory cell types possibly recruited by and/or
contributing to this inﬂammatory milieu, we searched lineage speciﬁc markers in the mRNA seq data. Myeloid-derived
suppressor cells have been implicated in atrophic gastritis
and SPEM and gastric cancer pathogenesis by inhibiting Tcell responses against tumor cells.49 We identiﬁed multiple
markers of myeloid-derived suppressor cells including Arg1
(Figure 12, F). Co-staining of control and mutant stomach
with ARG1 and GSII showed increased inﬁltration of ARG1þ
cells (Figure 12, G–H). T-cell receptor components such as
transcripts encoding CD3 subunits and TCRg were identiﬁed
(Figure 12, F). Co-staining conﬁrmed marked inﬁltration of
CD3þ T-cells in the mutant corpus (Figure 12, I–J). Of the
identiﬁed cytokines, IL11 and IL1 have been implicated to
stimulate STAT3 signaling in gastric preneoplasia, adenocarcinoma, and Peutz-Jeghers Syndrome (PJS).48,50,51 We

Figure 5. (See previous page). Cellular alterations in CA-PKA mutant stomach. A–D, Stomach from 6-week- and 12month-old control and CA-PKA mice co-stained with lectins UEA1 (red) and GSII (green). In control (A, C), UEA1 in pit cells
(arrows) and GSII signal in mucous neck cells (arrowheads) are shown. In mutant (B, D) UEA1/GSII double-positive cells
(arrowheads) and cystic glands (dotted lines) containing both UEA1þ and GSIIþ cells (arrows) are shown. E–F, Stomach from
12-month-old control (E) and CA-PKA (F) mice co-stained with MUC5B (red) and GSII-lectin (green). In control, MUC5B (arrows) and GSII (arrowheads) stained distinct cells. In the CA-PKA corpus, increased MUC5B/GSII double-positive cells (arrowheads) and remaining MUC5Bþ/GSII- cells (arrows) are shown. G, Representative immunoblots and quantiﬁcation graphs
(*P < .05) showing gastrokine1 (n ¼ 3), TFF2 (n ¼ 4), and MUC5B (n ¼ 4) relative levels in corpus extracts of control and CAPKA mice. H–K, Stomach from control and CA-PKA mutant co-stained with MIST1 (red) and DBA-lectin (green). In controls (H,
J), MIST1þ chief cells (arrowheads) and DBAþ parietal cells (arrows) are shown. In 6-week-old mutant (I) DBAþ (arrows) and
MIST1þ cells (arrowheads) were fewer. In 12-month-old mutant (K), glands containing severely reduced (arrows) or no DBAþ
cells (arrowheads) are indicated. L–M, Stomach sections from control and mutant co-stained with parietal cell marker, ATP4A
(red, arrows) and GSII-lectin (green, arrowheads). In control (L) ATP4Aþ (arrows) and GSIIþ (arrowheads) cells are indicated.
Mutant glands (M) containing severely reduced (arrowheads) or no ATP4Aþ cells (arrows) are indicated. N, Representative
immunoblots and quantiﬁcation graphs (*P < .05) showing ATP4A (n ¼ 4) and MIST1 (n ¼ 3) relative levels in mutant corpus vs
control. Scale bars ¼ 50mm. Blue (DAPI).
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determined that STAT3 signaling is upregulated, as we
observed marked increase in levels of p-STAT3(T705) in the
epithelial cells, stromal cells, and inﬁltrated inﬂammatory
cells of both corpus and antral regions of mutants, whereas
no signal was observed in the control stomach (Figure 12,
K–N).

Increased Growth Factors and Proliferation
To assess alternations in proliferation, immunostaining
with the proliferation marker PCNA was performed
(Figure 13, A–H). In 6-week- and 12-month-old control mice,
the proliferation zones in the corpus and antrum were
restricted to the isthmus. In contrast, in the mutant corpus,
proliferation zone was expanded, and PCNAþ cells were also
increased in the mesenchyme; mutant antrum also showed
extended proliferation zone, and PCNAþ cells were also
observed in the expanded GSIIþ antral gland base. In 12month-old mutant corpus, the proliferation center was
markedly expanded beyond the isthmus, and PCNAþ cells
were observed in multi-layers in cystic glands. Immunoblotting conﬁrmed marked increase in the PCNA levels in
the corpus extracts of mutants vs. control (Figure 13, I).
Furthermore, mRNA seq analysis identiﬁed upregulation of
multiple growth factors genes in mutant vs control mice that
could be driving proliferation (Figure 13, J). During SPEM,
chief cells in the basal regions are known to undergo
dedifferentiation and enter cell cycle via increased expression of SOX9 and CD44.52 Co-IF analysis showed marked
increased in the number of SOX9þ cells in corpus and antral
regions of mutant vs control (Figure 13, L–O). mRNA seq
analysis also showed increased levels of SOX9 and CD44
(Figure 11, D), and immunoblotting conﬁrmed increased
CD44 levels in the mutant (Figure 13, I). To assess alternations in apoptosis, immunostaining with the apoptosis
marker cleaved caspase-3 was performed. IF analysis did
not show any differences in the number of caspase-3 in
mutant vs control stomach (not shown). However, mRNA
seq identiﬁed multiple genes implicated in pyroptosis and
necroptosis (Figure 13, K).

Mis-regulation of BMP and ERK Signaling
One of the key mechanisms that regulates inﬂammation
and the size of epithelial-stromal compartments in the
stomach is BMP signaling.2,6 mRNA seq analysis showed
marked alterations in multiple components of BMP pathway
(Figure 14, A). BMP ligands (Bmp3, Bmp4), BMP receptor
(Bmpr1b), receptor Smad9, and target transcription factors
(Id4 and Id2) were downregulated. Most remarkably, there
was marked upregulation of a BMP antagonist, gremlin 1
(Grem1). Further, immunoblotting analysis conﬁrmed that
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gremlin 1 levels were consistency upregulated in corpus
extracts of mutant vs control (Figure 14, B). Gremlin 1 is a
well-established inhibitor of BMP signaling.53 To determine
the activation status of BMP signaling, we analyzed the
levels of phosphorylated SMAD1/5 by immunoblotting. We
found that phospho-SMAD1/5 signal was reduced in the
mutant corpus vs control, indicating reduced BMP pathway
activity in the mutant (Figure 14, B). Co-IF analysis, with
phospho-SMAD1/5/9 antibody, also showed a decrease in
the level of activated receptor SMADs in both epithelial and
stromal compartments of the mutant stomach vs control
(Figure 14, C–H). Together, these results suggest that stromal PKAcaR expression stimulates epithelial hyperproliferation, inﬂammation, and associated preneoplastic
lesions at least partly by inhibiting BMP signaling.16 We also
analyzed ERK signaling as it is one of the major regulators of
cellular proliferation in the stomach and PKA crosstalks and
activates MAPK signaling.16 Immunoblotting revealed that
phospho-ERK levels were upregulated in mutant corpus in
comparison to control (Figure 14, I). Further co-IF analysis
of corpus stomach revelated the p-ERK activation is predominantly localized to the mesenchymal compartment of
the mutant corpus (Figure 14, J–O).

Characterization of Stromal Cell Population
Recently, a distinct population of gastric stromal cells
was shown to be located underneath the gland base that
secretes BMP antagonists, including gremlin 1 and these
stromal cells expressed mesenchymal markers ACTA2 and
MYH11.11 To characterize mesenchymal cell population that
drives the gastric pathology in CA-PKA mice, we generated
Six2-Creþ/--PKAcaRﬂ/wt;R-tdTomatoﬂ/wt mice in which
Six2þ progenitor-derived cells containing PKAcaR allele are
permanently labeled with tdTomato. To characterize this
mesenchymal cell population, we performed Co-IF on
stomach sections from 8M-old Six2-Creþ/--PKAcaRﬂ/wt;RtdTomatoﬂ/wt (mutant) and Six2-Creþ/-;PKAwt/wt;R-tdTomatoﬂ/wt (control) mice with RFP antiserum (that stains
tdTomato) and either antisera against ACTA2, vimentin
(VIM), or platelet-derived growth factor receptor alpha
(PDGFRA), markers that are expressed by gastric stromal
cells (Figure 15, A–R).54,55 Signals for RFP and all 3 stromal
markers were speciﬁcally localized to the mesenchymal
compartment of the control and mutant stomach. In mutant
corpus, the stromal population identiﬁed by all 4 markers
was markedly expanded vs control. In control, ACTA2
expression largely overlapped with RFP expression in
stromal cells near the gland base, muscularis mucosae, and
in between glands. A relatively small RFPþ/ACTA2- population was also detected in the stomach (Figure 15, A–C),54

Figure 7. (See previous page). SPEM develops in CA-PKA corpus. A–F, Stomach sections from 12-month-old control and
CA-PKA mice co-stained with TFF2 antiserum (red) and GSII lectin (green). In control (A–C), TFF2þ (arrowheads) and GSIIþ
(arrows) cells were observed away from the gland base (line). In CA-PKA mice (D–F), TFF2þ/GSIIþ cystic glands (arrowheads)
invaded into the submucosa. G–R, Stomach sections from 6-week- and 12-month-old control and CA-PKA mice co-stained
with GIF (red, chief cells) and GSII (green, mucous neck cells). In control (G–I, M–O), GIF in chief cells (arrowheads) and GSII
signal in mucous neck cells (arrows) is shown. In 6-week-old CA-PKA corpus (J–L) GIF/GSII double-positive cells are present
in cystic and non-cystic glands (arrowheads). In 12-month-old CA-PKA mice (P–R), large cystic glands with GIF/GSII doublepositive cells (arrowheads) are shown. Scale bars ¼ 50mm. Blue (DAPI).
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In mutant corpus, RFPþ/ACTA2þ population was highly
expanded and localized underneath the inﬁltrating gland
base and in between glands (Figure 15, D–F). Co-IF staining
with RFP and VIM in control revealed that VIM expression
almost completely overlapped with RFP expression in
stromal cells near the gland base, in the muscularis
mucosae, and in between glands (Figure 15, G–I). In mutant,
the RFPþ/VIMþve population was highly expanded and
labeled almost all of the stromal cells localized in the inﬁltrating gland base and in between glands (Figure 15, J–L).
Co-IF staining with RFP and another stromal marker
PDGFRA in control revealed that stromal cells that coexpressed PDGFRA/RFP were relatively fewer and localized
predominantly between glands; additionally, both
PDGFRAþ/RFP- and PDGFRA-/RFPþ cell populations were
observed (Figure 15, M–O). In the mutant, PDGFRAþ/RFPcells were expanded and wrapped around the gastric glands,
whereas PDGFRAþ/RFPþ cells were present in between the
expanded stroma and represented a relatively small population of expanded stroma (Figure 15, P–R).

Discussion
We report a novel role of mesenchymal PKAca in gastric
epithelial development and homoeostasis maintenance
through reciprocal effects on ERK and BMP signaling activity. We ﬁnd that PKA activity in the gastric mesenchymal
compartment must be tightly regulated and demonstrate
that the expression of constitutively active PKAcaR from a
single allele in the gastric mesenchyme nonautonomously
disrupts gastric homeostasis by altering epithelial proliferation and development that ultimately causes preneoplastic
lesions including atrophic gastritis, SPEM with intestinal
characteristics, and dysplastic invasive glands. The preneoplastic lesions occurring in response to PKAcaR expression
were similar to those caused by infection with H. pylori, a
primary etiological agent responsible for most gastric cancer cases.33
Multiple mechanisms, such as inﬂammation, impaired
BMP signaling, and altered gastrin levels, result in oxyntic
atrophy.2,6,33,56-58 It is known that oxyntic atrophy leads to
compensatory hypergastrinemia and that both overexpression and the deletion of the gastrin gene result in
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oxyntic atrophy in mice.5,32,57-60 However, in our model,
hypergastrinemia appears to be an unlikely outcome of
oxyntic atrophy because hypergastrinemia causes foveolar/
pit cell hyperplasia, but CA-PKA mice show foveolar hypoplasia.33 Gastrin stimulates proliferation of gastric mucosal
cells including parietal and ECL cells.32,61 Notably, RNA seq
results from stomachs expressing CA-PKA revealed signiﬁcantly decreased expression of a pan-endocrine cell marker
Chga and ECL and D cell-enriched genes. Whether the
downregulation of endocrine cell markers represents a
decrease in the absolute number of the corpus endocrine
cell population remains to be determined. Also, it is not yet
known whether reduced numbers of G cells and/or
impaired gastrin signaling contribute to decreased parietal
cells in CA-PKA mice. Nevertheless, it appears that altered
gastrin levels may not be the only factor to cause oxyntic
atrophy in CA-PKA mice because 12-week-old gastrin
knockout mice have normal gastric histology, whereas
decreased parietal cell numbers in CA-PKA mice is obvious
at 6 weeks of age.56 Therefore, additional factors such as
inﬂammation and/or downregulated BMP signaling could
be contributors to the relatively early onset of oxyntic atrophy in CA-PKA mice.
Given that chronic inﬂammation is one of the key drivers
of gastric tumors, induction of a potent inﬂammatory
microenvironment by mesenchymal-speciﬁc PKAcaR was
one of the key ﬁndings of this study.46,47,62 These results are
highly relevant because gastric stromal cells have been
found to be a target of H. pylori infection.11,63 H. Pylorimediated targeting of stromal cells inhibits BMP signaling
by upregulating BMP antagonists including gremlin 1 and
downregulating BMP ligand BMP2.11 Inhibition of BMP
signaling is known to contribute to epithelial hyperproliferation and inﬂammation, which can further derive
hyperplasia.4,5,7,11 Our results show that PKA signaling is a
key regulator of stromal cell function, and mesenchymal
PKA activation leads to inhibition of BMP signaling by
altering multiple BMP signaling components, including
marked upregulation of BMP antagonist gremlin 1. We also
show that in our Six2-Creþ/--PKAcaRﬂ/wt;R-tdTomatoﬂ/wt
mouse model, a subpopulation of tdTomatoþ cells (Six2þ
progenitor-derived stromal cell population containing

Figure 8. (See previous page). CA-PKA corpus develops SPEM with intestinal characteristics A–H, Corpus (serial)
sections from 6-week- and 12-month-old control and CA-PKA mice stained with PAS and AB or AB alone. PAS/AB
staining in control showed normal magenta staining in pit cells of controls (A & E) (arrows), whereas in mutants (B & F), there is
aberrant blue staining in pit (arrowheads) and mucous neck cells (arrows). With AB (D & H), similar cells showed light blue
staining (arrows and arrowheads). I–N, Stomach sections from 12-month-old control and CA-PKA mice co-stained with villin1
(VIL1) antiserum (red), GSII-lectin (green), and DAPI (blue). In control (I & K), VIL1 (arrowheads and insets) expression was
infrequent. In mutant, VIL1þ cells (arrowheads) were increased. O, Representative immunoblot and quantiﬁcation graph (*P <
.05) showing relative PIGR levels (n ¼ 4) in the mutant corpus vs control. P–S, Corpus stomach sections from 12-month-old
control and CA-PKA mice co-stained with Mucin 2 (MUC2) antiserum (red) and DAPI (blue). In control (P & Q), no MUC2þ cells
were observed. In mutant (R & S), MUC2þ cells in a cystic gland (arrowheads) are indicated. Antrum sections from 6-week- and
12-month-old control and CA-PKA mice stained with PAS/AB or AB alone. In control (T & X), normal magenta staining in the
neck (arrows) and light blue staining (arrowheads) in the base is indicated. In mutants (U & Y), aberrant dark blue staining in
goblets cells with PAS/AB staining (arrows) is indicated. With AB, light blue staining (V & Z) in the gland base in control, and in
goblet cells of the mutant antrum (W & A’) (arrows) is shown. B’–E’, Antrum stomach sections from 12-month-old control and
CA-PKA mice co-stained with Mucin 2 (MUC2) antiserum (red) and DAPI (blue). In control antrum (B’ & C’), no MUC2þ cells
were observed. In mutant (D’ & E’), MUC2þ cells in multiple antral glands (arrowheads) with variable MUC2 expression are
indicated. Scale bars ¼ 50 mm.
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Figure 9. mRNA seq and GO analysis of control and CA-PKA corpus identify misregulation of pathways involved in
immune response and metabolism (A-D). A, Heatmap of differentially expressed genes in corpus regions of CA-PKA mice vs
control identiﬁed by mRNA seq analysis. B, Volcano plot of differentially expressed upregulated and downregulated genes in
corpus regions of CA-PKA mice vs control identiﬁed by mRNA seq analysis. C, Top 20 pathways revealed by GO analyses of
upregulated (C) and downregulated (D) differentially expressed genes.

PKAcaR allele) that coexpresses ACTA2 is expanded. Interestingly, it was recently reported that H. pylori infection in
the mouse stomach leads to expansion of ACTA2þ/MYH11þ
stromal population that expressed high levels of BMP antagonists including gremlin 1.11 These results strongly
suggest that the H. pylori-targeted stromal cells that include
the ACTA2þ stromal population responsible for secreting
BMP antagonists, including gremlin 1, is expanded in CAPKA mice. Together, these results set a foundation for
further studies to determine whether aberrant PKA activation occurs and contributes towards the pathogenesis of
H. pylori-induced gastritis.

We determined the molecular signature of the PKAcaRinduced inﬂammatory program and identiﬁed STAT3 activation in both epithelial and stromal compartments that was
possibly driven by increased IL11 and IL1a. In addition to
gastric preneoplasia and adenocarcinoma, aberrant STAT3
activation and induction of a similar inﬂammatory program
also occurs in PJS, caused by inactivating LKB1 mutations.48,50,51 Patients with PJS develop gastric polyps and
are at a high risk of developing tumors in the stomach and
other organs. It was recently demonstrated that stromal
cells lacking LKB1 activity displayed dramatic upregulation
and secretion of inﬂammatory cytokines including IL11,
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Figure 10. Kyoto Encyclopedia of Genes and Genomes and Reactome pathway analysis of control and CA-PKA corpus
identify misregulation of pathways involved in immune response and metabolism (A–B). A, Top 20 pathways revealed by
separate Kyoto Encyclopedia of Genes and Genomes analyses of upregulated and downregulated differentially expressed
genes. B, Top 20 pathways revealed by separate Reactome analyses of upregulated and downregulated differentially
expressed genes.

indicating a causative role of stromal population in inciting
the inﬂammatory microenvironment.48 Determining
whether inappropriate activation of PKA in stromal cells
initiates secretion of inﬂammatory cytokines that precedes
and contributes to inﬂammatory cell inﬁltration and parietal
cell loss will be important to establish a causative role of
PKA in initiating inﬂammation.
The CA-PKA mouse model recapitulates nearly the full
spectrum of classic metaplastic and preneoplastic lesions in
the stomach. We observed changes in the expression levels
of multiple canonical SPEM transcripts that were similar to
those known to be altered in human gastric preneoplastic
lesions and models of gastric preneoplasia in which SPEM
cells are developed either by drug-induced acute parietal
cell loss or chronic inﬂammation.41 Intestinal metaplasia is
one of the key preneoplastic lesions observed in human
intestinal-type gastric adenocarcinoma and is characterized
by the presence of AB-stained goblet cells.33,44,64 Corpus

mucosa of CA-PKA mice displayed dramatic upregulation of
various transcripts associated with metaplasia, a dramatic
switch in secreting acid mucins and also showed expression
of MUC2, a well-established marker of intestinal metaplasia.
In the antrum of CA-PKA mice with severe lesions, we did
observe AB-stained goblet cells and expression of MUC2
that are classic features of intestinal metaplasia observed in
only a few models of gastric preneoplasia.33,65-67 Another
key attribute of the CA-PKA model was dysplastic glands
that frequently invaded very deep into the submucosa and
even into the mucosa with sharp increases in associated
matrix metalloprotease expression that likely facilitated the
invasion.65
Signaling pathways including BMP, ERK, sonic hedgehog,
ﬁbroblast growth factor, and Wnt are known to regulate
stomach patterning and homeostasis and contribute to
MEC.3,68,69 Our study identiﬁes PKA signaling as a novel
player in gastric MEC execution by regulating BMP and ERK
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Figure 11. mRNA seq analysis identify
misregulated gene expression indicating cellular alterations in CA-PKA
stomach (A–D). Fold change in differentially expressed genes enriched in parietal
cell, mucous neck and pit cells (A); chief
cells and tuft cells (B); endocrine cells (C);
and in the markers of gastric metaplasia
and cancer stem cells (D). All data with
green and red bars show signiﬁcant gene
changes with P value of .05 or less.
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Figure 12. mRNA seq identiﬁes multiple molecular and cellular components of potent inﬂammatory microenvironment
in CA-PKA corpus stomach (A–F). RNA seq analysis of CA-PKA mice vs control corpus stomach (fold-change) for components of innate immune system (A), genes involved in antigen processing and presentation that are an important component
of adaptive immune system (B), interleukins, interleukin receptors, and associated kinases (C), TNF ligands, receptors, and
TNF-induced proteins receptors (D), chemokines of CXCL and CCL categories and their receptors (E), and in the markers of
myeloid-derived suppressor cells, T lymphocytes, and inﬂammatory cytokines (F). All data with green bars show signiﬁcant
gene changes with P value of .05 or less. G–J, Corpus sections of 12-month-old control and CA-PKA mice co-stained with
GSII-lectin (green) and either ARG1 (red, myeloid-derived suppressor cells) or CDε (red, T cells) antisera. In control (G & I),
ARG1 (arrows) and CD3ε (arrows) were rarely detected; in mutant, ARG1þ (H) (arrowheads) and CD3εþ cells (J) (arrowheads)
were increased. K–N, Corpus and antrum sections of control and CA-PKA mice co-stained with phospho-STAT3 antiserum
(red) and GSII-lectin (green). In control corpus (K) and antrum (M), p-STAT3 signal was undetectable; in mutant, p-STAT3 was
detected in epithelial (arrows) and stromal cells (arrowheads) of both corpus (L) and antrum (N). Scale bars ¼ 50 mm.

pathways. We found that disruption of gastric homeostasis
by mesenchymal PKAcaR is at least partly driven by BMP
signaling inhibition. Previously, inhibition of BMP signaling
by parietal cell-speciﬁc expression of BMP inhibitor, noggin,
led to decreased parietal cell number, likely by impairing
differentiation.5 It is possible that in CA-PKA mutants, PKAmediated inhibition of BMP signaling impairs parietal cell
differentiation contributing to their depletion. Inhibition or
loss of BMP signaling in the stomach epithelial and mesenchymal compartments caused inﬂammation, epithelial
hyperproliferation, and dysplasia; these similar aberrations
were observed in CA-PKA mutants.4,6 Furthermore, germline mutations in BMP signaling components Bmpr1a and

Smad4 lead to the development of PJS, which causes
hamartomata’s polyps characterized by marked inﬂammation and cystic glands and predisposition for gastrointestinal cancers including stomach.70-72 Although our studies
show that the development of inﬂammation and preneoplastic state in CA-PKA mice are associated with the
downregulation of BMP signaling, further studies will be
required to establish a causative role of downregulated BMP
signaling in the gastric pathology observed in CA-PKA mice.
Multiple BMP signaling components were signiﬁcantly
altered in CA-PKA mutants, including a dramatic upregulation of BMP antagonist, gremlin 1. Notably, gremlin 1
upregulation in intestinal ﬁbroblasts was recently shown to
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Figure 13. Increased proliferation and dedifferentiation markers in CA-PKA mice. A–H, Stomach sections from 6-weekand 12-month-old control and CA-PKA mice co-stained with PCNA antiserum (red, proliferation) and GSII-lectin (green). Arrows show proliferation zone in control corpus (A & E) and antrum (C & G). In 6-week- and 12-month-old mutant corpus (B & F),
increased PCNAþ cells are shown in the epithelial (arrows) and stromal (arrowheads) compartments; and in the neck (arrows)
and base (arrowheads) of the mutant antral glands (D & H). I, Representative immunoblots and quantiﬁcation graphs (*P < .05)
showing relative PCNA (n ¼ 4) and CD44 (n ¼ 4) levels in the corpus of CA-PKA mutants vs control. Fold change (P < .05 or
less) in the markers of (J) growth factors and genes involved in (K) pyroptosis and necroptosis identiﬁed by RNAseq. All data
with green bars show signiﬁcant gene changes with P value of .05 or less. L–O. Corpus and antrum sections of 12-month-old
control and CA-PKA mice co-stained with SOX9 antiserum (red, dedifferentiation) and GSII-lectin (green). In control corpus (L),
SOX9 is shown in a few epithelial cells (arrowheads); and in the base of antral glands (arrowheads) (N). SOX9 þcells were
dramatically increased in the mutant corpus (arrowheads) (M); and antrum (arrowheads) (O). Scale bars ¼ 50 mm.

inhibit BMP signaling and drive dedifferentiation in the intestinal mucosa following injury.53 Because dedifferentiation markers including CD44 and SOX9 were upregulated in
association with increased cell proliferation, it will be
important to determine the extent by which the observed
gastric pathology in CA-PKA mutants is due to PKAmediated inhibition of BMP signaling and gremlin 1
upregulation.
We also observed activation of ERK1/2 localized in the
mesenchymal compartment. Aberrant ERK activation in
gastric stromal ﬁbroblasts in known to support proliferation
of cancer cells by constituting a tumor cell niche.13 cAMP/
PKA signaling crosstalks with ERK1/2 signaling to stimulate

proliferation.16,17 ERK1/2 activation that occurs in CA-PKA
mice likely contributes to the proliferation of mesenchymal population. Given that multiple cytokines and chemokines activate ERK signaling that further stimulates
inﬂammation, another possible source of activated ERK1/2
is highly increased levels of cytokines and chemokines in the
CA-PKA mouse stomach.73-75 Further studies will be
required to dissect a causative role of aberrantly activated
ERK signaling in hyperproliferation and/or inﬂammation in
CA-PKA mice.
PKA is a well-known transducer of beta-2 adrenergic
signaling.76 In vitro studies have shown that beta-2 adrenergic signaling not only contributes to chronic stress-
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Figure 14. BMP and ERK signaling is misregulated in CA-PKA corpus. A, Fold change (P < .05 or less) in BMP pathway
components identiﬁed by RNAseq. B, Representative immunoblots and quantiﬁcation graphs (*P < .05) showing relative
gremlin 1 (GREM1) and phospho-SMAD1/5 levels in the mutant corpus vs control. C–H, Corpus sections from 12-month-old
control and CA-PKA mice co-stained with phospho-SMAD1/5/9 antiserum (red, BMP response) and GSII-lectin (green). In
control corpus (C & E), phospho-SMAD1/5/9 signal was observed in epithelial (arrows) and stromal (arrowheads) compartments. In the mutant corpus (F & H), decreased phospho-SMAD1/5/9 signal is indicated in epithelial (arrowheads) and stromal
(arrows) compartments; a few epithelial (concave arrowheads) with strong phospho-SMAD1/5/9 signal are indicated. I,
Representative immunoblot and quantiﬁcation graph (*P < .05) showing phospho-ERK (n ¼ 4) levels in the corpus of CA-PKA
mutants vs control. J–O, Images of corpus sections of 12-month-old control and CA-PKA mice costained with p-ERK1/2
antiserum (red) and GSII-lectin (green). In control corpus (J–L), cytoplasmic p-ERK signal in parietal (white arrows) and stromal
cells (white arrowheads) is indicated. In mutant corpus (M–O), nuclear p-ERK signal in stromal cells (arrowheads) and cytoplasmic p-ERK signal an epithelial cell (arrow) is shown. Scale bars ¼ 50 mm. Blue (DAPI).

induced gastric cancer progression and metastasis, but also
mediates desensitization of gastric cancer cells to targeted
chemotherapies.77,78 These effects of adrenergic signaling
on gastric cancer cells were found to be mediated by ERK
and STAT3 signaling as well as the CREB transcription

factor.77,78 Our CA-PKA mice also show activation of ERK,
STAT3 and CREB. It will be important to determine whether
PKA signaling in the stomach mesenchyme acts as a modiﬁer and exacerbates dysplasia into adenocarcinomas in
preclinical gastric cancer models.
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In this study, we characterized the activity of Crerecombinase driven by the Six2-Cre promoter in the
stomach by lineage tracing. Six2-Cre transgenic mouse
line has been extensively used to induce recombination
in the mesenchymal nephron progenitors of the kidney.24,29,79 Six2-Cre activity also was reported previously
in the stomach, but, not fully characterized.31,80 In
addition to kidney and stomach, Six2-cre activity was
also reported in the developing head, ear, limb, and
osteoprogenitor cells.24,81 Six2-Cre-mediated recombination has not been observed in the thymus, brain, lung,
intestine, liver, spleen, and myeloid cells.80,82 Based on
the extensive cellular and molecular phenotyping of CAPKA mice, along with the characterization of Six2-Cre
activity performed, and the information available about
Six2-Cre activity in the literature, all aspects of the
gastric pathology observed in CA-PKA mice are likely to
be due to PKA activation in the gastric mesenchyme.
Notably, genetic modiﬁcations of LKB1 signaling in T
lymphocytes has been reported to be sufﬁcient to derive
inﬂammation and polyposis in the gut.83 Therefore, to
deﬁnitively rule out any gastric-extrinsic contribution of
PKA activation in the pathology of CA-PKA mice, generation and phenotyping of additional cell-speciﬁc conditional mutants will be required.
In summary, our ﬁndings identify a novel role of PKA
signaling in the execution of gastric MEC and show that PKA
activation in the gastric mesenchyme disrupts gastric homeostasis and drives preneoplastic state that is associated
with the downregulation of BMP signaling activation of
ERK1/2. Our ﬁndings showing that gastric mesenchymal
PKA activation can drive a proproliferative and proinﬂammatory microenvironment, suggesting that the misregulation of PKA signaling is a potential contributor to
various inﬂammation-based gastric pathologies such as
gastritis, polyposis, and cancer.47,48,64

Methods
Mice
Mice
Prkaca
Mutant
versity

harboring constitutively active mutation in the
encoding PKAca were rederived from the
Mouse Regional Resource Centers at the Uniof Missouri (032825-MU) on a C57BL/6NCrl
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background and maintained by breeding with C57BL/6J
mice. Tg(Six2-EGFP/cre)1Amc (herein Six2-Cre) (strain
#009606) rederived from the Jackson laboratory were
on CD1 background. Mutant CA-PKA (double heterozygous with mixed background) mice were obtained by
mating Six2creþ/- mice with mice carrying 1 ﬂoxed
Prkarca mutant allele and genotyped as previously
described.23,24 For all experiments shown, Six2creþ/PKAcaRwt/wt littermates were used as controls, but if not
available, Six2cre-/- PKAcaRﬂ/wt littermates were used as
controls. At least 3 male and female mice were used for
6-week-old and 8- to 12-month-old time points, and no
sex-based differences were found in phenotype penetrance and severity. For lineage tracing studies,
Six2creþ/- transgenic mice were bred with Ai9 (RCLtdTomato) mice (Stock # 007909), (129S6/SvEvTac x
C57BL/6NCrl) to generate Six2creþ/-CAG-tdTomatoþ/-. To
generate Six2-Creþ/--PKAcaRﬂ/wt;R-tdTomatoﬂ/wt mice,
PKAcaRﬂ/wt mice were bred with Six2creþ/-CAGtdTomatoþ/- mice. Animals used in these studies were
maintained and euthanized according to the principles
and procedures described in the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. These studies were approved by the Tuskegee
University Institutional Animal Care and Use Committee.

Histology and Co-IF Microscopy
For histological studies, 4 mm paraformaldehyde-ﬁxed
parafﬁn embedded stomach sections were deparafﬁnized,
rehydrated, and subjected to hematoxylin and eosin
staining. For AB staining, sections were stained for 30
minutes in 1% AB in 3% acetic acid pH 2.5, washed and
counterstained with 0.1% nuclear fast red solution for 5
minutes and then washed, dehydrated, and mounted. For
PAS/AB staining, sections stained with AB were oxidized
in 0.5% PAS for 15 minutes, washed and placed in Schiff
reagent for 30 minutes followed by rinsing, counterstaining with hematoxylin and were dehydrated and
mounted. For co-IF studies, rehydrated sections were
subjected to antigen retrieval in citrate buffer (10 mm
citrate, 0.1% Tween-20, pH 9.0) at 95  C for 30 minutes
and then kept at room temperature for 30 minutes. The
sections were blocked for 1 hour in donkey serum at room

Figure 15. (See previous page). Characterization of stromal cell alterations in Six2-CreD/--PKAcaRﬂ/wt;R-tdTomatoﬂ/wt
corpus. A–F, Corpus sections from 8M-old Six2-Creþ/-;PKAwt/wt; R-tdTomatoﬂ/wt (control) and Six2-Creþ/--PKAcaRﬂ/
wt
;R-tdTomatoﬂ/wt (mutant) mice co-stained with RFP (green) (staining tdTomato) and ACTA2 antisera (red). In control (A–C),
RFP (arrows) and ACTA2 (arrowheads) double-positive stromal cells present underneath, in between gastric glands and in the
muscularis mucosae are indicated. In mutant (D–F), RFP/ACTA2 double-positive cell population is markedly expanded
(arrowheads) and is present underneath and in between invading and cystic glands. G–L, Corpus sections from 8M-old Six2Creþ/-;PKAwt/wt; R-tdTomatoﬂ/wt (control) and Six2-Creþ/--PKAcaRﬂ/wt;R-tdTomatoﬂ/wt (mutant) mice co-stained with RFP
(green) (staining tdTomato) and VIM antisera (red). In control (G–I), RFP (arrows) and VIM (arrowheads) double-positive stromal
cells present underneath, in between gastric glands and in the muscularis mucosae are indicated. In mutant (J–L), RFP/VIM
double-positive cell population is markedly expanded (arrowheads) and is present underneath and in between invading and
cystic glands. M–R, Corpus sections from 8M-old Six2-Creþ/-;PKAwt/wt; R-tdTomatoﬂ/wt (control) and Six2-Creþ/--PKAcaRﬂ/wt;
R-tdTomatoﬂ/wt (mutant) mice co-stained with RFP (green) (staining tdTomato) and PDGFRA antisera (red). In control (M–O),
RFPþ/PDGFRA- (green arrows), RFP-/PDGFRAþ (red arrowheads), and RFPþ/PDGFRAþ (white arrows) cells present in between
gastric glands are indicated. In mutant (P–R), RFP-/PDGFRAþ (red arrowheads) expanded cell population localized around the
glands is indicated. RFPþ/PDGFRA- (green arrows), was expanded present in between cystic glands is indicated. Relatively fewer
RFPþ/PDGFRAþ (concave arrowheads) cells are indicated. Scale bars ¼ 50 mm. Blue (DAPI).
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temperature and incubated for 12 to 18 hours with primary antibodies or lectins with dilutions mentioned in
Supplementary Table 1, followed by washing and 1 hour
incubation with appropriate secondary antibodies. Images
were captured using Olympus ﬂuorescence BX53F microscope (Leica, Wetzlar, Germany).

Immunoblotting
For preparing whole cell lysates, corpus tissue without
contamination from forestomach or antrum was isolated
from 8- to 12-month-old control and mutant mice and homogenized in RIPA lysis buffer (AAJ62524AE, Alfa Aesar)
supplemented with a protease inhibitor cocktail (Cat #
78425, Thermo Fisher). The solution was sonicated 6 times
for 3 seconds and rocked for 30 minutes at 4  C to extract
proteins followed by centrifugation at 14,000  g for 30
minutes. Protein quantiﬁcation was performed by Pierce
BCA Protein Assay Kit (Cat#23225) Supernatant mixed with
Laemmli buffer was used for immunoblotting. Cell lysates
were separated by SDS-PAGE, transferred to nitrocellulose
membranes, and blocked with 5% non-fat dry milk in TBST
(blocking buffer) and incubated with primary antibodies in
blocking buffer with dilutions detailed in Supplementary
Table 1. Following washing in TBST, membranes were
incubated with secondary antibody conjugated with horseradish peroxidase diluted at 1:1000. The protein-antibody
complex was visualized with supersignal west dura
extended duration substrate (Pierce) in Amersham Imager
680 RGB system.

mRNA Sequencing and Bioinformatics Analysis
Corpus samples isolated from 7- to 8-month-old control
(n ¼ 4) and mutant (n ¼ 4) mice were sent to Novogene
Bioinformatics Technology Co, Ltd, in Beijing, China for
RNA extraction and mRNA sequencing. Total RNA was
isolated using the TRIzol reagent, and RNA quality was
accessed on nanodrop and agarose electrophoresis. RNA
integrity and quantiﬁcation were assessed using the RNA
Nano 6000 assay kit of the Bioanalyzer 2100 system
(Agilent Technologies). A total amount of 1 mg RNA per
sample was used as input material for the RNA sample
preparations. Sequencing libraries were generated using
NEBNext Ultra RNA Library Prep Kit for Illumina (NEB)
following manufacturer’s recommendations, and index
codes were added to attribute sequences to each sample.
The clustering of the index-coded samples was performed
on a cBot Cluster Generation System using PE Cluster Kit
cBot-HS (Illumina) according to the manufacturer’s instructions. After cluster generation, preparations were
sequenced on an Illumina platform and paired-end reads
were generated. Raw data of FASTQ format were ﬁrst
processed through fastp. In this step, clean data (clean
reads) were obtained by removing reads containing
adapter sequences and reads with low quality. All the
downstream analyses were based on clean data with high
quality. Reference genome and gene model annotation
ﬁles were downloaded from genome website browser

(NCBI/UCSC/Ensembl) directly. Indexes of the reference
genome were built using STAR, and paired-end clean reads
were aligned to the reference genome using STAR (v2.5).
FeatureCounts was used to count the read numbers
mapped of each gene, and then FPKM of each gene was
calculated based on the length of the gene and reads count
mapped to this gene. All raw and processed mRNA seq
data has been submitted to GEO repository (#GSE196236).

Bioinformatics and Statistical Analysis
Differential expression analysis between 2 conditions/
groups was performed using the DESeq2 R package
(2_1.6.3). The resulting P-values were adjusted using the
Benjamini and Hochberg’s approach for controlling the false
discovery rate (FDR). Genes with an adjusted P-value < .05
found by DESeq2 were assigned as differentially expressed.
GO enrichment analysis of differentially expressed genes
was implemented by the clusterProﬁler R package, in which
gene length bias was corrected. GO terms with corrected
P-value less than .05 were considered signiﬁcantly enriched
by differential expressed genes. We used clusterProﬁler R
package to test the statistical enrichment of differential
expression genes in Kyoto Encyclopedia of Genes and Genomes and REACTOME pathways. Immunoreactive signals
from Western blot ﬁlms were quantiﬁed using National
Institutes of Health image J software, and results were
analyzed by t test using GraphPad Prism software
(GraphPad Software, LA Jolla, CA).
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Supplementary Table 1.Antibodies
Antibody

Company

Catalog #

Application
Immunoﬂuorescence

ARG1

Cell Signaling

93668

ATP4A

Sigma

HPA039154

Western blotting
Immunoﬂuorescence

Dilution
1:500
1:1000
1: 500

CD3

Cell Signaling

78588

Immunoﬂuorescence

1:1000

CD44

Proteintech

15675-1-AP

Western blotting

1:1000

CHGA

Proteintech

23342-1-AP

Immunoﬂuorescence

1:2000

ECAD

BD Bioscience

610181

Immunoﬂuorescence

1:2000

P-CREB

Cell Signaling

9198

Western blotting
Immunoﬂuorescence

1:500
1:250

P-ERK

Cell Signaling

4370

Western blotting
Immunoﬂuorescence

1:1000
1:500

GIF

Sigma

HPA040774

Immunoﬂuorescence

GKN 1

Proteintech

19344-1-AP

Western blotting

1:500

GREM1

R&D

AF956-SP

Western blotting

1:1000

MIST1

Cell Signaling

14896

Immunoﬂuorescence

1:1000

MUC2

Genetex

GTX100664

Immunoﬂuorescence

Sigma

HPA008246

Western blotting
Immunoﬂuorescence

1:1000
1:1000

PCNA

Cell Signaling

13110

Western blotting
Immunoﬂuorescence

1:1000
1:500

PDGFRA

MUC5B

1:1000

1:500

Cell Signaling

3174

Immunoﬂuorescence

1:1000

PIGR

R&D

AF2800-SP

Western blotting

1:1000

RFP

Rockland

600-401-379

Immunoﬂuorescence

1:1000

RFP

Rockland

200-101-379

Immunoﬂuorescence

1:1000

Cell Signaling

9145

Immunoﬂuorescence

1:1000

Sigma

AB3848-I

Immunoﬂuorescence

1:1000

P-SMAD1/5

Cell Signaling

9516

Western blotting

1:1000

SMAD5

Cell Signaling

12534

Western blotting

1:1000

P-STAT3
P-SMAD1/5/9

SMA

Sigma

A5228

Immunoﬂuorescence

1:2000

VIL1

Proteintech

16488-1-AP

Immunoﬂuorescence

1:1000

VIM

Cell Signaling

5741

Immunoﬂuorescence

1:1000

Biotin Griffonia (Bandeiraea)
Simplicifolia Lectin II (GSII)

Vector Lab

BK-3000

Immunoﬂuorescence

1:1000

Fluorescein labeled Dolichos Biﬂorus
Agglutinin (DBA)

Vector Labs

FL-1031

Immunoﬂuorescence

1:500

Ulex Europaeus Agglutinin I (UEA I),
Rhodamine

Vector Labs

RL-1062-2

Immunoﬂuorescence

1:1000

DyLight*488 STREPTAVIDIN

Vector Labs

SA-5488-1

Immunoﬂuorescence

1:1000

Anti-rabbit IgG HRP-linked antibody

Cell Signaling

7074

Immunoﬂuorescence

1:1000

Anti-rabbit IgG HRP-linked antibody

Cell Signaling

7076

Immunoﬂuorescence

1:1000

Alexa Fluor® 488-conjugated AfﬁniPure
donkey anti-mouse IgG (HþL)

Jackson Immunoresearch

715-545-150

Immunoﬂuorescence

1:1000

Donkey anti-rabbit IgG (HþL) highly
cross-adsorbed secondary antibody,
Alexa Fluor 488

Thermo Fisher Scientiﬁc

A-21206

Immunoﬂuorescence

1:1000

Donkey anti-rat IgG (HþL) highly crossadsorbed secondary antibody,
AlexaFluor 488

Thermo Fisher Scientiﬁc

A21208

Immunoﬂuorescence

1:1000

Alexa Fluor® 594-conjugated AfﬁniPure
donkey anti-goat†† IgG (HþL)

Jackson Immunoresearch

705-585-003

Immunoﬂuorescence

1:1000

Donkey anti-rabbit IgG (HþL) highly
cross-adsorbed secondary antibody,
AlexaFluor 594

Thermo Fisher Scientiﬁc

A21207

Immunoﬂuorescence

1:1000

Donkey anti-mouse IgG (HþL) highly
cross-adsorbed secondary antibody,
AlexaFluor 594

Thermo Fisher Scientiﬁc

A21203

Immunoﬂuorescence

1:1000

