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SUMMARY

By eliminating GATA4 in mouse hindstomach or maintaining
GATA4 in the mouse forestomach during development, we
identified GATA4 as an essential, principal regulator of

simple columnar epithelial
stomach.

morphogenesis within the

BACKGROUND & AIMS: The transcription factor GATA4 is
broadly expressed in nascent foregut endoderm. As devel-
opment progresses, GATA4 is lost in the domain giving rise to
the stratified squamous epithelium of the esophagus and
forestomach (FS), while it is maintained in the domain giving
rise to the simple columnar epithelium of the hindstomach
(HS). Differential GATA4 expression within these domains
coincides with the onset of distinct tissue morphogenetic
events, suggesting a role for GATA4 in diversifying foregut
endoderm into discrete esophageal/FS and HS epithelial tis-
sues. The goal of this study was to determine how GATA4
regulates differential morphogenesis of the mouse gastric
epithelium.

METHODS: We used a Gata4 conditional knockout mouse line to
eliminate GATA4 in the developing HS and a Gata4 conditional
knock-in mouse line to express GATA4 in the developing FS.

RESULTS: We found that GATA4-deficient HS epithelium adopted a
FS-like fate, and conversely, that GATA4-expressing FS epithelium
adopted a HS-like fate. Underlying structural changes in these
epithelia were broad changes in gene expression networks attribut-
able to GATA4 directly activating or repressing expression of HS or FS
defining transcripts. Our study implicates GATA4 as having a primary
role in suppressing an esophageal/FS transcription factor network
during HS development to promote columnar epithelium. Moreover,
GATA4-dependent phenotypes in developmental mutants reflected
changes in gene expression associated with Barrett's esophagus.

CONCLUSIONS: This study demonstrates that GATA4 is
necessary and sufficient to activate the development of simple
columnar epithelium, rather than stratified squamous epithe-
lium, in the embryonic stomach. Moreover, similarities between
mutants and Barrett's esophagus suggest that developmental
biology can provide insight into human disease mechanisms.
(Cell Mol Gastroenterol Hepatol 2021;12:1391-1413; https://
doi.org/10.1016/j.jcmgh.2021.05.021)
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he mouse stomach consists of two functional do-

mains: a forestomach (FS) comprising a keratinized
stratified squamous epithelium analogous to the esophagus
and a hindstomach (HS) containing a simple columnar
epithelium. The HS consists of a glandular body (corpus)
and an antrum. The epithelium of the body contains abun-
dant parietal cells and zymogenic cells, whereas the
epithelium of the antrum primarily consists of mucous cells
and gastrin-secreting G cells.”* Although development of
distinct HS and FS epithelial architectures, each containing
specialized cell types, is critical for digestion, a gap remains
regarding the molecular pathways regulating regionaliza-
tion. The establishment and maintenance of these domains
is crucial for gastrointestinal (GI) tract homeostasis. For
example, in Barrett's esophagus (BE), the esophageal strat-
ified squamous epithelium converts to a simple columnar
epithelium with intestinal and gastric properties.” It is clear
that defining the molecular mechanisms required for
regionalization and maintenance of discrete domains within
the GI tract is an essential step toward understanding GI
diseases, including BE.

During embryonic development, the GI epithelium
emerges from endoderm. Morphogenetic events driven by
evolutionarily conserved signaling pathways direct ante-
roposterior regionalization of the gut tube into SOX2+ foregut
and CDX2+ midgut and hindgut.* As development progresses,
the foregut is patterned into primitive organ domains, and
diversification of the epithelial linings of the esophagus,
glandular stomach, and proximal intestine becomes morpho-
logically apparent. Although not fully understood, specification
and differentiation of the epithelia of the esophagus, glandular
stomach, and intestines are driven by gene regulatory net-
works involving lineage-restricted transcription factors
commonly found to be silenced or amplified in GI diseases,
including CDX2, SOX2, TRP63, and GATA factors 4 and 6."*°

The zinc finger containing transcription factor GATA4 is
critical for development of many GI organs, including the glan-
dular stomach and small intestine, and is aberrantly expressed
in BE and esophageal, gastric, and colorectal cancers."'™*°
Binding of GATA4’s zinc finger domains to consensus (A/T)
GATA(A/G) sequences in promoters and enhancers regulates
gene expression.21 Protein-protein interactions between
GATA4 and other transcriptional regulators further influence
tissue-specific and cell-specific gene expression programs. For
example, interactions between the GATA4 N-terminal zinc
finger and the non-DNA binding co-factor Friend of GATA (FOG)
proteins contribute to gene expression programs in a multitude
of tissues including the heart, GI tract, reproductive tract, and
lung.*” Disruption of GATA4-FOG interactions can disturb organ
development and function.*?

Between E8.5 and E10.5 of mouse development, GATA4
is expressed throughout the caudal foregut endo-
derm. 2324 By E11.5-E12.5, however, GATA4 is lost in the
foregut endoderm giving rise to the stratified squamous
epithelium of the esophagus and FS, while it is maintained in
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the foregut endoderm giving rise to the simple columnar
epithelium of the HS.'® Differential GATA4 expression
within these domains coincides with the onset of divergent
tissue morphogenesis, suggesting a role for GATA4 in this
developmental process. Further supporting a role for
GATA4 as a patterning factor is our previous work
demonstrating that GATA4 is essential to define the intes-
tinal jejunal/ileal junction."”*> Moreover, histological char-
acterization of chimeric mouse stomachs generated with
wild-type and Gata4”~ embryonic stem cells shows that
GATA4-null regions display features of stratified epithe-
lium and lose expression of parietal cell, zymogenic chief
cell, and neck cell marker genes.'? Additional studies using
a mouse expressing a FOG-binding deficient GATA4 protein
show that the GATA4-FOG interaction correlates with
repression of distal ileal gene expression in the proximal
intestine.”® Another study with the same GATA4 mutant
protein demonstrates an important role for FOG1 in gastric
development.?” Conditional GATA4 elimination primarily
in the distal region of the mouse stomach during late stages
of development using PdxI-Cre results in an antrum
expressing FS and pancreatic genes.'® These mouse models
provide insight into the requirement of GATA4 during late
stages of glandular stomach development. The role of
GATA4 during the earliest stages of foregut develop-
ment, when domains with different epithelial structures
are first delineated has yet to be comprehensively
determined.

This study explored the idea that GATA4, acting as a
regionalizing factor, is necessary and sufficient to direct
morphogenesis of simple columnar epithelium, rather than
stratified squamous epithelium during early gastric devel-
opment. We used a conditional knockout (cKO) approach to
eliminate GATA4 early in the process of HS development
and a conditional knock-in (cKI) approach to maintain
GATA4 expression in the developing FS. We found that
GATA4 drives a molecular program in the developing HS by
activating expression of a gene network essential for simple
columnar glandular epithelial cell fate while repressing a
network of genes essential for stratified epithelial cell
identity, including many esophageal-enriched transcription
factors. Parallel studies of GATA6 mutants during this
developmental window revealed that the phenotype

*Authors share co-first authorship.
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observed in GATA4 mutants was specifically attributable to
GATAA4. Finally, we observed changes in the global tran-
scriptome of GATA4 mutants that overlapped with the
metaplastic gene signature of BE suggesting that identifying
direct targets of GATA4 in developing epithelium can pro-
vide insight into BE.

Results
GATA4 Is Essential for Simple Columnar

Epithelial Tissue Development in the Mouse HS

GATA4 protein distinguishes the stratified squamous FS
and simple columnar HS boundary with HS epithelium
expressing GATA4 (Figure 14). We established a Gata4 cKO
(G4 cKO) model to determine the extent to which GATA4 is
necessary to drive simple columnar epithelial tissue
morphogenesis. We compared stomachs across a spectrum
of developmental stages among Gata4'>”" Gata4'**/*, or
Gata4"**” control and G4 cKO Gata4'*"’::ShhCre mutant
embryos. At E18.5, Gata4 messenger RNA (mRNA) was
reduced in G4 cKO embryonic HS epithelium compared with
control epithelium (Figure 1B). Expression of the closely
related Gata6 gene was unchanged (Figure 1B). Hematoxy-
lin and eosin (H&E) staining revealed that control, GATA4-
expressing HS epithelium was appropriately organized
into primordial glandular buds lined by simple columnar
epithelium (Figure 1C, left). In contrast, GATA4-deficient HS
epithelial tissue architecture was severely disrupted
(Figure 1C, center). The GATA4-deficient HS epithelium
lacked columnar morphology, and primordial glandular
buds were not present. Mutant epithelium was instead
organized similar to a stratified squamous epithelium
(Figure 1C, center). Reflective of the reduced but not
completely extinguished Gata4 expression in mutant HS
(Figure 1B), we observed that most mutant stomachs con-
tained regions that maintained GATA4 expression, likely
owing to Cre inefficiency (Figure 1C, right). Areas with
GATA4+ cell patches appeared to have a more columnar,
glandular-like morphology (Figure 1C, right). Costaining for
the epithelial cell membrane marker E-cadherin and GATA4
confirmed that mutant HS epithelium regions expressing
GATA4 maintained a columnar, glandular morphology
(Figure 1D, arrowheads) compared with regions lacking
GATA4, which appeared stratified squamous (Figure 1D,
starred). These data suggest that GATA4 acts in a cell
autonomous manner to regulate HS morphogenesis during
development. As expected, control and G4 cKO embryonic FS
were normal containing keratinized stratified squamous
epithelium (Figure 1E).

We next addressed whether the morphological changes
in mutant HS reflected changes in the molecular identity of
GATA4-deficient cells. To determine the extent to which HS
cytodifferentiation was disrupted in E18.5 G4 cKO embryos,
we measured gastric cell marker expression in control and
mutant HS epithelia. Transcripts for genes encoding
markers of gastric epithelial cells (Cldn18), neck cells (Mucé,
Tff1), parietal cells (Atp4a), and zymogenic chief cells (Gif)
were significantly reduced in epithelial cells isolated from
mutants compared with control embryos; Muc5ac (surface
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mucus cell) transcript was higher in mutants compared with
control embryos (Figure 24). MUC5AC, ATP4A, and GIF
proteins were present in control HS, while all but MUC5AC
were lacking or diminished in mutant HS (Figure 2B). These
data provide evidence that GATA4 is necessary for HS
epithelial morphogenesis and development of the majority
of differentiated HS epithelial cell types.

GATA4 Depleted HS Acquires Expression of
Genes Marking Stratified Squamous Epithelium

The loss of appropriate HS differentiated cell markers
paired with the morphological similarity to FS suggested
that GATA4-deficient HS epithelium had taken on FS
epithelial cell identity. To ascertain if G4 cKO HS epithelium
expressed markers of stratified squamous epithelium, we
measured transcript and protein levels of key markers of
stratified squamous epithelium. We found that transcripts
for all FS markers examined—Krt15, Krt17, Krt23, Cldni0,
and Trp63—were ectopically induced in GATA4-deficient HS
epithelium compared with control epithelium (Figure 3A4).
Induction of FS marker gene expression correlated with
ectopic protein expression; KRT5, KRT13, KRT14, and
TRP63 were detected in GATA4-deficient, but not control,
HS (Figure 3B). These data support the idea that GATA4 is
necessary for HS columnar cell development because in its
absence, abnormal squamous cell development occurs.
Notably, Trp63, a master regulator of stratified squamous
epithelial cell differentiation, was induced in GATA4-
deficient HS epithelium.

Developmental Morphological Milestones Are
Absent in GATA4 cKO HS by E14.5

Because ShhCre drives gene deletion as early as
E8.5-E9.5, we traced back GATA4 depletion in G4 cKO em-
bryonic HS to identify when both GATA4 was depleted and
phenotypic changes were observable (Figure 44-P). At E16.5,
GATA4 loss was apparent in mutants, and GATA4-deficient
epithelium was disorganized lacking primordial gastric
glands and appearing mainly stratified (Figure 44, B, I, and ).
Similar to E18.5, GATA4+ cell patches were present in E16.5
G4 cKO HS tissue, and the morphology of these regions more
closely resembled the normal emerging columnar, glandular
epithelium (Figure 4B). At E14.5, disrupted GATA4 expres-
sion was observed in mutant HS (Figure 4C-F). Control HS
epithelium displayed increased apicobasal thickness
(compared with E12.5 stomachs), and intraepithelial spaces
were present, which have been identified as precursors to
gland and gastric unit development (Figure 4K and M).?®*° In
contrast, mutant HS epithelial thickness was reduced
compared with control embryos, and there were fewer,
smaller intraepithelial spaces (Figure 4L and N). Again, in
GATA4+ regions, HS architecture more closely resembled
that of control embryos (Figure 4D and F). Finally, although
GATA4 protein was reduced in E12.5 HS (Figure 4G and H),
the morphology of control and mutant epithelia was com-
parable (Figure 40 and P).

Epithelial morphogenesis begins at E13.5-E14.5 with
increased apical-basal epithelial thickness, the emergence of
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intraepithelial spaces, and the onset of cytodifferentiation.”** '

We observed the most consistentloss of GATA4 protein in E14.5
stomachs compared with earlier time points. We further ob-
served a morphological defect at E14.5. Therefore, we chose to
perform subsequent molecular analyses at E14.5. To confirm
that phenotypes were independent of the disruption of one Shh
allele by Cre insertion, we examined GATA4 protein levels and
morphology of HS epithelium from Gata4'/*ShhCre E14.5
embryos and found these to be indistinguishable from control
HS (Figure 4Q). To examine the extent of cytodifferentiation in
E14.5 G4 cKO HS, we measured expression of genes marking
specific glandular epithelial cell types. We detected decreased
levels of parietal cell (Atp4a, Pgc), zymogenic chief cell (Gif
Mist1), neck cell (Tff1, Tff2, Muc6), and surface mucous cell
(Muc5Ac) transcripts in mutants compared with control em-
bryos (Figure 4R). Furthermore, to determine if FS-specific gene
expression was induced in HS epithelium of E14.5 G4 cKOs, we
performed quantitative reverse-transcription polymerase chain
reaction (QRT-PCR) for Krt15, Krt17,and Trp63 and found these
to be ectopically expressed in GATA4-deficient HS epithelium
compared with control epithelium (Figure 4S). These data
further support the idea that GATA4 is necessary for HS
epithelial cell differentiation and to suppress FS cell differenti-
ation in the HS.

Loss of GATAG in the HS Does Not Disrupt

Epithelial Morphogenesis

Because both GATA4 and GATAG6 are expressed in the
developing HS epithelium (Figures 14 and 5A4-C), we
considered the possibility that GATA4 mutant phenotypes
reflected an imbalance of total GATA protein, rather than a
loss of GATA4 itself. Therefore, we examined control
Gata6™ " and mutant Gata6'""/"::ShhCre (G6 cKO) HS at
E18.5 and E14.5. At E18.5, GATA4 expression was similar
between control and G6 cKO HS epithelium while GATA6
was depleted in G6 cKO HS epithelium (Figure 5B and ().
H&E staining showed comparable epithelial architecture
among all genotypes (Figure 5C). Levels of HS cell marker
transcripts were assessed, and no expression changes were
detected between control and G6 cKO HS epithelium
(Figure 5D). Finally, we validated that GATA6 protein was
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efficiently deleted at E14.5 (Figure 5E). GATA4 protein was
present throughout control and G6 cKO HS, whereas GATA6
protein was depleted in mutants. Therefore, we concluded
that phenotypes evident in G4 cKO HS were specific to
GATA4 deletion, rather than to an overall GATA protein
reduction.

Induction of GATA4 Expression in the Developing
FS Epithelium Alters Epithelial Architecture
Toward Columnar

Observing that GATA4 expression was necessary to drive
columnar cell fate in the developing HS epithelium, we
sought to determine whether GATA4 was sufficient to
induce columnar fate in the developing FS epithelium. Using
ShhCre to drive expression of a Gata4 cKI allele, Rosa26 IniG4
(G4 cKI),"” in the developing FS, we analyzed the effects of
ectopic GATA4 expression on FS epithelial morphogenesis at
E14.5, parallel to studies of G4 cKO mutants. We detected
Gata4 mRNA in E14.5 G4 cKI FS epithelium (Figure 64).
Although the amount of Gata4 mRNA detected in G4 cKI FS
epithelium was ~3-fold lower than that of control HS,
GATA4 protein was uniformly expressed in mutant FS
epithelium (Figure 6B). As expected, GATA4 protein was
undetectable in E14.5 control FS epithelium. Examination of
the epithelial architecture of control and G4 cKI FS indicated
that control epithelium developed as a stratified epithelium
while the GATA4-expressing FS epithelium appeared
columnar-like (Figure 6B). Moreover, ectopic GATA4
expression in the FS was sufficient to inhibit Trp63
expression (Figure 6A4). This was the inverse of what
occurred in G4 cKO HS mutants in which Trp63 expression
was induced upon GATA4 depletion (Figure 34). The finding
that Trp63, a stratified squamous epithelium master tran-
scription factor, was reduced in G4 cKI mutant FS suggested
a change in cell identity from stratified to columnar.
Therefore, as a preliminary examination for the emergence
of HS gene expression in mutant FS epithelium, we
measured Hnf4a mRNA, a factor specifically present in
developing HS but absent in developing FS. We detected
Hnf4o mRNA in G4 cKI FS but not in control FS (Figure 64).
To further probe the character of the developing

Figure 1. (See previous page). GATA4 is required for morphogenesis of the HS epithelium. (A) H&E and GATA4 IHC
staining of E18.5 control mouse stomach showed differential GATA4 expression between FS and HS epithelial cells.
E-cadherin protein (IF, green) marks the differing epithelial tissue and cell architectures between the FS and HS. GATA4 protein
(IF, red) was restricted to the simple columnar HS epithelium. (B) Gata4 mRNA was depleted in G4 cKO HS compared with
control HS; Gata6 mRNA was unchanged (n = 3 control, 3 mutant). (C) H&E and GATA4 staining of E18.5 control and G4 cKO
HS (n = 7 control, 7 mutant) identified GATA4 expressing simple columnar epithelium with emerging gastric units and glands in
control embryos (left). G4 cKO HS generally lacked GATA4 protein and resembled stratified squamous epithelium (center).
Regions in mutants maintaining GATA4 protein were morphologically similar to control embryos (right) suggesting a cell
autonomous phenotype. (D) IF co-staining of control and mutant HS (n = 3 control, 3 mutant) was used to identify expression
of GATA4 protein (red) in epithelial cells (E-cadherin, green). Control tissue consisted of a glandular epithelium with E-cadherin
positive epithelial cells expressing nuclear GATA4 protein. IF staining of mutant HS showed that E-cadherin—positive, GATA4-
negative epithelial cells were arranged similar to a stratified epithelium (star, compare with FS in A and E), whereas regions of
E-cadherin positive cells maintaining nuclear GATA4 protein more closely resemble a normal, glandular epithelium (arrow-
heads). These data further support that the phenotype observed in GATA4 mutant tissue is cell autonomous. (E) H&E and
GATA4 (red)/E-cadherin (green) IF costaining showed identical morphology of GATA4-negative FS from E18.5 control and G4
cKO embryos (n = 7 control, 7 mutant H&E; 3 control, 3 mutant IF). All scale bars = 50 um. Higher magnification of boxed
regions are found in insets. DAPI (blue) was used in all IF staining to mark nuclei. Autofluorescent blood cells can be seen in the
lamina propria of both control and mutant tissues.
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Figure 2. GATA4-deficient HS epithelium lacks expression of differentiated gastric cell markers. (A) Differentiated HS
epithelial cell transcripts detected by gRT-PCR were changed in G4 cKO HS compared with control HS (n = 3 mutant, 3
control). All except Mucbac were depleted. Mucbac increased. (B) MUCS5AC protein was similar between E18.5 G4 cKO mutant
and control HS (n = 4 control, 4 mutant). ATP4A (n = 3 control, 3 mutant) and GIF (n = 4 control, 4 mutant) proteins were
depleted in G4 cKO mutant HS compared with control HS. Boxed regions are shown at higher magnification in upper-right
corners. All scale bars = 50 um. All gRT-PCR used HS epithelial cells. Error bars show SEM. P values determined by a

Student’s t test, *P < .05, **P < .001.

GATA4-expressing FS epithelium, we used immunohisto-
chemistry (IHC) to compare expression of the stratified
squamous cell cytokeratin KRT5 between control and
mutant embryos. Although present in control FS epithelium,
KRTS5 protein was uniformly depleted in GATA4-expressing
FS epithelium (Figure 6B). These data suggest that GATA4
protein is sufficient to drive a columnar epithelial cell fate
and morphogenesis in the developing murine stomach.

The Transcriptome of GATA4 Gastric Mutants
Reflects Global Shifts in Epithelial Cell Identities
Our morphological analyses of GATA4-depleted HS
epithelium and GATA4-expressing FS epithelium support
the idea that GATA4 is necessary and sufficient to promote
columnar epithelium development and inhibit stratified
squamous epithelium development in the stomach. Given
that GATA4 has been shown to be a critical transcription
factor in regulating jejunal-ileal boundaries and cell fates in
the small intestine,'”"*” we reasoned that global shifts in the
transcriptomes of these developing gastric tissues must be
occurring when GATA4 was altered. Therefore, we per-
formed RNA-sequencing (RNA-seq) using HS and FS
epithelial cells to compare transcriptomes among control
and mutant E14.5 embryos. We used gene expression pro-
files of control FS and HS to construct HS-enriched (HSE)
and FS-enriched (HSE) transcript sets by selecting tran-
scripts with > 2-fold differential expression (P < .05) be-
tween HS and FS (Figure 7A4). We found 1461 genes
encoding HSE transcripts and 2619 genes encoding FSE

transcripts (Figure 74). We compared genes differentially
expressed between control HS and GATA4-depleted HS or
control FS and GATA4-expressing FS with HSE and FSE gene
sets. Of the differentially expressed genes (DEGs) identified
by comparing G4 cKO HS epithelium vs control epithelium,
46% overlapped with the HSE and FSE gene sets
(Figure 7B). Of the DEGs identified by comparing control
and G4 cKI FS epithelia, 29% overlapped with the HSE and
FSE gene sets (Figure 7C). Reflecting the HS to FS transition
in GATA4-deficient HS mutants, 95% (519 of 544) of the
DEGs overlapping with the HSE set were downregulated,
and 93% (1155 of 1237) of the DEGs overlapping with the
FSE set were upregulated (Figure 7B). Similarly, in GATA4-
expressing FS mutants, in which FS transitioned to HS, 96%
(737 of 768) of the DEGs overlapping with the FSE set were
downregulated, and 79% (274 of 346) of the DEGs over-
lapping with the HSE set were upregulated (Figure 7C). We
further used gene set enrichment analysis to compare con-
trol and mutant gene expression profiles.*” We performed
gene set enrichment analysis using HSE (1461) and FSE
(2619) gene sets (Figure 74) and RNA-seq data profiling
gene expression of HS epithelium from G4 cKO and control
embryos and of FS epithelium from G4 cKI and control
embryos. The global gene expression profile of G4 cKO HS
epithelium, unlike the control profile, aligned with the FSE
gene set (Figure 7D, top). Similarly, the global gene
expression profile of G4 cKI FS epithelium, unlike the control
profile, aligned with the HSE gene set (Figure 7D, bottom).
These data further support the idea that GATA4 is necessary
and sufficient to promote development of columnar
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Figure 3. GATA4 depleted HS
acquires stratified squamous
epithelial cell gene expres-
sion. (A) gRT-PCR with epithe-
lial cells from E18.5 control and
G4 cKO mutant HS showed
induced expression of genes
associated with stratified squa-
mous epithelium in mutants
(n = 3 control, 3 mutant). Error
bars show SEM. P values
determined by a Student’s t
test, *P < .05, **P < .001. (B) FS
associated stratified squamous
epithelial cell proteins, absent in
E18.5 control HS, were induced
in G4 cKO mutant HS. FS
staining is shown as a reference
for normal marker expression.
(KRT5: n = 3 control, 5 mutant;
KRT13: n = 6 control, 5 mutant;
KRT14: n = 4 control, n = 5
mutant; TRP63: n = 5 control, 5
mutant) Scale bars = 50 um.
Boxed regions are shown at
higher magnification in lower
left corners.
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epithelium in the embryonic stomach. Loss of GATA4 in the
HS epithelium causes a columnar-to-stratified switch and
gain of GATA4 in the FS epithelium causes a stratified-to-
columnar switch. Moreover, changes are not simply
morphological, but rather represent global shifts in foun-
dational gene expression patterns that underlie columnar vs
stratified epithelial tissue morphogenesis in the developing
stomach.

Further focusing on disrupted patterning in G4 cKO HS
and G4 cKI FS, we examined mRNA and/or protein expres-
sion of FS, HS, and intestinal lineage defining transcription
factors Sox2, Pdx1, Trp63, and Cdx2 in GATA4-expressing FS
and GATA4-deficient HS. In development, SOX2/TRP63
define FS, SOX2/GATA4 define gastric corpus, SOX2/
GATA4/PDX1 define gastric antrum, and CDX2/PDX1/
GATA4 define duodenum."* Although Sox2 was increased in
GATA4-expressing FS compared with control FS, the strati-
fied squamous-specific marker Trp63 was downregulated
(Figure 64; Supplementary Table 1), supporting the idea
that FS cell fate was lost in mutants. To further define the
columnar character of mutant FS, we examined Pdx1 and
Cdx2 expression. Both Pdx1 and Cdx2 were absent in control
and mutant FS epithelium (FPKM: Pdx1 control FS and
mutant FS = 0; Cdx2 control FS = 0, mutant FS = 0.009;
FPKM > 0.1 considered expressed). We further detected no
CDX2 protein in either control or G4 cKI mutant FS (data not
shown). The presence of Sox2 and Gata4, Trp63 down-
regulation, and the absence of PdxI and Cdx2 in GATA4-
expressing FS epithelium supported our conclusion that FS
was patterned toward the developing columnar gastric
corpus (GATA4+4S0X2+), rather than toward antrum or
intestine. Moreover, corpus markers Irx2, Irx3, and Irx533
were all upregulated in G4 cKI mutant FS compared with
control FS (Supplementary Table 1). In GATA4-deficient HS
epithelium, the FS-specific marker Trp63 was upregulated,
and Sox2 remained expressed (Figures 3 and 4S;
Supplementary Table 1). Pdx1 expression was greatly
reduced in G4 cKO HS mutants (FPKM: Pdx1 control HS = 1.6,
mutant HS = 0.2). As expected, Cdx2 mRNA was absent in
both control and mutant HS epithelium (FPKM: Cdx2 control
HS = 0.03, mutant HS = 0.08, FPKM > 0.1 considered
expressed). The presence Sox2, Trp63 upregulation and the
absence of Pdx1 and Cdx2 in GATA4-deficient HS epithelium
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supported our conclusion that HS was patterned toward the
developing stratified squamous FS (SOX2+4+TRP63+), rather
than toward corpus, antrum, or intestine.

GATA4 Likely Directly Activates and Represses
Gene Expression to Control Epithelial
Morphogenesis in the Developing HS

Our next goal was to identify genes, among those altered
in GATA4-deficient HS and GATA4-expressing FS, most
likely to be directly regulated by GATA4 to establish simple
columnar epithelial cell fate and repress stratified squamous
epithelial cell fate. We took advantage of GATA4-Bio-ChIP-
seq data that we generated using adult mouse HS epithelial
cells to identify those DEGs that contained experimentally
validated GATA4 binding sites. We identified 50,869 total
GATA4 binding peaks in HS epithelium with 41,332 peaks
within +50 kb of the nearest transcription start site (TSS)
and 18,658 peaks within +2 kb of the nearest TSS
(Figure 84). We used DAVID functional annotation to
identify biological themes among genes with identified
GATA4 binding sites finding epithelium development and
morphogenesis, columnar epithelial cell differentiation, and
glandular epithelial cell development enriched (Figure 8B),
agreeing with phenotypic data showing that GATA4 pro-
motes columnar cell development. Analysis of the DNA
sequence of GATA4 chromatin immunoprecipitation
sequencing (ChIP-seq) peaks within +2 kb of the nearest
TSS using HOMER showed that the top motif identified
matched the GATA4 consensus motif (Figure 8B).

Of the DEGs with HSE expression downregulated in
E14.5 G4 cKO HS, 72% had GATA4 binding peaks within
their proximal regulatory regions (Figure 8C). Similarly, of
the DEGs with HSE expression upregulated in E14.5 G4 cKI
FS, 71% had GATA4 binding peaks within their proximal
regulatory regions (Figure 8C). These represent likely direct
targets that are positively regulated by GATA4 such that
expression is lost when GATA4 is deleted and induced when
GATA4 is ectopically expressed. Looking at those genes
likely to be direct targets negatively regulated by GATA4,
such that expression is induced when GATA4 is deleted and
lost when GATA4 is ectopically expressed, we found that
56% of the DEGs with FSE expression upregulated in E14.5

Figure 4. (See previous page). GATA4-deficient HS architecture and gene expression are disrupted at E14.5. (A-H)
GATA4 IHC of control and G4 cKO stomachs from E16.5 (n = 6 control, 6 mutant), E14.5 (n = 7 control, 11M) and E12.5 (n =5
control, 6 mutant) embryos showed depleted GATA4 protein in mutants. Small regions of GATA4+ cells were evident in mutant
HS. GATA4 protein loss became more evident in mutants between E12.5 to E14.5. (I-P) H&E staining of E16.5 (n = 6 control, 6
mutant), E14.5 (n = 5 control, 8 mutant), and E12.5 (n = 4 control, 4 mutant) control and G4 cKO HS showed disrupted
epithelial structure at E16.5 and E14.5. E16.5 control HS epithelium was columnar and lined with primordial buds, whereas G4
cKO HS epithelium appeared stratified, containing few abnormal primordial buds. E14.5 control HS epithelium had a typical
morphology containing intraepithelial spaces, which are associated with glandular morphogenesis, whereas mutant HS
epithelium was thinner with sparse, smaller intraepithelial spaces. (Q) GATA4 protein expression and epithelial structure were
normal in HS from Gata4/*Shh Cre E14.5 embryos (n = 2). Boxed regions are shown at higher magnification in insets (A-Q).
(R) Differentiated HS epithelial cell transcripts detected by qRT-PCR were decreased in E14.5 G4 cKO HS compared with
control HS (n = 3 mutant, 3 control). (S) Expression of stratified squamous epithelial cell transcripts detected by gRT-PCR was
increased in E14.5 G4 cKO HS compared with control HS. All were expressed in control FS (n = 13 control HS, 12 mutant HS,
3 control FS). All scale bars = 50 um. All gqRT-PCR used HS or FS epithelial cells. Error bars show SEM. P values determined
by a Student’s t test or 1-way analysis of variance as appropriate. *P < .05, **P < .001, ***P < .0001.
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G4 cKO HS had GATA4 binding peaks within their proximal
regulatory regions and that 65% of the DEGs with FSE
expression downregulated in E14.5 G4 cKI FS contained
GATA4 binding peaks within their proximal regulatory re-
gions (Figure 8C). These analyses allowed us to identify
gene sets that we predict are directly induced or repressed
by GATA4 in the developing stomach to regulate phenotypic
changes.

An outstanding question in GATA biology is the mecha-
nism by which GATA factors function to activate or repress
genes within a given tissue. To gain insight into this ques-
tion in the context of gastric development, we examined the
DNA sequence neighborhoods surrounding GATA4 binding
peaks within the proximal regulatory regions of genes
positively or negatively regulated in G4 cKO HS and G4 cKI
FS using HOMER de novo motif analysis. We identified
different sets of transcription factor binding motifs statis-
tically enriched around GATA4 binding sites (100 bp of the
peak) in the HSE and FSE gene sets differentially expressed
in GATA4 mutants (Figure 8D). Several motifs predicted in
the GATA4 binding neighborhoods of activated and
repressed gene sets identified transcription factors previ-
ously shown to cooperate with GATA4 to direct gene regu-
latory networks in other organ systems including TBX5, SF1,
and SP3.>*3? Others, although not yet definitively linked
with GATA4, have transcriptional activities aligning with the
GATA4 neighborhoods in which they were identified (i.e.,
positive regulators in activated genes or negative regulators
in repressed genes).*""*’

GATA4 May Regulate a Transcription Factor
Network to Repress Stratified Squamous
Epithelial Morphogenesis

To better understand the mechanism through which
GATA4 promotes columnar epithelial cell development over
stratified squamous epithelial cell development, we exam-
ined the status of known tissue-enriched transcription fac-
tors in GATA4 mutants. Previously, Sulahian et al*®
determined the expression of 1880 known and putative
DNA-binding proteins in esophageal, gastric, and intestinal
epithelial cells from 1-month-old mice to identify those with
tissue-enriched expression. This analysis yielded 21 factors
with enriched expression in esophagus vs stomach and in-
testine and 9 factors with enriched expression in the
stomach vs the intestine and esophagus. Three of the 9 with
gastric enriched expression and 15 of the 21 with esopha-
geal enriched expression had similarly enriched expression
patterns in E14.5 HS or FS, respectively. All 3 gastric factors

GATA4 Regulates Stomach Development1401

and 11 of the 15 esophageal factors contained experimen-
tally validated GATA4 binding peaks within +2 kb of their
TSS. Of the 3 gastric factors, only Esrrg was coordinately
regulated in GATA4 mutants with its expression decreasing
in G4 cKO HS epithelium and increasing in G4 cKI FS
epithelium (Figure 94). With respect to the esophageal
factors, 8 of the 11 with GATA4 binding peaks were coor-
dinately regulated in GATA4 mutants with their expression
decreasing in G4 cKI FS epithelium and increasing in G4 cKO
HS epithelium (Figure 94). These results suggest a mecha-
nism through which GATA4 promotes columnar fate in the
HS epithelium by repressing expression of a network of
stratified squamous enriched transcription factors.

Genes Regulated by GATA4 During Gastric
Epithelial Morphogenesis Overlap With Those
Dysregulated in BE

The columnar-like, rather than stratified squamous,
epithelium observed in GATA4-expressing FS was reminis-
cent of BE, a premalignant stratified-to-columnar esopha-
geal metaplasia. We and others have shown that GATA4 is
abnormally expressed in BE.'*'*?° To determine whether
altered gene expression patterns observed in GATA4-
expressing embryonic FS epithelium and GATA4-deficient
embryonic HS epithelium correlated with patterns
observed in BE, we compiled sets of genes with known up-
or downregulated expression in BE vs normal esophageal
tissue from published datasets.*’ >’ Among these BE-
associated genes, we identified those with GATA4 binding
peaks in their proximal regulatory regions: 527 presump-
tive GATA4 targets with upregulated expression in BE and
380 presumptive GATA4 targets with downregulated
expression in BE. We cross-referenced BE-associated DEGs
containing functional GATA4 binding sites with HS and FS
DEGs identified by comparing control HS with G4 cKO HS
and control FS with G4 cKI FS (Figure 7B and (). Heatmaps
shown in Figures 9B and 9C show correlations among DEGs
in GATA4 mutant embryonic tissues and DEGs with GATA4
binding sites in BE. Among the upregulated BE-associated
DEGs with functional GATA4 binding sites (columnar asso-
ciated genes), 112 overlapped with DEGs downregulated in
Gata4 cKO HS and 54 overlapped with DEGs upregulated in
Gata4 cKI FS (Figure 9B). Together, 31% of the upregulated,
putative GATA4 bound BE gene set overlapped with DEGs
up or downregulated in GATA4 mutant FS or HS epithelium
(Figure 9B). Among the downregulated BE-associated DEGs
with functional GATA4 binding sites (squamous associated
genes), 46 overlapped with DEGs upregulated in Gata4 cKO

Figure 5. (See previous page). GATA6-depleted HS epithelium develops normally. (A) GATAG staining of E18.5 the mouse
squamocolumnar junction (SCJ) showed differential GATA6 expression between HS and FS with GATA6 expression being
restricted to HS epithelial cells. (B) Gata6 mRNA was depleted in G6 cKO mutant HS compared with control HS; Gata4 mRNA
was unchanged (n = 5 control, 5 mutant). (C) H&E, GATAB, and GATA4 staining of E18.5 control and G6 cKO mutant HS
showed GATAG6 protein depletion in mutants, yet epithelial structure remained normal. GATA4 protein was unchanged. FS
morphology was comparable between control embryos and mutants (n = 4 control, 4 mutant). (D) Differentiated HS epithelial
cell transcripts were unchanged in G6 cKO mutant HS compared with control HS (n = 5 mutant, 5 control). (E) GATA4 and
GATAG staining of control and G6 cKO mutant HS at E14.5 (n = 6 control, 6 mutant) showed comparable morphology between
tissues with GATAG protein depleted and GATA4 protein unchanged. All scale bars = 50 um. All gRT-PCR used HS epithelial
cells. Error bars show SEM. P values determined by a Student’s t test, ***P < .0001.
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HS and 49 overlapped with DEGs downregulated in Gata4
cKI FS (Figure 9C). Together, 25% of the downregulated,
putative GATA4 bound BE gene set overlapped with up or
downregulated DEGSs in GATA4 mutant HS or FS epithe-
lium. Overall, almost 30% of presumptive GATA4 targets
misregulated in BE overlapped with genes found to be
differentially expressed in our developmental models.
Among these putative GATA4-regulated BE-associated
genes, it was notable that the GI stem cell marker Lgr5
was strongly induced in GATA4-expressing FS epithelium
(+50-fold G4 cKI) (Supplementary Table 1). In the adult
stomach, Lgr5 marks antral stem cells as well as reserve

in FS of G4 cKls. Scale
bars = 25 um.

stem cells in the corpus.””*® In the embryonic stomach,
however, Lgr5 expression is highly correlated with stem/
progenitor cells of the developing corpus.’’ Highly upre-
gulated Lgr5 expression in GATA4-expressing FS epithelium
suggests a pivotal change in stem cell fate in mutant FS
toward that of the corpus. This agrees with our finding that
the corpus-enriched transcription factors Irx2, Irx3, and Irx5
were upregulated in GATA4-expressing FS epithelium while
the antral marker Pdx1 was absent. Taken together, these
data correlate findings of a developmental model of GATA4
function in epithelial cell biology with a human disease in
which GATA4 protein is misregulated.
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Discussion

During embryonic development, gene regulatory net-
works consisting of regionally restricted and lineage-
specific transcription factors regulate specification,
morphogenesis, and differentiation of the GI epithelium. Our
goal was to understand how GATA4, a key developmentally
expressed transcription factor, participates in development
and differential morphogenesis of the mouse stomach
epithelium. Our studies using Gata4 conditional knockout
and knock-in mouse lines support the conclusion that
GATA4 is necessary and sufficient for columnar epithelial
morphogenesis in the stomach. Gastric epithelial morpho-
genesis was normal in Gata6 conditional knockout embryos
indicating that GATA4 uniquely controls this process.
GATA4 must be expressed in the developing HS to permit
columnar gastric epithelial cell fate and repress stratified
squamous epithelial cell fate. Conversely, GATA4 must be
silenced in the developing FS to permit stratified squamous
epithelial cell fate and block columnar gastric epithelial cell
fate. In this way, the establishment of domains with differ-
ential GATA4 expression in the developing mouse stomach
determines gastric epithelial morphogenesis.

Our study agrees with and extends on the previously
published findings of Jacobsen et al'® and Rodriguez-Seguel
et al."® Both studies provide a primarily histologic charac-
terization of GATA4-dependent phenotypes in the devel-
oping stomach and show that glandular columnar epithelial
architecture and mature HS cell types are abnormal in
GATA4 mutant stomachs. Moving these studies forward, our
study identified gastric defects earlier during development
(E14.5 vs E17.5-E18.5), used both cKO and cKI models to
demonstrate necessity and sufficiency of GATA4 in
columnar HS development, and added in-depth global
transcriptomic and DNA binding analyses to augment the
understanding of GATA4’s role in gastric biology. One caveat
to our study, however, is that although we based the timing
of our analysis on efficient GATA4 protein loss and the
appearance of a morphological phenotype, we cannot
dismiss the possibility that molecular changes prior to E14.5
influence the phenotype.

Simply identifying genes with upregulated or down-
regulated expression in GATA4 mutants, however, does not
in itself indicate direct regulation of a gene’s transcription
by GATA4. Identification of functional GATA4 binding sites
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within regulatory regions of DEGs can establish likely direct
regulatory relationships between GATA4 and its putative
targets. Overlapping expression data with GATA4 DNA
binding data enabled us to establish connections between
experimentally validated GATA4 binding sites and DEGs in
our models to identify candidate genes most likely to be
directly regulated by GATA4 in the developing murine
stomach. One caveat to this analysis is that we used binding
data from adult mouse HS epithelial cells rather than from
E14.5 embryos. Although ideal to use embryonic cells, we
encountered technical challenges. It is possible that our
analyses identified targets bound by GATA4 in the adult HS
that aren’t similarly bound by GATA4 in the developing
embryonic tissue (false positives) and that GATA4 binding
peaks were missed because some targets are only bound by
GATA4 during development (false negatives). Nevertheless,
data from adult tissue can serve as a surrogate to demon-
strate that GATA4 has the ability to bind to specific chro-
matin domains in simple columnar HS epithelium.
Supporting the efficacy of using ChIP-seq data from adult
tissue to probe GATA4 function in embryonic tissue was the
finding that GO terms for genes with GATA4 binding sites
aligned with developmentally relevant biological functions.
Association of GATA4 binding sites with these themes
further supports the idea that GATA4 is a critical regulator
of columnar epithelium development in the glandular HS.
The correlation between HSE and FSE genes differentially
expressed in mutants and genes with experimentally vali-
dated GATA4 binding sites places GATA4 directly upstream
of large gene networks essential in mediating columnar HS
development.

GATA factors generally, and GATA4 specifically, have
been implicated as master regulators in other develop-
mental systems. GATA4 and GATA6 are key regulators of
intestinal development."* GATA4 functions as an intestinal
regionalization factor by activating expression of jejunal cell
associated genes and repressing expression of ileal cell
associated genes.'” GATA4 activates expression of key
proteins in a transcription factor network that guides car-
diac development.”® In terms of repressive functions,
GATAZ2/3 regulate a transcription factor network that pro-
motes trophoblast differentiation by repressing pluripo-
tency transcription factors in stem cells.”” GATA1 promotes
erythroid differentiation by repressing opposing upstream

Figure 7. (See previous page). GATA4 mutant HS and FS epithelial cells undergo broad shifts in gene expression
correlating with tissue morphology. (A) HSE and FSE epithelial cell gene expression patterns were determined by comparing
gene expression between E14.5 control HS and FS (RNA-seq, n = 3 control HS, 3 control FS; >2-fold change, P < .05).
Heatmap displays FPKM for HSE and FSE gene set expression in control HS and FS epithelial cells. (B) DEGs between E14.5
G4 cKO mutant and control HS epithelial cells were identified (>2-fold, P < .05) (n = 3 control, 5 mutant) and overlaid with HSE
and FSE sets defined in A. Genes within the intersection of these groups were discriminated by direction of gene expression
change. Most DEGs from the HSE gene set were downregulated in mutant tissue, and most DEGs from the FSE gene set were
upregulated in mutant tissue corresponding with morphological changes. (C) DEGs between in E14.5 G4 cKI mutant FS and
control FS epithelial cells mapping to HSE or FSE gene sets were determined as in (B) (n = 3 control, 3 mutant). Genes within
the intersection of these groups were discriminated by direction of gene expression change. Most DEGs from the FSE gene set
were downregulated in mutant tissue, and most DEGs from the HSE gene set were upregulated in mutant tissue corre-
sponding with morphological changes. (D) Gene set enrichment analysis performed using HSE and FSE gene sets and control
and mutant RNA-seq profiles indicated that the G4 cKO mutant HS epithelial cell gene expression aligned with FS while G4 cKI/
mutant FS epithelial cell gene expression aligned with HS. Gene lists provided in Supplementary Table 1.



2021 GATA4 Regulates Stomach Development1405

A

12000

Distance of GATA4 peaks from nearest TSS

B

GATA4 ChIP-seq GO TERMS BP_FAT
epithelium development I
morphogenesis of an epithelium I ————————
10000 morphogenesis of embryonic epithelium I ——
epithelial cell differentiation I
80007 morphogenesis of an epithelial sheet mm—
6000 columnar/cuboidal epithelial cell differentiation mmm
glandular epithelial cell differentiation mm
4007 columnar/cuboidal epithelial cell development &
2000+ 0 5

0 — .......-uunlll,,dlluunuummwmw

-50 0 +25 +50
TSS

GATA4 peak center in kilobases from nearest TSS

Number of peaks

10 15 20 25 30
-log10 (p value)

GATA4 ChIP-seq
peaks Top Motif

TCAT2A
£GA

Best Match
GATA4

P-value

1e-41 |

CA

GATA4 cKO mutant DEGs (Fig. 7B)

GATA4 cKI mutant DEGs (Fig. 7C)

HSE DEGs down GATA4 binding peak HSE DEGs up GATA4 binding peak
in G4 cKO +/- 2kb of TSS in G4 cKl +/- 2kb of TSS
1'1%'? 519 —p 373 2714 —p 194
FSE DEGs up GATA4 binding peak FSE DEGs down GATA4 binding peak
in G4 cKO +/- 2kb of TSS in G4 cKI +/- 2kb of TSS
FSE
2619 1155 —_— 643 737 — 476
D Enriched motifs surrounding GATA4 peaks ACTIVATED by GATA4
HSE, Downregulated in G4 cKO w/G4 peaks (373) + HSE, Upregulated in G4 cKI w/G4 peaks (194)
MOTIF p-value Best Match MOTIF p-value Best Match
QA‘JIQ_TCA_QC 1e-12 TBX5 AY AAA CQI 1e-11 ZFX
S XcaVi=xV¥ an ,\c -
QCAC CCCCCC 1e-12 SP3 2 ACQACAAA 1e-11 PB0137.1_IRF3_2
TeCTIeTCeeTe e | o ASAGAMACTASG o0 | posossimes

Enriched motifs surrounding GATA4 peaks REPRESSED by GATA4
FSE, Upregulated in G4 cKO w/G4 peaks (643) + FSE, Downregulated in G4 cKI w/G4 peaks (476)

MOTIF p-value Best Match MOTIF p-value Best Match
,CQAC ch C Te-12 ZIc3 ‘ 1e-10 BORIS
CATC A(A\ T Te-11 ARNT ACCTITC 1e-10 | PHO140.1_Pknox1
AAIIATCQ 1e-10 PIT-1 TQCACQ T T 16-10 ZNF354C



1406 DeLaForest et al

transcriptional activators of myelolymphoid differentiation
while also suppressing expression of opposing factors’
downstream targets.”® These dual mechanisms of GATA1
function have a synergistic effect on lineage specification
resulting in erythroid rather than myelolymphoid differen-
tiation. The facts that functional GATA4 binding sites were
identified in the promoters of more than half of an essential
esophageal /FSE transcription factor set and that the
expression of these transcription factors correlated with
GATA4 presence or absence suggest that GATA4 directly
represses expression of a transcription factor network in
the developing HS to suppress stratified squamous epithe-
lium development. Furthermore, downstream targets of
these esophageal/FS transcription factors also contained
GATA4 binding sites and changed expression state
depending on the presence or absence of GATA4. Together,
these data support the idea that GATA4 works through
synergistic mechanisms to repress stratified squamous
epithelium development in the HS.

Using information gained from cross-referencing
expression, chromatin binding, and motif analyses, we
identified GATA4 cofactors that may contribute to GATA4’s
ability to specifically activate or repress transcription.
Among these were several transcription factors that act with
GATA factors to direct gene expression programs in other
developmental systems.**? For example, TBX5 and GATA4
co-bind genes in cardiac cells to activate gene
expression.>*® SF1 and GATA4 function cooperatively to
activate Sertoli cell gene expression.’”*® Although SP3, like
GATA4, can function to activate or repress gene expres-
sion,”””® GATA4 and SP3 can interact to activate cardiac
Carpl expression.>’ Because SP1 and SP3 bind the same
consensus sequence,”® it is conceivable that SP1, typically a
transactivating factor, serves as a GATA4 co-factor in the
developing stomach. SP1 and GATA4 positively regulate
cardiac and intestinal gene expression.”” " Although not
yet linked with GATA4, ZNF354C (ZFP354C) contains a
KRAB transcriptional repression domain.”*** PKNOX1,
which preferentially binds to promoter sequences, re-
presses adipogenic differentiation and is implicated in
negative regulation of the GLUT4 gene.”*"*® BORIS (brother
of the regulator of imprinted sites) negatively regulates an
androgen receptor regulatory network in ovarian cancer.*’
Finally, PIT-1 (pituitary-specific positive transcription fac-
tor 1) functions with nuclear receptor corepressor N-CoR to
repress gene expression.”®? It is also possible that GATA4
binding to promoters disrupts binding of other essential
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activating transcription factors to interfere with gene
expression. We proposed this mechanism as a way in which
GATA4 represses the Fgf15 gene in the mouse jejunum.’’
The morphological and molecular shifts from stratified-
to-columnar and columnar-to-stratified epithelia observed
in GATA4 mutant embryonic stomachs are reminiscent of
tissue metaplasia.®® Stratified-to-columnar metaplasia is
particularly relevant to the GI tract because Barrett's
metaplasia in the esophagus is a premalignant risk factor for
esophageal adenocarcinoma. Our previous work and that of
others show GATA4 to be aberrantly expressed in BE and
esophageal adenocarcinoma.'”’*?° Our recent in vitro
studies with human esophageal cell lines demonstrate that
GATA4 expression responds to acid and bile and that, when
over-expressed, GATA4 represses stratified cell associated
gene expression including Trp63, Krt5, and Krt15°° The
correlation between dysregulated gene expression patterns
in BE and GATA4 mutants, as well as our finding that many
of these genes have functional GATA4 binding sites, support
the idea that GATA4 does not merely serve as a disease
marker but that GATA4 plays a functional role in disease
perhaps by supporting maintenance of columnar epithelium
in BE. We propose that GATA4 regulates multiple BE-
associated pathways by activating or repressing the
expression of essential columnar and stratified squamous
cell-associated transcription factors and their targets. For
example, FOXA2, a columnar cell-associated transcription
factor upregulated in BE, and TFAP2C, a stratified squamous
cell-associated transcription factor downregulated in BE,
both contain functional GATA4 binding sites and were
misregulated in GATA4-expressing FS, with FOXAZ being
induced and TFAP2C being repressed.®*®> These particular
transcription factors were recently shown to be consistently
altered across multiple BE expression studies with FOXA2
being activated and TFAP2C being suppressed in meta-
plastic cells.*®> Given that GATA4 mutant HS and FS
epithelial cells more closely aligned with gastric corpus
identity, rather than with intestinal identity and that we
used GATA4 chromatin binding data gathered from HS
epithelium, the correlations drawn related to BE likely align
more closely with gastric-type rather than intestinal-type
metaplasia. Although we propose that developmental
studies like ours inform our understanding of disease, we
cannot with certainty conclude that GATA4 contributes to
BE pathogenesis. Further studies using mice with GATA4
induction in the adult mouse esophagus or with alternative
models such as human cell or organoid cultures from

Figure 8. (See previous page). Putative GATA4 direct targets identified by cross-referencing RNA-seq and ChIP-seq
datasets. (A) GATA4 ChlP-seq was performed with HS epithelial cells from adult mice. Peaks were mapped to the nearest
TSS. The spatial distribution of GATA4 peaks within +50 kb of the nearest TSS is shown. (B) DAVID analysis identified enriched
gene ontology terms associated with peaks shown in A. The GATA4 consensus sequence was the top motif present in peaks
shown in A, determined by de novo HOMER motif analysis. (C) GATA4 binding peaks from A were filtered to identify those
within proximal regulatory regions of genes (+2 kb TSS). The filtered peak set was cross-referenced with G4 cKO mutant HS
and G4 cKI mutant FS DEGs corresponding to the HSE or FSE gene sets (Figure 7B and C) to identify DEGs with HSE and FSE
expression likely directly regulated by GATA4. (D) HOMER de novo motif analysis tool was used to scan +100 bp of each
GATAA4 binding peak center among genes identified in C that were predicted to be activated (HSE expression, downregulated
in HS mutants, upregulated in FS mutants) or repressed by GATA4 (FSE expression, upregulated in HS mutants, down-
regulated in FS mutants). The top six enriched motifs are shown. Gene lists provided in Supplementary Table 2.
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normal and BE tissues in which GATA4 is modulated will be
crucial to understanding the role of GATA4 in BE.

While our paper was being revised, the Kawaguchi group
published a study complementary to ours examining the
relationship between SOX2 and GATA4 during mouse
gastric development.®® Their study supports the findings we
report here, demonstrating an essential role for GATA4 in
specifying columnar epithelium in the developing stomach.
Our study adds molecular mechanistic depth to the under-
standing of how GATA4 acts as an essential patterning fac-
tor during gastric epithelium development. By combining
morphological tissue analyses with unbiased, global gene
expression and chromatin binding approaches, we place
GATA4 at the top of a transcriptional cascade that defines
columnar epithelial cell identity. GATA4 activates expres-
sion of a large cohort of genes essential to direct columnar
epithelial cell morphogenesis and differentiation to mature
epithelial cell types. Equally important, but not previously
well recognized, is GATA4’s function to enforce columnar
epithelial cell fate by directly repressing expression of
essential squamous cell patterning transcription factors and
their targets. Overall, our data support a role for GATA4 as a
vital, cell autonomous transcriptional regulator that pat-
terns the HS epithelium during development.

Material and Methods
Mice

Mouse lines used to generate control and experimental
samples were ShhCre, Gata4'™" Gata4™, Rosa26"™, Gata6'>",
Gata6~, Gata4™" /™ and Rosa26".'7°77% Genotypes of
embryos compared in Gata4 cKO studies were Gata4'>*"/
loxP - Gata4'"’*, Gata4'"/~, or Gata4™*::ShhCre control
embryos and G4 cKO Gata4"°*"~:ShhCre mutants. Geno-
types of embryos compared in Gata4 cKI studies were
Rosa26 ™%+ and Rosa26™*/%* control embryos and G4
cKI Gata4™'¢*/™"'%*..ShhCre mutants. Genotypes of embryos
compared in Gata6 cKO studies were Gata6'°"/* control
and Gata6'°*"/"::ShhCre mutants. For ChIP studies, Gata4"
bio/fibio;. Rosa265™/BA and control Rosa26®™/BrA mice

Cellular and Molecular Gastroenterology and Hepatology Vol. 12, No. 4

were compared. Embryos were derived via timed breeding
with a vaginal plug at noon considered E0.5. Embryos at
E12.5, E14.5, E16.5, or E18.5 were analyzed in G4 cKO, G4
cKI, and G6 cKO studies. Tail tip, ear punch, or yolk sac DNA
were used for PCR genotyping (primers listed in Table 1).
Sample sizes for each comparison are reported in figure
legends. The Medical College of Wisconsin’s Institutional
Animal Care and Use Committee approved all animal
procedures.

Histochemistry, Immunohistochemistry, and
Immunofluorescence Tissue Staining

Embryonic stomachs (E12.5-E18.5) were fixed in 4%
paraformaldehyde, embedded in paraffin, and sectioned at 5
um. H&E staining was performed per standard procedures.
Citric acid antigen retrieval was used for immunohisto-
chemistry (IHC) and immunofluorescence (IF) with anti-
bodies listed in Table 2. IHC staining was visualized using
R.T.U Vectastain Elite ABC reagent (Vector Labs, Burlin-
game, CA) and Metal Enhanced DAB substrate kit (Thermo
Fisher Scientific, Waltham, MA). H&E and IHC images were
obtained using a NanoZoomer slide scanner and NDP.view 2
software (Hamamatsu, Hamamatsu, Japan), a Nikon Eclipse
80i microscope (Nikon Instruments Inc., Melville, NY) with a
Nikon digital smart DS-QiMc camera and SPOT Advanced
Imaging software version 5.1, or a Nikon Ti2 U microscope
with a Nikon Digital Sight color camera and NIS Elements
software. IF images were obtained using a Zeiss LSM980
laser scanning confocal microscope (Zeiss, Oberkochen,
Germany). Files were converted to tif files using the Fiji
interface for Image] version 2.1.0/1.53c; Java 1.8.0_202
software (National Institutes of Health, Bethesda, MD). All
H&E, IHC, and IF images were processed for presentation in
figures using Photoshop (Adobe, San Jose, CA). Control and
mutant images for each stain were processed identically.

Quantitative RT-PCR
HS or FS epithelial cells were isolated from E14.5
or E18.5 HS or FS,”® and total RNA from cells was

Figure 9. (See previous page). Transcriptional programs associated with esophageal/FS identity and human disease
are altered in GATA4 mutant HS and FS epithelial cells. (A) Expression of a network of transcription factors with
esophageal-enriched expression and containing functional GATA4 binding sites +2 kb of the TSS were inversely regulated in
E14.5 G4 cKO HS and G4 cKI FS compared with control embryos. Heatmaps shown compare FPMK values for these factors
between control (HS_C1 through HS_C3) and G4 cKO HS (HS_M1 through HS_M5) or control (FS_C1 through FS_C3) and G4
cKI FS (FS_M1 through FS_M3). Esophageal transcription factor expression was induced in G4 cKO HS and suppressed in G4
cKI FS. Of a set of three gastric-specific factors with functional GATA4 binding sites +2 kb of the TSS, expression of all was
suppressed in G4 cKO HS, but only Esrrg was induced in G4 cKI FS. (B, C) Genes with differential expression in BE epithelium
vs normal esophageal epithelium, identified from published datasets,*°" were cross-referenced with GATA4 ChIP-seq data
to generate sets of DEGs in BE with functional GATA4 binding sites within +2 kb of the TSS: 527 DEGs upregulated in BE
compared with control esophagus and 380 DEGs downregulated in BE compared with control esophagus. These sets of
putative GATA4 targets up or downregulated in BE were cross-referenced with DEGs in E14.5 G4 cKO HS or G4 cKl FS
(Figures 7B and C). Heatmaps show comparisons of FPMK values for BE associated GATA4 target genes between control HS
(HS_C1 through HS_C3) and G4 cKO mutant HS (HS_M1 through HS_M5) or control FS (FS_C1 through FS_C3) and G4 cKI
mutant FS (FS_M1 through FS_M3). Expression profiles for genes with GATA4 binding sites upregulated in BE epithelium
compared with normal esophageal epithelium (columnar-associated transcripts) among control embryos and GATA4 mutants
are shown in B. Expression profiles for genes with GATA4 binding sites downregulated in BE epithelium compared with normal
esophageal epithelium (stratified squamous associated) among control and GATA4 mutants are shown in C. Overall, ~30% of
the DEGs in BE we identified as containing functional GATA4 binding sites overlapped with GATA4 mutants. Supplementary
Table 3 provides the gene identifiers and binding site locations for transcripts shown in heatmaps in panels B and C.
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Table 1.Genotyping Primers

Gene Forward Reverse Size (bp)

ShhCre gggacagctcacaagtcctc ggtgcgcetcctggacgta 350

Gata4 cKO alleles

Gatad'™F cccagtaaagaagtcagcacaaggaaac agactattgatcccggagtgaacatt 355, wt
455, loxP

Gataq™" ggggcaggacagcaagggggaggatt gtgagacctgcagaatgggagtggagaatg 207

Gata4 cKI alleles

Rosa26%* aaagtcgctctgagttgttat gcgaagagtttgtcctcaacc 311

Rosa26"" aaagtcgctctgagttgttat ggagcgggagaaatggatatg 603

Gata6 cKO alleles

Gata6'™* gtggttgtaaggcggtttgt acgcgagctccagaaaaagt 159, wt
250, loxP

Gata6™" gctccaccctactatgaccaattcc cccggtttaaaaatctgcttgagte 400

Gata4™° and BirA alleles

Gata4Pie cagtgctgtctgctctgaagetgt ccaaggtgggcttctctgtaagaac 378, G4™t
550, G 4 Flbio

BirAdax14/15 ttcagacactgcgtgact ggctccaatgactatttgc 500 (BirA+)

BirAJax16/17 gtgtaactgtggacagaggag gaacttgatgtgtagaccagg 400 (BirA-)

DNase-treated as in previous studies or with EZ-DNase
(Invitrogen, Waltham, MA).”>’* MMLV reverse transcrip-
tase (Invitrogen) or VILO master mix (Invitrogen) were
used to synthesize complementary DNA. TagMan assays
(Table 3) were used for qRT-PCR with TagMan Gene
Expression Master Mix (Applied Biosystems, Waltham, MA).
For each gene assayed, at least 3 biological replicates per
genotype were assayed in 3 independent experiments.
Gapdh was used to normalize. For each target, expression
units were calculated using the formula [2099]%1000."°
Error bars show SEM. Statistical tests used were either a

Student’s ¢t test or 1-way analysis of variance, as appro-
priate. Figure legends specify which statistical tests were
used for each analysis.

RNA-Sequencing

Epithelial cells were isolated from E14.5 control and
mutant embryos as previously described.”® Total epithelial
cell RNA (20 ng) per biological replicate spiked with ERCC
RNA Spike-In Controls (Thermo Fisher Scientific) was sub-
jected to Poly-A mRNA selection (New England Biolabs,

Table 2. Antibodies

Antibody Dilution Manufacturer Catalog Number
ATP4A (mouse polyclonal) 1:100 Gift from Dr Eunyoung Choi n/a
E-cadherin (mouse monoclonal) 1:4000 BD Biosciences (Franklin Lakes, NJ) 610181
GATA4 (rabbit monoclonal) 1:500 Cell Signaling Technology (Danvers, MA) 36966
GATA4 C-20 (goat polyclonal) 1:250 Santa Cruz Biotechnology (Santa Cruz, CA) sc-1237
GATAG (rabbit monoclonal) 1:500 Cell Signaling Technology (Danvers, MA) 5851
GIF (goat polyclonal) 1:2000 Gift from Dr Jason Mills n/a
KRT5 (rabbit polyclonal) 1:4000 Biolegend (formerly Covance) (Dedham, MA) 905501
KRT13 (rabbit monoclonal) 1:250 Abcam (Cambridge, United Kingdom) AB92551
KRT14 (LLO02) (mouse monoclonal) 1:1600 Thermo Fisher Scientific (Rockford, IL) MA5-11599
MUCS5AC 45M1 (mouse monoclonal) 1:100 Thermo Fisher Scientific(Rockford, IL) MA1-38223
TRP63 (rabbit polyclonal) 1:250 Abcam (Cambridge, United Kingdom) AB53039
TRP63 (rabbit monoclonal) 1:500 Cell Signaling Technology (Danvers, MA) 13109
Biotinylated horse-anti mouse IgG (H+L) 1:66 Vector Laboratories (Burlingame, CA) BA-2000
Biotinylated goat anti-rabbit IgG (H+L) 1:66 Vector Laboratories (Burlingame, CA) BA-1000
Biotinylated rabbit anti-goat IgG (H+L) 1:66 Vector Laboratories (Burlingame, CA) BA-5000
Alexa-Fluor 488 Donkey anti-mouse 1:133 Thermo Fisher Scientific (Rockford, IL) A-21202
Alexa-Fluor 594 Donkey anti-rabbit 1:133 Thermo Fisher Scientific (Rockford, IL) A-21207
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Table 3.TagMan Assay |dentifiers

Gene TagMan ID
Atp4a Mm00444417_m1
Cldn10 MmO01226326_g1
Cldn18 Mm00517321_m1
Gata4 Mm00484689_m1
Gatab MmO00802632_m1

Gif MmO00433596_m1

Hnf4a Mm00433964_m1
Krt15 Mm00492972_m1
Krt17 Mm00495207_m1
Krt23 Mm00840789_m1
Mist1 Mm00627532_s1
Muc5ac MmO01276718_m1
Muc6 Mm00725165_m1
Pgc Mm00482488_m1
Tff1 Mm00436945_m1
Tff2 Mm00447491_m1
Trp63 Mm00495793_m1
Gapdh 4351309

Ipswich, MA) (n = 3 control HS, 3 control FS, 5 G4 cKO HS, 3
G4 cKI FS). The NEBnext Ultra II Directional RNA library
prep kit for Illumina (New England Biolabs) was used to
generate libraries. All libraries were sequenced as paired-
end (38 x 2, total of 76 cycles) using an Illumina NextSeq
500 (Illumina, San Diego, CA). The raw RNA sequence reads
were mapped to mouse reference genome (build mm9)
using STAR in Base Pair Tech (basepairtech.com) (default
parameters) and normalized with ERCC spike-ins. Differ-
ential expression analysis was completed using the DESeq
package. We performed DESeq between FS and HS control
data sets to generate HSE and FSE gene sets (P <.05, fold
change >2). Genes up- or downregulated in G4 cKO HS
mutants and G4 cKI FS mutants were defined similarly (P <
.05, fold change >2 vs control embryos). Heatmaps were
generated using RNA-seq FPKM values imported into
Heatmapper.75

ChIP-Sequencing

GATA4-Bio-ChIP using HS epithelial cells from adult
Gata4™/"%°:: Rosa265™/BrA experimental and Gata4“"”**:
Rosa26®™/5™ negative control animals was performed as
previously described.'””%”! The NEBNext Ultra II DNA Li-
brary Prep Kit (New England Biolabs) was used to make
libraries. All libraries were sequenced using an Illumina
NextSeq 500. The sequencing reads were aligned to the
mouse genome (mm9 build) using Bowtie2 (default pa-
rameters) via Base Pair Tech. Peak calling was done using
in-house script employing MACS2 algorithm with a g-value
cutoff of 0.05 and model fold of 5,50. A total of 50,869
GATA4 peaks were called and annotated with nearest refseq
genes using annotatePeaks.pl script in HOMER v4.11.1
(default settings). The distribution of number of peaks
across center of TSS was plotted. The genes were imported

Cellular and Molecular Gastroenterology and Hepatology Vol. 12, No. 4

into DAVID pathway analysis. GO TERM: BP_FAT was
reported.

ChIP-Seq and RNA-Seq Combined Analyses

A list of genes with GATA4 binding peaks in proximal
regulatory regions (+2 kb of TSS) was constructed from the
genes identified as having HSE or FSE expression and dif-
ferential expression in G4 cKO or G4 cKI compared with
control embryos. Transcription factor motifs were identified
within +£100 bp of GATA4 peak center using findMotifsGe-
nome.pl script in HOMER v4.11.1 with default settings.
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