Loss of GATA4 causes ectopic pancreas in the stomach
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Abstract

Pancreatic heterotopia is defined as pancreatic tissue outside its normal location
in the body and anatomically separated from the pancreas. In this work we have
analyzed the stomach glandular epithelium of Gata4'°¥fox; Pdx1-Cre mice (Gata4KO
mice). We found that Gata4KO glandular epithelium display an atypical morphology
similar to the cornified squamous epithelium and exhibit upregulation of forestomach
markers. The developing gastric units fail to form properly and the glandular epithelial
cells do not express markers of gastric gland in the absence of GATA4. Interestingly,
the developing glands of Gata4KO stomach express pancreatic cells markers.
Furthermore, a mass of pancreatic tissue located in the subserosa of Gata4KO stomach
is observed at adult stages. Heterotopic pancreas found in Gata4-deficient mice contains
all three pancreatic cell lineages, ductal, acinar and endocrine cells. Moreover, Gata4
expression is downregulated in ectopic pancreatic tissue of some human biopsy
samples.
Key words: GATA4 transcription factor, pancreatic heterotopia, stomach development,

glandular stomach, pancreas.



Introduction

Cell fate allocation during embryonic development is controlled by complex
developmental programs that involve a network of signaling pathways and transcription
factors. Deregulation of these developmental programs, including defects in organ
patterning, morphogenesis or cell differentiation, might cause the formation of organs at

ectopic locations.

Heterotopic pancreas is defined as pancreatic tissue outside its usual anatomical
location but without anatomic or vascular connection to the normal pancreas.
Pancreatic heterotopia is rare. In humans, ectopic pancreatic tissue is mainly found in
the distal stomach and duodenum and at lower frequency in the esophagus, ileum and
biliary tree [1]. Though mostly asymptomatic, this condition might result in pancreatitis,
ulcerations, and gastric obstruction and, in rare cases, malignant degeneration [2]. The
precise pathogenic mechanism of ectopic pancreas in human is poorly understood.
Given the proximity of the pancreas to the stomach and duodenum along the primitive
foregut, it has been proposed the misplacement of pancreatic cells into the developing
gastrointestinal system as a hypothesis for pancreatic heterotopia [1]. An alternative
hypothesis implies a metaplastic process in which ectopic pancreatic tissue would arise
from other endodermal areas different from the pancreatic endoderm that undergo
pancreatic metaplasia migrating to the submucosa of the gut during embryogenesis [3].
A third theory is based on the existence of totipotent cells lining the endoderm that

differentiate into pancreatic tissue [4].



Several studies in mice have directly associated the formation of ectopic
pancreas with defects in embryonic signaling pathways important for pancreas
organogenesis. Thus, loss of Hes1, a Notch signaling transducer, leads to heterotopic
pancreas in the stomach, duodenum and common biliary duct [5,6]. This seems to be
due to defects in morphogenesis of the dorsal pancreas primordium which ingresses into
the stomach domain during embryonic development [7]. Inhibition of Hedgehog
signaling in the foregut also induces pancreatic heterotopia in stomach and duodenum
[8,9]. Finally, genetic misexpression of the basic helix-loop-helix transcription factors
Ptfla in the Pdx1 expression domain of the foregut endoderm causes conversion of
glandular stomach, anterior duodenum and the extra-hepatic biliary system into
pancreas highlighting the critical role of this transcription factor in defining pancreas

allocation in the foregut endoderm [10-12].

In the mouse, the stomach is divided into the forestomach (which it is not found
in humans) that comprises a stratified squamous epithelium and the hindstomach or
glandular stomach. The glandular stomach is composed of columnar epithelial cells and
can be further divided into the corpus and the most posterior region, the antrum [13-15].
The stomach derives from the foregut endoderm, which also gives rise to pancreas
among other endodermal-derived organs. Although far from being completely
understood, the specification of the embryonic stomach is regulated by a number of
signaling pathways (such as WNT, SHH and BMP) and transcriptions factors [14]. The
regionalization of the gut endoderm is achieved in part by restricting the expression of
transcription factors to particular domains. Thus, the foregut endoderm expresses SOX2
while the posterior region or hindgut expresses CDX2 [13-15]. Once the gastric identity

is specified, the stomach undergoes further regionalization, a process that also involves



selective expression of specific transcription factors in these areas. For example, Pdx1 is
expressed in the foregut region that gives rise to antrum and pylorus (in addition to
pancreas, anterior duodenum and proximal extrahepatic biliary system) [16]. By

contrast, SOX2 expression is maintained at much higher levels in the forestomach [17].

GATA4 is a member of the GATA zinc-finger transcription factor family that
control specification, differentiation and proliferation of various mesoderm- and
endoderm- derived cell types [18-22]. In the fetal stomach, Gata4 is expressed in the
epithelium of the hindstomach and duodenum, and in adult stomach it is localized in pit,
neck and parietal glandular epithelial cells [23-26] suggesting a role in glandular
stomach formation. Indeed, studies using chimeric embryos, to circumvent the early
lethality of Gata4 null mice [27-29] lends support to this notion. Gata4-null stomach
cells fail to express markers associated with differentiation of gastric epithelial cell
lineages [25]. However, it remains unclear whether these defects in glandular stomach

cell differentiation reflect a cell-autonomous role of GATAA4.

GATAA4 has been shown to control cell identity during embryonic development
by activating or repressing key regulators of endodermal fates. Thus, mice lacking
GATAA4 in the jejunum lost jejunal identity and fates into ileum lineage [30].
Interestingly, simultaneous inactivation of GATA4 and GATAG results in dorsal and
ventral pancreatic progenitors acquiring stomach and intestinal and lineages,
respectively [31]. GATAA4 is a key player in pancreas organogenesis. Mutations in
GATAA4 result in severe hypoplasia or complete pancreatic agenesis in humans [32]. In
stark contrast, conditional inactivation of Gata4 in pancreatic progenitors does not have

any apparent effect on pancreas formation in mice. However, mice with simultaneous



inactivation of Gata4 and Gatab fail to develop pancreas and died shortly after birth
with hyperglycemia [33,34] indicating functional redundancy of these transcription

factor in mouse development.

In this work we have analyzed the stomach glandular epithelium of Gata4fo¥flox;
Pdx1-Cre mice (Gata4KO mice, hereafter). We found that Gata4KO glandular
epithelium display an atypical morphology similar to the cornified squamous
epithelium. The developing gastric units fail to form properly and the glandular
epithelial cells do not express markers of gastric gland in the absence of GATA4.
Interestingly, the developing glands of Gata4KO stomach express pancreatic cells
markers and a mass of pancreatic tissue located in the subserosa of Gata4KO stomach is
observed at adult stages. Heterotopic pancreas found in Gata4-deficient mice contains
all three pancreatic cell lineages, ductal, acinar and endocrine cells. Analysis of ectopic
pancreas in human biopsies revealed a downregulation of Gata4 expression in some of

the samples analyzed.



MATERIAL AND METHODS
Mice

Gata4 flo9flox pdx1-Cre, ROSA26ReYFP and Ptfla-Cre mice and the strategies
for genotyping have been previously described [33,35-38]. All experiments using
animals complied with institutional guidelines, and were reviewed and approved by the
Institutional Animal care and Use Committee (IACUC) of the University of Sevilla,

Spain or the Instituto de Salud Carlos III and Comunidad Autonoma de Madrid.

Histology, Immunohistochemistry and Immunofluorescence.

Dissected pancreata collected at adult stages were fixed in 4% paraformaldehyde
in phosphate-buffered saline (PBS) overnight at 4°C, dehydrated with ethanol and
xylene, and embedded in paraffin. Histological analyses were performed as previously
described [39,40]. The following primary antibodies were used at the indicated dilution:
mouse anti-GATA4 (1:100 Santa Cruz, Sc-25310); rabbit anti-Gastrin (1:50 Abcam,
ab8492); mouse anti-alpha smooth muscle actin (1:300, Sigma-Aldrich, A5228); mouse
anti-Hydrogen Potassium ATPase Beta (1:2000 Abcam, ab2866), rabbit anti-Sox2
(1:500 Abcam 97959), goat anti-GFP (1:200 Abcam, ab6673); guinea pig anti-Pdx1
(1:200 Abcam, ab47308); mouse anti-insulin (1:500 Sigma-Aldrich, 12018); mouse
anti-E-Cadherin (1:100, BD Bioscience, 61018); rabbit anti-Ptfla (1:2000, Beta Cell
Biology Consortium, AB2153); mouse anti-amylase (1:200 Santa Cruz, Sc-46657);
mouse anti-MUCSAC (1:200 Thermo Scientific, MS-145-P); mouse anti-Glucagon
(1:200, Sigma-Aldrich, G2654); rabbit anti-MafA (1:50, Bethyl laboratories, A300-
611A); rabbit anti-Glut2 (1:400, Millipore, 07-1402); rabbit anti- HNF1B (1:100, Santa
Cruz Sc-8986), Biotinylated Dolichos biflorus Agglutinin (DBA) (1:300; Vector
Laboratories, B-1035), rabbit anti-cytokeratin 14 (1:200, Abcam, ab15461); rabbit anti-

Trp63 (1:500, Abcam, ab53039). All pictures from immunofluorescence and



immunohistochemistry shown are representative of at least 6 independent samples of

the indicated genotype.

Human Samples

Gastric biopsies were obtained upon obtaining an informed consent from each
patient. The study protocol was approved by the ethics committee of the Hospital
Universitario Virgen del Rocio (HUVR), Seville and the study was conducted according
to the principles of the Declaration of Helsinki. Immunofluorescence for GATA4 was
performed on 4 um paraffin sections of human stomach from twenty-four patients. All
samples analyzed contained pancreatic tissue located in the subserosa layer of the
stomach. Eighteen samples out of the twenty-four also contained glandular stomach or

proximal duodenum.



Results
Morphological and cell differentiation defects in glandular stomach in the absence of
Gatad

To investigate the role of GATA4 on the formation of the glandular stomach,
mice with a conditional (flox) allele of Gata4 (Gata4o/oX) were crossed with mice
expressing the Cre recombinase under the control of the pancreatic and duodenal
homeobox gene 1 (Pdx1) promoter (Pdx1-Cre mice) [36]. PDX1 is expressed in all
pancreatic progenitors but is also expressed in the caudal region of the developing
stomach as well as the duodenum, where it overlaps with GATA4 (Fig. 1A-C). To
monitor Cre recombinase activity, Pdx1-Cre and Gata4/1o/ox; Pdx1-Cre mice were
crossed to a ROSA26ReYFP reporter strain [37]. Immunofluorescence analyses of E17.5
embryos revealed robust eYFP expression in the antrum of both Pdx1-Cre;
ROSA26ReYFP (Figure 1D, F) and Gata4°9fox; Pdx1-Cre; ROSA26eEYFP embryos
(Figure 1E, G). Scattered eYFP-positive cells were also observed in the corpus region
along the greater curvature of the stomach in both mouse strains (Figure 1D, E, H, I). In
agreement with this Cre expression pattern, efficient GATA4 loss was observed in the
antrum of Gata4"°ox; pdx1-Cre; ROSA26ReYFP embryos while a mosaic pattern of
GATAA4 protein is observed in the corpus (Fig. 1G, I). A similar result was obtained by
immunohistochemistry analyses in Gata41°¢fox; Pdx1-Cre (hereafter, Gata4KO mice)

and control embryos (Gata4"®/*; Pdx1-Cre or Gata41o¥fo) (Fig. 1J-M).

We next analyzed whether the lack of GATA4 affects stomach development by
analyzing the stomach epithelium at various embryonic stages. No major morphological
abnormalities were observed at embryonic day (E) 13.5 and E15.5 (Supplemental Fig.

1). However, by E17.5, Gata4KO embryos failed to form the characteristic developing



gastric units of normal stomach (Supplemental Figure 1). In newborn mice, Gata4KO
stomach lacked gastric glands and the epithelium appeared mostly flattened (Fig. 2B, D)
in contrast to control stomach in which invaginations of the gastric epithelium were
clearly observed (Fig. 2A, C). The stomach of adult (2-3-month-old) control mice
displayed a well-defined and highly organized glandular epithelium (Fig. 2E, G). In
stark contrast, Gata4-deficient antrum showed an atypical morphology with appearance
of a cornified squamous epithelium (Fig. 2F, H). To determine whether glandular cell
differentiation was impaired in Gata4KO stomach, we analyzed several markers of
differentiated gastric cells. At E17.5, parietal cells expressing the gastric hydrogen
potassium ATPase (HK"-ATPase) in the corpus and gastrin-expressing enteroendocrine
cells in the antrum were easily observed in the developing glands of control mice
(Supplemental Fig.1). However, only few HK*-ATPase-expressing cells were found in
the corpus of Gatad KO embryos, likely due to mosaic Cre activity observed in this
region of the stomach (Supplemental Fig.1). No gastrin-expressing cells were observed
in the antrum epithelium of the Gata4KO embryos (Supplemental Figure 1). At both P1
and adult stomach, well-differentiated parietal cells (positive for HK*-ATPase) (Fig. 21,
K), mucus-producing cells (positive for MUCS5AC) (Fig. 2M, O) and G-enteroendocrine
cells (positive for Gastrin) were found in control mice (Fig. 2Q, S). In stark contrast, the
expression of HK+-ATPase, MUCSAC and Gastrin were dramatically reduced in the
glandular epithelium of Gata4 knockout mice (Fig. 2J, L, N, P, R, T). These results

indicate that GATA4 plays a critical role in the differentiation of the gastric epithelium.

Upregulation of squamous epithelial markers in the corpus and antrum of Gata4KO

mice

10



The cornified appearance of the corpus and antrum of Gata4-deficient mice,
prompted us to investigate the expression of squamous epithelial markers. Cytokeratin
14 and the transcription factor TRP63 are expressed in forestomach but not in corpus
and antrum. As expected, immunofluorescence analyses for these squamous epithelial
markers revealed a clear boundary between the forestomach and corpus in newborn
(Fig. 3A, A’, C, C’). and adult control mice (Fig. 3G, G’ I, I’). However, this boundary
was not apparent in Gata4KO stomach and both the antrum and corpus showed a
marked increase in cytokeratin 14 (Fig. 3B, B’, B’’, H, H’) and TRP63 (Fig. 3D, D’,
D’’,J, J’) immunostaining. The gastric SRY -related HMG transcription factor SOX?2
was strongly expressed in the forestomach whereas is much lower expressed in both
corpus and antrum of newborn (Fig. 3E, E’), and adult control stomach (Fig. 3K, K’), as
previously reported [13]. However, a dramatic upregulation of SOX2 expression was
observed in the corpus and antrum of newborn (Fig. 3F, F’, F’”) and adult Gata4KO
mice (Fig. 3L, L’). Altogether, these results demonstrate that GATA4 is required to

maintain glandular stomach identity.

Ectopic pancreas in Gata4-deficient mice

Histological analyses of embryonic stomach at E17.5 revealed an ingression of
the flattened epithelium of embryonic Gata4KO antrum into the subserosa layer of the
stomach. Remarkably, the invaginated gastric epithelium formed a dilated duct structure
adjacent to clusters of cells with pancreatic acinar morphology (Fig. 4D). By contrast,
control stomach displayed normal developing unit glands (Fig. 4A). At P1 and in adult
stomach of Gata4KO mice, this ectopic pancreatic tissue expanded and it was well-
distinguishable by hematoxylin and eosin staining (Fig. 4G, J, M). The penetrance of

the ectopic pancreas phenotype in all analyzed neonates and adult Gata4KO mice was
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100% (20 neonates and 17 adult mice in total), while it was never observed in control
mice (>50 analyzed mice). Gata4/Mox; pdx1-Cre ROSA26R-eYFP mice were used to
better visualize the ectopic pancreatic tissue. In control Pdx1-Cre ROSA26R-eYFP
embryonic stomach, eYFP-labelled cells were only observed in the developing glands
(Fig. 4B). However, eYFP-labelled Gata4 knockout cells in the subserosa layer of the
stomach appeared continuous with the gastric epithelium, discontinuing the submucosal
and muscular layer, as revealed by smooth muscle a-actin immunostaining (Fig. 4E, H,
K). Interestingly, cells from PDX1-positive ducts located in the subserosa layer of the
stomach (Fig. 4F, L) clustered into acinar-like structures that expressed amylase (Fig.
4F, I, N) and the acinar transcription factor PTF1A (Fig. 40). No immunostaining for
amylase was observed in the control stomach (Fig. 4C). Remarkably, endocrine cells
expressing insulin and glucagon were also detected in the ectopic pancreas in GatadKO
stomach (Fig. 4P). The distribution of endocrine cells in the ectopic pancreas resembled
murine pancreatic islets, with a core of insulin-positive cells surrounded by glucagon-
positive cells (Fig. 4P). Moreover, insulin-producing cells expressed the mature 8 cell

markers MAFA (Fig. 4Q) and the glucose sensor GLUT2 (Fig. 4R).

Gata4-deficient gastric epithelium expresses pancreatic markers

Ectopic pancreas has been associated to impaired Notch signaling in mice [5-7].
We examined the expression of Hesl, a mediator of Notch signaling, and its
downstream target Ngn3 in E13.5 and E15.5 Gata4dKO pancreas and stomach.
Quantitative RT-PCR analysis showed similar Hes1 and Ngn3 expression levels in
Gata4KO pancreas compared to control pancreas at both stages (Supplemental Figure
2). Similarly, Hes1 and Ngn3 expression was not altered in the absence of GATA4

activity in the stomach (Supplemental Figure 2). Moreover, in contrast to what it is
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observed in Hesl mutant embryonic pancreata, the dorsal pancreas of Gata4 KO mice
displayed normal morphology and the pancreatic epithelium, labeled by E-cadherin, did
not contact the stomach epithelium, (Supplemental Figure 2). These results indicate that
the formation of ectopic pancreas in Gata4dKO embryos is not due to decreased Notch
signaling. Inhibition of Hedgehog signaling in the early foregut endoderm has also
been associated with pancreatic heterotopia in stomach [8,9]. However, the gastric
epithelium in the Gata4KO antrum showed a marked upregulation of Shh expression
(Supplemental Figure 2), and therefore it does not support a role for loss of Hedgehog
signaling in pancreatic heterotopia of Gata4 KO mice. Indeed, our results are in
agreement with a previous study showing that GATA4 attenuates Shh expression in the

distal stomach [25].

To determine whether loss of GATA4 specifically in pancreatic progenitors
leads to the formation of ectopic pancreas in a wildtype stomach, we crossed Gata4
floxed mice with Ptfla-Cre mice [38]. Ptfla-Cre is active in pancreatic cells from E9.5
onwards although it is later restricted to the acinar cell lineage. However, it is not
expressed in the stomach. Accordingly, strong GATA4 expression was observed in the
glandular stomach of Gata4/1o/flx; ptfla-Cre mice (Supplemental Figure 3).
Histological and immunohistochemical analyses revealed well-differentiated gastric unit
glands in Gata4f1o¥flox; ptfla-Cre mice (Supplemental Figure 3). Furthermore, no
ectopic pancreatic tissue was observed in any of the Gata4/1°/flox; Ptfla-Cre conditional
knockout mice analyzed (n=10). These data indicate that the absence of GATA4 in the
pancreatic compartment does not induce the formation of ectopic pancreatic tissue in
the stomach. The morphological analysis of the developing gastric antrum of

Gata4fio¥flox; Pdx1-Cre embryos suggests that the ectopic pancreas originates directly
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from the glandular epithelium rather than from the migration of pancreatic cells into the
stomach antrum during development (Figure 4E, H). To test this hypothesis, we
analyzed the gastric epithelium of Gata4-deficient embryos for expression of pancreatic
markers. As expected, the developing gastric glands and proximal duodenum in control
embryos strongly expressed Pdx1 (Fig. 5A, C) but no insulin-positive endocrine cells
were found. In stark contrast, scattered insulin-positive cells were observed in the
glandular stomach and in the duodenum of the Gata4-deficient glandular epithelium
(Fig. 5B, D). Moreover, an upregulation of the ductal marker HNF1 is observed in
areas of Gata4 knockout glandular epithelium that invaginates into the subserosa layer,
discontinuing the smooth muscle layer (Fig. 5F). Interestingly, the HNF1B-positive
cells strongly react with Dolichos biflorus agglutinin (DBA) (Fig. SH) which selectively
labels ductal cells in the pancreas [41]. No upregulation of HNF1 B was observed in the

glandular epithelium of control embryos (E, G).

GATA4 is downregulated in human heterotopic pancreas

To investigate the potential role of GATA4 in human pancreatic heterotopia, we
compared its expression in samples of 24 patients containing ectopic pancreatic tissue
and in normal pancreatic tissue. In 8 of the cases, strong GATA4 immunostaining was
detected in the acinar cells of the ectopic pancreas, similar to the immunostaining
observed in normal pancreas (Fig. 6B, G). However, 16 samples displayed low
accumulation of GATAA4 protein in ectopic pancreas compared to normal, orthotopic
pancreas (Fig. 6L). Of note, all analyzed samples showed strong immunostaining for the
acinar marker amylase serving as an internal control for adequate immunohistochemical
analysis (Fig. 6E, J, O). Out of the 24 samples from patients containing heterotopic

pancreas, 18 also contained glandular stomach/proximal duodenum, which allowed us
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to evaluate GATA4 expression in both tissues of the same patient. Remarkably, the
samples with weak GATA4 immunostaining in the ectopic pancreas also displayed
weak GATA4 immunostaining in the glandular stomach and proximal duodenum (Fig.
6D, I, N). This result might suggest that, at least in some cases, GATA4

downregulation might be associated with formation of ectopic pancreas in humans.
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Discussion

Here we show that the transcription factor GATAA4 is critical for the
maintenance of cell identity in the hindstomach and the differentiation of glandular
epithelial cells. The inactivation of Gata4 in the stomach using the Pdx1-Cre driver
mouse strain, impairs glandular epithelium formation and leads to aberrant induction of
forestomach markers in the glandular stomach. More remarkably, Gata4 deficiency

causes ectopic pancreas in the subserosa layer of the stomach.

Our results provide support to previous studies that have suggested an important
role for GATA4 in glandular stomach development [24,25]. GATA4 is expressed in the
hindstomach but not in the forestomach during embryonic development. Studies on
chimeric embryos have shown that Gata4-null cells contribute to the squamous gastric
epithelium but not to the glandular epithelium. However, these studies could not
distinguish whether GATA4 was necessary for gastric specification and/or
differentiation. We used the Pdx1-Cre mouse line to inactivate Gata4, which targets the
antral region precursors and, less efficiently in a mosaic fashion, the corpus. Therefore,
inactivation of Gata4 in using Pdx1-Cre driver mice would occur only after these
regions have been specified. Further studies inactivating Gata4 in the foregut
epithelium would be necessary to establish the role of GATA4 in stomach specification.
Although we could not properly examine the role of GATAA4 in this process, our results
demonstrate that GATA4 is necessary for glandular stomach cell differentiation. Thus,
the expression of markers of parietal cells, enteroendocrine, and mucus-producing cells
is dramatically reduced in the Gata4KO stomach. In agreement with our findings, it was
shown in the above study that the scarce Gata4-null cells incorporated into the chimeric

glandular stomach lacked expression of gastric markers. Interestingly, we found that
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Gata4KO embryos exhibit a transformation of the hindstomach from columnar to a
stratified squamous type epithelial morphology. Notably, increased expression of
forestomach epithelium markers including the transcription factor SOX2, cytokeratin 14
and TRP63 were observed in the antral and corpus region of Gata4KO stomach
suggesting that loss of GATA4 might lead to anteriorization of the hindstomach. These
data suggest that GATA4 maintains glandular stomach cell identity by repressing
markers of the anterior stomach. This role is reminiscent of the role of GATA4 in
regulating the jejunal-ileal boundary in the small intestine [42,43]. The exact
mechanism by which GATA4 maintains hindstomach identity remains to be
determined. However, loss of GATA4 results in aberrant SOx2 expression in the
glandular stomach and SOX2 plays a key role in gastric epithelial differentiation.
Indeed, misexpression of SOX2 in the posterior region of the primitive gut induces a
gastric-like phenotype in the intestine [44]. Thus, it is tempting to speculate whether

GATA4 might directly repress S0x2 expression in glandular stomach.

Unexpectedly, Gata4KO mice exhibited pancreatic heterotopia in the stomach.
Cells of all pancreatic lineages (acinar, endocrine and ductal) were found in Gata4dKO
stomach. Importantly, ectopic pancreas was only observed in the hindstomach or in the
proximal duodenum. The molecular determinants of pancreatic heterotopia and the
pathogenic mechanisms involved are not well known. Earlier studies suggest that
pancreatic heterotopia in mice with mutations in Hes1 was caused by
transdifferentiation of the embryonic stomach to pancreatic tissue [6], but a recent study
proposes that aberrant morphogenesis of the dorsal pancreas primordium is the
underlying mechanism in Hes1l mutant mice [7]. We did not observe changes in Hesl

and Ngn3 (a HESI target gene) expression in the dorsal pancreas of Gata4KO embryos,
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suggesting that the heterotopic pancreas observed in Gata4-deficient mice might be

independent of Notch signaling.

Although we cannot conclusively identify the basis for the pancreatic
heterotopia in Gata4KO mice, our observations provide evidence, albeit circumstantial,
for a transcommitment of regions of the prospective glandular stomach to pancreatic
lineage. The inactivation of Gata4 exclusively in the pancreatic progenitors using a
highly pancreas-specific Cre mouse line (Ptfla-Cre) did not lead to the formation of
ectopic pancreas, suggesting that the absence of GATA4 in the stomach domain is
selectively required for this embryonic disorder. The presence of scattered insulin
positive cells and the upregulation of HNF1B ductal marker in the developing unit
glands of Gata4-deficient mice might suggest that endodermal tissue migrates to the
submucosa during embryogenesis transforming into pancreatic tissue. However, this
theory fails to explain why full tissue conversion is not observed in the entire Pdx1
positive domain of the glandular stomach. Further studies will be required to determine
the exact mechanism. Nevertheless, our findings point to an important role of GATA4
in establishing cell lineages during foregut embryonic development. Indeed, a recent
study supports a role for GATA factors in the foregut patterning. Simultaneous
inactivation of Gata4 and Gatab6 results in pancreatic agenesis [33,34]. Further studies
in the embryonic pancreatic rudiments of these double mutants have shown a cell fate
switch in dorsal and ventral pancreas to stomach and intestine, respectively [31].

However, individual Gata4KO embryos were not analyzed in this study.

In humans, pancreatic heterotopia is most commonly observed in stomach and

intestine and, more rarely, in esophagus, biliary tract and spleen. We examined GATA4
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expression in a series of human gastric biopsies with pancreatic heterotopia. Although
far from conclusive, a substantial number of these samples showed decreased GATA4
expression in the ectopic pancreas suggesting that GATA4 might be associated with
pancreatic heterotopia in humans as well. Interestingly, decreased GATA4 expression in
ectopic pancreas correlates with decreased GATA4 expression in the glandular stomach
and proximal duodenum. These results, together with our observations inactivating
Gata4 using the Ptfla-Cre line, support the idea that specific loss of GATA4 in the

stomach/duodenum causes the formation of ectopic pancreas.

Our findings raise the question as to whether mutations in GATA4 (or other
genes regulating GATA4 expression) might be linked to pancreatic heterotopia in
humans. Patients with GATA4 mutations have been reported. Indeed, a recent study has
reported that mutations in GATA4 are a cause of neonatal or childhood-onset diabetes
[32]. However, no analysis of the stomach in these patients has been described and

deeper imaging studies of these patients might be warranted.
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Figure Legends

Figure 1. Abnormal morphology of the glandular stomach in Gata4-deficient mice.
Immunofluorescence analyses demonstrate overlapping expression of GATA4 and
PDXI in the antrum of wild-type embryos (A-C). Strong eYFP staining in the antrum
(a) of Pdx1-Cre; Rosa26RYFP (Pdx1-Cre;eYFP) and Gata4o“fox; pdx1-Cre;
ROSA26ReYFP (G4KO;eYFP) embryos at E17.5. A mosaic pattern for eYFP is found
in the greater curvature of the corpus (¢) (D, E). Higher magnification of the respective
antral region are shown in F and G. Higher magnification of the respective corpus
region are shown in H and I. Loss of Gata4 in the antrum of Gata4f1°/flx; pdx1-Cre
(G4KO) of E17.5 embryos (K) compared to Ctrl embryos (J). Strong GATA4 staining
is observed in the corpus of E17.5 Ctrl embryos (L), whereas incomplete inactivation of
Gata4 is detected in the corpus of G4KO embryos (M). Scale bars: (A-G): 100 um; (H-

M): 25um.

Figure 2. Defects in morphology and cell differentiation in Gata4-deficient gastric
epithelium.

Hematoxylin/Eosin staining of stomach tissue shows the antral epithelium of P1 Gata4-
deficient mice (G4KO) is flattened and glands are not properly formed (B, D), in
contrast to control (Ctrl) antrum epithelium in which the developing unit glands are
easily observed (A, C). In the adult, the stomach of control mice displays well-
organized gastric glands (E, G). G4KO antrum displays abnormal glandular
morphology composed of epithelial cells with cornified appearance (F, H). Inset in H

shows higher magnification of the cornified gastric epithelium.
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Immunostaining analysis of the stomach of control (Ctrl) and Gata4 KO (G4KO) at P1
and adult stages for the parietal cell marker, HK"-ATPase (I-L), the pit cell marker
MUCS5AC (M-P) and G cell marker gastrin (Q-T) reveals defects in glandular cell
differentiation in Gata4KO (G4KO) mice. Inset in S shows higher magnification of
gastrin positive cells. Scale bars: (A, B, G, H, S, T): 100um; (C, D, I, J, M, N, Q, R):

25um; (E, F, K, L, O, P): 500pm.

Figure 3. GATA4 maintains stomach glandular cell identity

Immunostaining for cytokeratin 14 revealed a clear junction between the forestomach
and hindstomach in control (Ctrl) mice at both P1 (A, A’) and adult stages (G, G’).
Gata4KO mice exhibit upregulation of cytokeratin 14 expression in the corpus and
antrum at P1 (B, B’, B””) and at adult ages (H, H’). GATAA4 is exclusively expressed in
the columnar epithelium of P1 (C, C’, E, E’) and adult control stomach (I, I’, K, K”).
TRP63 protein is restricted to the forestomach in control mice at P1 (C, C’) and in adult
stages (I, I’). In Gata4KO mice, TRP63 immunostaining is observed in the antrum and
corpus of neonate (D, D’’) and adult (J, J’) mice. SOX2 is highly expressed in the
forestomach of control neonate (E, E’) and adult (K, K”) mice. An upregulation of Sox2
expression is observed in the antrum and corpus of Gata4KO mice at P1 (F, F’”) and
adult ages (L, L”). Note that cells that escape from Cre recombination in the corpus of
Gatad4KO mice are positive for GATA4 and negative for TRP63 (D’) and SOX2 (F’).
Counterstaining with DAPI (blue) was performed to visualize nuclei in
immunofluorescence analyses. fs: forestomach; c: corpus, a: antrum. A’ through F’’ are
high magnification pictures from A through F, respectively. Scale bars: (A-F, G-L):

500pm; (A’-F’, G*-L): 100pm.
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Figure 4: Ectopic formation of pancreatic tissue in the distal stomach of Gata4-
deficient mice. Histological and immunofluorescence analyses of the stomach of
control (Ctrl) and Gata4 knockout (G4KO) E17.5 embryos (A-F), P1 neonates (G-I)
and adult mice (J-R). Embryonic G4KO stomach tissue displays invagination of the
antrum epithelium into the subserosa layer forming a duct-like structure (D), as
observed by Hematoxylin/Eosin staining. Normal stomach morphology in control
embryos (A). Hematoxylin/Eosin staining reveals well-distinguishable pancreatic tissue
in the subserosa of Gata4KO stomach at P1 (G) and adult stages (J, M). eYFP-labelled
cells in the ectopic pancreas of adult Gata4f1°/flox; Pdx1-Cre ROSA26R-eYFP mice are
continuous with the stomach epithelium and penetrate the submucosal and muscular
layers of the antrum, marked by smooth a-actin (a-SMA) immunoreactivity (E, H, K).
Ectopic pancreas of GatadKO contains well-differentiated acinar cells that express
amylase (F, I, N). Ectopic pancreatic epithelium, marked by Ecadherin, show
expression of the acinar marker PTF1A (O) . At adult stages, small clusters composed
of endocrine insulin- and glucagon-expressing cells (P) are observed. Insulin-expressing
cells express MAFA (Q). Insulin-expressing cells, marked by PDX1 immunoreactivity,
also express the glucose transporter GLUT2 (R) . Counterstaining with DAPI was
performed to visualize nuclei (blue) in immunofluorescence analyses. Scale bars: (A-N,

P-R):100pum. (O): 25um.

Figure 5: Pancreatic marker expression in the glandular stomach of Gata4dKO
embryos. Immunofluorescence analyses reveal the presence of insulin-positive cells in
the developing glandular stomach (B) and proximal duodenum (D) of E17.5 Gata4

knockout (G4KO) embryos. No insulin positive cells are found in stomach or
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duodenum epithelium of E17.5 control embryos (A, C). Areas of the G4KO glandular
epithelium invaginating into the subserosa layer and discontinuing the smooth muscle
layer exhibited upregulation of the ductal pancreatic marker Hnf1p (F), in parallel with
increased reactivity for the ductal marker DBA lectin (H). No immunostaining for
HNF1B and DBA lectin is observed in control stomach (E, G). Counterstaining with
DAPI was performed to visualize nuclei (blue). Arrowheads in B and D indicate

insulin-producing cells. Scale bars: (A-F): 100um; (G, H): 25um.

Figure 6: GATA4 expression in human heterotopic pancreas.

Hematoxylin/eosin and immunofluorescence analyses of human gastric biopsies of
control individuals (A-E) and patients with heterotopic pancreas (F-O). Eight (out of 24)
biopsies of heterotopic pancreas display GATA4 protein levels in the ectopic pancreas
(G) and in the glandular stomach (I) similar to those observed in normal pancreas (B)
and in stomach of healthy patients (D). However, the remaining 16 biopsies exhibit a
dramatic decrease in the accumulation of GATA4 protein in both the ectopic pancreas
(L) and proximal duodenum (N). Of note, all patients analyzed show similar (and
robust) levels of amylase protein in the pancreatic tissue (E, J, O). Scale bars: (A-D, F-I,

K-N): 100um; (E, J, O): 25um.

Supplemental figure legends

Supplemental Figure 1: Hematoxylin/Eosin staining of stomach tissue for control
(Ctrl) and Gata4 knockout (G4KO) embryos at E13.5 (A, B), E15.5 (C, D) and E17.5
(E, F). No morphological anomalies are observed in the stomach epithelium of E13.5
and E15.5 G4KO embryos, compared to Ctrl embryos (n=5 embryos analyzed for each

stage and group). At E17.5, developing gastric units are well formed in control embryos
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(E) while G4KO stomach lacks gastric glands and the epithelium is flattened (F).
Immunohistochemistry analyses revealed robust expression of parietal (HK"-ATPase)
and G cell (Gastrin) markers in control stomach (G and I, respectively). By contrast, the
G4KO embryonic stomach fails to express any of these gastric cell markers (H, J). Scale

bars: 25um

Supplemental Figure 2: Up-regulation of Sonic hedgehog expression in Gata4KO
antrum and normal Ngn3 and Hes1 expression in the pancreas and stomach of
GatadKO embryos. Immunofluorescence analysis using Sonic hedgehog (SHH)
antibody (goat anti-Shh (R&D Systems, AF445) show strong GATA4 expression but
low SHH expression in E17.5 control antrum (Ctrl) (A-C). By contrast increased SHH
expression is observed in the antrum of Gata4 KO (G4KO) embryos (D-F). Of note,
SHH is absent in the ectopic pancreas (ep). Dissected pancreata and stomach from three
E13.5 or E15.5 embryos of control (Ctrl) or GatadKO (G4KO) embryos were pooled to
obtain RNA. Expression of Ngn3 and Hesl was examined by quantitative RT-PCR in
three different samples of stomach (G) and dorsal pancreas (H) at E13.5 and E15.5
control (Ctrl) and Gata4 knockout (G4KO) embryos (G). Total RNA isolation and
gPCR was performed as previously described (Carrasco et al., Journal of Clinical
Investigation, 2012, 112, 3504-3515), using the following Tagman probes (Applied
Biosystems): Ngn3: Mm_00437606; Hes1: Mm_ 01342805 ml; B-actin:

Mm02619580 gl. Gene expression data are normalized to 3 -actin mRNA levels and
presented as mean + SEM. Immunofluorescence analysis of E-cadherin and smooth
muscle a actin (I) shows normal morphology of the dorsal pancreatic epithelium of

E13.5 G4KO embryos without contact with the glandular stomach epithelium , similar
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to what is observed in E13.5 control embryos (J)._ Counterstaining with DAPI was

performed to visualize nuclei (blue). Scale bars: (A-F): 25um; (H, 1) 100pum.

Supplemental Figure 3: Normal glandular stomach morphology in Gata4 flox/flox,

Ptfla-Cre mice. Hematoxylin/eosin staining reveals similar morphology of the
glandular stomach in control (A) and Gata4 fo¥flox; ptf1a-Cre mutant mice (B) at P1.
Immunohistochemical analyses show strong GATA4 (C, D) and HK"-ATPase (E, F)
expression in the glandular stomach of both control and Gata4 flo¥flox; ptfla-Cre P1

neonatal mice.
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