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Abstract

GATAA4 is expressed in the proximal 85% of small intestine where it promotes a proximal
intestinal (‘jejunal’) identity while repressing a distal intestinal (“ileal’) identity, but its molecular
mechanisms are unclear. Here, we tested the hypothesis that GATA4 promotes a jejunal vs. ileal
identity in mouse intestine by directly activating and repressing specific subsets of absorptive
enterocyte genes by modulating the acetylation of histone H3, lysine 27 (H3K27), a mark of active
chromatin, at sites of GATA4 occupancy. Global analysis of mouse jejunal epithelium showed a
statistically significant association of GATA4 occupancy with GATA4-regulated genes.
Occupancy was equally distributed between down- and up-regulated targets, and occupancy sites
showed a dichotomy of unique motif over-representation at down- vs. up-regulated genes.
H3K27ac enrichment at GATA4-binding loci that mapped to down-regulated genes (activation
targets) was elevated, changed little upon conditional Gata4 deletion, and was similar to control
ileum, whereas H3K27ac enrichment at GATA4-binding loci that mapped to up-regulated genes
(repression targets) was depleted, increased upon conditional Gata4 deletion, and approached
H3K27ac enrichment in wildtype control ileum. These data support the hypothesis that GATA4
both activates and represses intestinal genes, and show that GATAA4 represses an ileal program of
gene expression in the proximal small intestine by inhibiting the acetylation of H3K27.
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1. Introduction

Cellular identity in adult organisms is fundamentally determined by the unique panel of
genes expressed within that cell. Regulation of a distinct set of genes requires precise spatial
and temporal coordination of a multitude of general and specific transcription factors at cis-
regulatory elements within DNA[1]. Recognition and binding of transcription factors to
specific DNA sequences occurs within the context of chromatin, whose dynamic structural
characteristics play a significant role in regulating gene expression. Cell identity is thus
determined by the influences of DNA sequence, transcription factor binding, and the
epigenetic chromatin state within any given cell.

The absorptive enterocyte is a highly specialized cell lineage in the small intestinal
epithelium that exhibits differential identities depending on its placement along the length of
small intestine. Absorptive enterocytes in jejunum express digestive enzymes, transporters,
and intracellular carriers necessary for the digestion and absorption of nutrients, while
absorptive enterocytes in distal ileum express a discrete set of proteins that include, among
others, bile acid transporters that function in the distal re-absorption of bile acids, the first
step in their necessary enterohepatic circulation. Understanding how spatial differences in
absorptive enterocyte identity are determined has implications for restoring regional
functions that are lost due to disease processes or intestinal resection.

GATAA4, a member of an ancient family of zinc finger transcription factors that bind
WGATAR motifs in DNA (W =Aor T, R = Aor G), is a key regulator of regional identity
in absorptive enterocyte gene expression and function[2-4]. GATAA4 is expressed in the
proximal 85% of small intestine, but is not expressed in distal ileum, highly coincident with
the demarcation in changes in intestinal gene expression and function between proximal
intestine and distal ileum[2, 4, 5]. Conditional deletion of Gata4 in small intestine results in
the transformation of absorptive enterocyte gene expression and function from a proximal
intestinal to a distal ileal pattern[2—4]. Specifically, the subset of genes that are expressed at
high levels in proximal small intestine, but not expressed in distal ileum, are down-regulated
in proximal intestine. Conversely, the subset of genes not normally expressed in proximal
small intestine, but highly expressed in distal ileum, are up-regulated in proximal small
intestine. For example, the lactase (Lct) gene that is normally expressed in jejunum and
proximal ileum, but not distal ileum, is significantly down-regulated in the proximal
intestine, while the solute carrier family 10, member 2 (Slc10a2) gene that encodes the ileal-
specific, apical sodium dependent bile acid transporter, is significantly up-regulated in the
proximal intestine [2, 4], and bile acid absorption is induced[4]. Thus, by virtue of its
restricted expression to the proximal 85% of small intestine, and its functions in both
activating and repressing the expression of specific intestinal genes, GATA4 promotes a
jejunal identity while repressing an ileal identity in absorptive enterocyte gene expression
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and function. GATA4 also functions redundantly with GATABG, which is expressed
throughout the length of small intestine, including distal ileum, to regulate crypt cell
proliferation and secretory cell differentiation, but due to the overlapping functions with
GATAG, these processes are not altered in the proximal intestine of single Gata4 knockout
mice[6]. How GATAA4 confers a ‘jejunal’ identity while repressing an ‘ileal’ identity on
absorptive enterocytes of the proximal small intestine is the topic of this investigation.

Chromatin structure is determined by histone proteins, which undergo a multitude of
covalent modifications that influence chromatin architecture and gene expression. One such
modification is acetylation of histone H3, lysine 27 (H3K27ac), a histone modification mark
that is highly correlated with open chromatin and gene transcription[7-10]. In cardiac and
hematopoietic systems, GATA factors have been shown to interact with CBP/p300[11-14],
a transcriptional coactivator which has intrinsic histone acetyl-transferase activity and
H3K27 as its substrate[8, 9]. Chromatin occupancy of GATAL in hematopoietic cells is
highly correlated with H3K27ac enrichment [15-17] but little is known about the
relationship between GATA4 and H3K27ac. In the present study, we tested the hypothesis
that conditional deletion of Gata4 results in the ‘ilealization’ of the H3K27ac chromatin
mark. To test this hypothesis, we determined the global occupancy of GATA4 in mouse
jejunal epithelium using an efficient in vivo biotinylation approach, mapped this occupancy
to genes down- and up-regulated by conditional Gata4 deletion, and compared H3K27ac
enrichment at these loci in wild-type control jejunum to conditional Gata4 knockout
jejunum, and to wild-type control ileum. Our data implicate GATAA4 as both an activator and
repressor of specific subsets of target genes within the small intestine, and show that
GATAA4 activates a subset of genes by a process that is independent of H3K27ac
modification, but represses a different subset of genes by inhibiting the acetylation of
H3K27. These data implicate novel mechanisms of gene regulation by GATA factors, and
contribute to our understanding of transcriptional regulatory mechanisms in the intestinal
epithelium.

2. Material and methods

2.1. Mice

Wild-type mice, and previously established and confirmed Gata4f@rflap [18] transgenic
VillinCreER®? [19], Gata4flPio/flbio [20] and Rosa26BI"A/BIrA [21] mice were used to establish
the following groups of mice:

WTCtl:  Gatagwtwt
GA4AIE: Gata4flar/flap v/ijllinCreERT2-positive
BirACtl:  Rosa26BirA/BirA

G4flbio:  Gatadflbioffibio Rosa2@BIrA/BIrA

Wild-type control (WT Ctl) mice express wild-type GATA4 under the control of the
endogenous Gata4 gene; Gatad4AIE mice, after treatment with tamoxifen to excise floxed
(fl) Gata4 and induce expression of alkaline phosphatase (ap) from the Gata41aP allele[20],
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do not express Gata4 in the intestinal epithelium (IE); BirA control (BirA Ctl) mice express
the bacterial biotinylation ligase enzyme BirA under the control of the Rosa26 gene; and
Gata4flbio mice express a modified GATA4 containing a FLAG (fl) and biotin ligase tag
(bio) on its COOH-terminus that is efficiently biotinylated by BirA in vivo[22]. DNA was
extracted from tail biopsies, and genotypes were determined by semiquantitive polymerase
chain reaction (PCR) using previously validated primers[19-21]. Adult (6-8 wks of age) WT
Ctl and Gata4AIE mice were injected intraperitoneally with 1 mg tamoxifen (Sigma
Chemical Co, Inc, St. Louis, MO) in sunflower seed oil (Sigma) once per day for 5 days to
induce recombination of conditional alleles. At the time of tissue collection, mice were
anesthetized and tissue was dissected as previously described[23]. Approval was obtained
from the Institutional Animal Care and Use Committee.

2.2. RNA isolation and qRT-PCR

Mouse intestinal epithelial cells were isolated for RNA extraction by incubating freshly
dissected segments (cut into 1 cm pieces) of small intestine in 15 ml conical tubes
containing 30 mM ethylenediaminetetraacidic acid (EDTA) in1x Weiser solution A[24], and
intestinal epithelial cells were released from the lamina propria by vigorously shaking three
times for 30 sec and collected by centrifugation at 4°C[25]. RNA was isolated from the
small intestinal epithelial cells using the RNeasy kit (Qiagen Sciences, Germantown, MD)
according to the manufacturer’s instructions. To quantify mMRNA abundances, quantitative
reverse transcriptase (QRT)-PCR was conducted as described previously[23]. GAPDH
mMRNA abundance was measured for each sample and used to normalize the data. All data
were expressed relative to the averages of the wild-type samples.

2.3. Nuclear extracts, biotin-streptavidin pull-down assays and Western blot

Intestinal epithelial cells were isolated from the middle 8 cm of the mouse small intestine
(jejunum) as described above, and nuclear extracts were prepared as reported
previously[26]. For biotin-streptavidin pull-down of GATAA4, nuclear extracts were pre-
cleared using protein A/G magnetic beads (Life Technologies), and incubated with
streptavidin magnetic beads (M280, Life Technologies) overnight at 4°C. Beads were
washed 3x5 min in 1 ml buffer B (0.1% NP-40, 5 mM Tris-HCI, 100 mM KCI and 10%
glycerol) at 4°C and boiled in 30 pl 2x sample buffer for 10 min. Western blotting was
performed as previously described[5] by transferring nuclear extracts to nitrocellulose
membranes (Invitrogen) that were previously blocked with 5% nonfat dried milk in PBS.
Membranes were then incubated with anti-mouse GATA4 (1:5000; SC-25310; Santa Cruz
Biotechnology, Santa Cruz, CA) or anti-mouse B-actin (1:5000; A5441; Sigma) overnight at
4°C, washed, incubated with horseradish peroxidase secondary antibodies and developed
with SuperSignal West Femto ECL chemiluminescence solution (Thermo Fisher Scientific,
Inc., Waltham, MA).

2.4, Biotin-streptavidin chromatin pull-down assays chromatin immunoprecipitation
assays, and deep sequencing analysis

GATA4 chromatin occupancy was defined using biotin-streptavidin chromatin pull-down
(BioChlP) assays[27], and H3K27ac enrichment was determined using chromatin
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immunoprecipitation (ChIP) assays[25]. In both assays, epithelial cells were isolated from
the middle 8 cm (jejunum) and/or the distal 6 cm just proximal to the ileocecal junction.
Epithelial fractions were cross-linked using 1% formaldehyde in phosphate-buffered saline
(PBS) for 15 min at 4°C, then for 28 min at room temperature, followed by sonication in
lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCI pH 8.1) using a Branson Sonifier
(Branson Ultrasonic Corporation, Danbury CT) fitted with a microprobe until most DNA
fragments were between 500-1000bp in length, as determined by agarose gel
electrophoresis. Cell lysates were diluted 5-fold in binding buffer (1% Triton X-100, 2 mM
EDTA, 150 mM NacCl, 20 mM Tris-HCI pH 8.1). For BioChIP analysis, cell lysates were
incubated with streptavidin magnetic beads (Life Technologies) for 1 h at 4°C and further
processed as described previously[27]. Briefly, streptavidin beads were washed 2x in 2%
SDS, 1x in high salt buffer (50 mM HEPES, pH 7.5, 500 mM NaCl, 1 mM disodium EDTA,
0.1% (w/v) sodium deoxycholate, 1% (v/v) Triton X-100), 1x in LiCl buffer (10 mM
Tris-Cl, pH 8.1, 250 mM LiCl, 1 mM disodium EDTA, 0.5% (v/v) Nonidet P-40 (NP-40),
0.5% (wi/v) sodium deoxycholate), and 2x in TE buffer. For ChIP assays, cell lysates were
incubated with anti-H3K27ac (ab4729, Abcam, Cambridge, MA) coupled to protein A/G
magnetic beads (Life Technologies) for 16 h at 4°C, and washed 6 times in PBS. For both
BioChlIP and ChIP assays, DNA was recovered and cross-links were reversed in ChlP
elution buffer (50 mM Tris-Cl, pH 8.1, 10 mM disodium EDTA, 1% (w/v) SDS) and then
treated with RNase A. Enrichment at distinct loci was determined by quantitative PCR using
specified primers (Supplemental Fig. S1).

For BioChlP-seq and ChlIP-seq, intestinal epithelial cells from three different mice were
pooled and epithelial fractions were sonicated until most fragments were between 200—
400bp in length. BioChIP and ChIP was conducted as described above, and DNA libraries
on pull-down material were prepared using the NEB Next kit according to the
manufacturer’s instructions (New England Biolabs, Inc., Ipswich, MA). Libraries were
tested for enrichment of expected fragments and amplified, and the DNA was sequenced,
using the manufacturer’s protocols (Illumina, Inc., San Diego, CA) and 50 bp single-end
reads. Sequences were mapped to reference genome Mus musculus build 9 (mm9) using
ELAND tools, allowing 0 to 2 mismatches (lllumina), and binding peaks were identified by
model-based analysis of ChlP-seq (MACS), an efficient peak calling tool that removes
redundant reads, accurately adjusts peak summits based on tag length and sequencing reads,
calculates peak enrichment, and estimates the empirical false discovery rate (FDR)[28]. A
biological replicate confirmed the reliability of both GATA4 BioChlP-seq and H3K27ac
ChiIP-seq assays (Supplemental Fig. S2).

2.5. Data analysis

Analysis of BioChlP-seq and ChlP-seq data was done using tools within the Cistrome
pipeline (http://cistrome.dfci.harvard.edu/ap/)[29] and Microsoft Excel. Microarray data was
processed using dChip (http://www.hsph.harvard.edu/cli/complab/dchip/) with a fold
enrichment cut-off of £ 1.1. Genomic Region Enrichment Annotation Tool (GREAT) was
used as an advanced analytical tool to capture distal binding events[30]. The Cis-Regulatory
Element Annotation System (CEAS) is a meta-gene analysis tool that was used to estimate
enrichment levels across specific genomic regions (e.g., promoters, introns, etc) with respect

Biochim Biophys Acta. Author manuscript; available in PMC 2015 December 19.


http://cistrome.dfci.harvard.edu/ap/
http://www.hsph.harvard.edu/cli/complab/dchip/

1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aronson et al.

3. Results

Page 6

to the whole genome[29]. Gene ontology (GO) analysis, which groups gene products by
their associated biological processes, cellular components, and molecular functions, was
performed using the Database for Annotation, Visualization and Integrated Discovery
(DAVID)[31, 32]. GO groups were clustered using the functional annotation clustering tool
within DAVID and enrichment scores were calculated for each cluster as an average of
Expression Analysis Systematic Explorer (EASE) scores of GO groups (modified Fisher
exact tests that reflect overlap of genes within GO groups) [33]. Data was visualized using
the Integrated Genome Viewer 2.3 (Broad Institute, http://www.broadinstitute.org/igv/)[34].
The SegPos motif tool finder, an algorithm available within Cistrome[29], was used to
calculate motif enrichment within a standard 500bp distance of the summit of GATA4
peaks. H3K27ac signal profiling was conducted using the SitePro aggregation plot tool
within Cistrome, at a standard profiling resolution of 50 bp. The number of GATA4 peaks
analyzed by different programs varied slightly (<0.1%) due to algorithmic differences within
each program.

3.1. GATA4 chromatin occupancy in mouse small intestinal epithelium

GATAA4 specifies regional identity in the mammalian small intestine, but knowledge of its
direct target genes and mechanism of action in this organ have been deficient, in large part
due to lack of ChIP-quality GATAA4 antibodies. To overcome this limitation, GATA4
chromatin occupancy in mouse small intestinal epithelium was defined using an in vivo
GATAA4 biotinylation tagging, chromatin pull-down (BioChIP) approach[20, 27]. In this
model, G4flbio mice express under the control of the endogenous GATA4 gene a modified
GATA4 containing a FLAG peptide and biotinylation tagging site on its COOH- terminus
(GATAA4fIbio). GATAM4Ibio is biotinylated by BirA, expressed under the control of the
Rosa26 gene.

In small intestine, Gata4flbio mRNA abundance in G4flbio mice was not significantly
different from Gata4 mRNA abundance in BirA Ctl mice (Fig. 1A). Using a GATA4
antibody that recognizes sequence within the COOH-terminal domain, the signal in Western
blot analysis for GATAA4fIbio protein in G4flbio mice, though somewhat less intense,
showed the expected slower mobility as compared to GATAA4 in BirA Ctl mice (Fig. 1B).
Western analysis of precipitates pulled down using streptavidin beads showed efficient pull-
down of GATA4fIbio (Fig. 1C), demonstrating that the GATA4fIbio is biotinylated in vivo
in the small intestinal epithelium. Importantly, Lct and Slc10a2, targets of GATA4 in
jejunum that are down-regulated and up-regulated, respectively, in conditional Gata4
knockout mice (G4AIE)[2, 4], were expressed normally in G4flbio mice (Fig. 1D),
indicating that GATAA4flbio is functional in the intestine and GATA4-mediated jejunal-ileal
patterning is preserved.

We next determined the effectiveness of utilizing the GATA4 BioChlIP model to define
GATAA4 chromatin occupancy in the small intestine. Because existing GATA4 antibodies
are not effective for immunoprecipitation (IP) of GATA4 bound to chromatin making it
impossible to compare GATA4 occupancy using ChIP with GATAA4flbio occupancy using
BioChlIP, we validated our GATA4 BioChlIP by predicting occupancy at selected GATA4

Biochim Biophys Acta. Author manuscript; available in PMC 2015 December 19.


http://www.broadinstitute.org/igv/

1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aronson et al.

Page 7

targets genes and comparing binding detected by gPCR with called peaks defined by the
global BioChlP-seq assay. We also assessed the most highly represented motif in the
BioChlP-seq analysis.

We did not know a priori where GATA4 bound chromatin in mouse small intestinal
epithelium, but we reasoned that GATA4 would likely occupy sites that mapped to putative
GATAA4 target genes, such as Lct and Slc10a2. We further reasoned that such sites were
likely to be positioned at genomic loci that were in an “‘open’ configuration and also contain
at least one WGATAR consensus binding motif. Since di-methylation of histone H3, lysine
4 (H3K4me?2) is indicative of open chromatin[7, 35], and global data on H3K4me2
enrichment in chromatin from mouse small intestinal epithelium are publicly available[25],
we scanned the Lct and Slc10a2 genomic loci for WGATAR motifs localized within
H3K4me2-enriched domains. We chose four such domains in Lct, and three in Slc10a2 (Fig.
2A, pink boxes) for further analysis.

To determine GATA4 occupancy at these genomic loci, we performed BioChlIP assays on
chromatin isolated from jejunal epithelium of adult G4flbio mice. As controls, we included
samples that contained the biotinylating enzyme BirA but lacked the epitope-tagged GATA4
(BirA Ctl). We also included ‘input’ chromatin which did not undergo pull-down. Using a
gPCR detection approach on pulled-down, reverse cross-linked chromatin, GATA4 was
found to be significantly enriched at two of the four sites mapped to Lct, and all three sites
mapped to Slc10a2 (Fig. 2B).

On separate extracts from different mice, we subsequently conducted a deep-sequencing
analysis (BioChlP-seq) using the model-based analysis of ChiP-seq (MACS) peak-calling
algorithm[36], a false discovery rate of 0.05, and a P-value cutoffs of 107° to identify
regions (‘peaks”) in which the experimental BioChlIP sample was enriched for tags
compared with input sample. These parameters led to the identification of 15,081 peaks,
with a peak sequence length of 1450 bp, as determined by the MACS peak finding
algorithm[28]. In contrast, the BirA control sample did not yield enough DNA to perform
deep-sequencing. We found that the two sites enriched for GATAA4 via the gPCR approach
that mapped to Lct (+13 kb & —10 kb), and all three sites that mapped to Slc10a2,
demonstrated a significant enrichment in sequencing tags via BioChlIP-seq, while the two
non-enriched sites that mapped to Lct (+1 kb & —1 kb) were not statistically called peaks in
the global BioChlP-seq analysis (Fig. 2A, filled boxes), precisely matching our gPCR
enrichment data (Fig. 2B). We noted an additional called peak in Lct (+4 kb) that was not
analyzed by gPCR; this site was surrounded by H3K4me2 enrichment (Fig. 2A, arrowhead)
and also contained a WGATAR motif.

Motif analysis at called peaks indicated that the most highly represented motif was the
consensus binding sequence WGATAR (Fig. 2C). Using the Motif Based Interval Screener
in Cistrome, we identified 14,870 WGATAR motifs at the 15,081 GATA4-occupied sites,
compared with 13,605 WGATAR motifs at 15,081 randomly selected genomic sites
(P<1073). Although we are unable to directly compare GATA4fIbio occupancy in
Gata4flbio mice with endogenous GATA4 occupancy in wild-type mice, the detection of
GATA4 occupancy at likely sites that map to putative target genes, the concordance of
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statistically significant binding detected by gPCR with called peaks defined independently
by the global BioChlP-seq assay, and the identification of a classic GATA binding motif at
called peaks, all validate the GATA4 BioChlIP assay, and indicate that it is a useful approach
to define global GATA4 occupancy in chromatin from mouse jejunal epithelial cells

3.2. GATA4 occupancy is enriched in intronic and intergenic regions, but densest in
promoter regions

The 15,081 GATAA4-occupied sites identified by BioChlIP-seq were all mapped to the
nearest transcription start site (TSS) of genes in the mouse genome, without limitation to
distance. Accordingly, while each peak was mapped to a single gene, specific genes could
have multiple peaks mapped to it. GREAT analysis showed that more than 70% of occupied
sites occurred within 50 kb of a TSS, and nearly all occurred within 500 kb of a TSS (Fig.
3A). Of the 15,081 sites, 1362 (9.0%) were located on promoters (defined as the 3 kb
upstream from a TSS), 7057 (46.8%) were located within introns, 6198 (41.1%) were
located in the intergenic regions, and 464 (3.1%) were located in exons or untranslated
regions (Fig. 3B). Using the CEAS meta-analysis tool, GATA4 occupancy was found to be
densest in the region just upstream of the TSS (Fig. 3C). Noteworthy were regions of
relatively lower occupancy right at the TSS and the transcription termination site (TTS).
Together, these data indicate that although greater than 85% of GATA4 occupancy occurs
outside of the promoter region (i.e., intronic and intergenic regions), GATA4 occupancy is
densest within the promoter region nearest to the TSS.

3.3. GATA4 occupancy is associated with GATA4-regulated genes

To identify the intestinal genes likely regulated directly by GATAA4, we defined the overlap
of GATA4-bound genes with differentially-regulated genes determined from publicly
available profiling data from conditional Gata4 knockout mouse jejunum[3]. We found that
the 15,081 GATA4 peaks identified from our BioChlP-seq analysis mapped to 8042 genes,
an average of 1.88 peaks/gene. Of the 8042 GATA4-bound genes, 2988 (37.2%) were
differentially regulated (Fig. 4A), significantly greater than that which would be expected if
the distribution were random across the genome (Fisher’s exact test: P<10716). The 2988
GATAA4-bound, differentially regulated genes represent 29.1% of all differentially regulated
genes; the remaining 70.9% are likely either secondary or downstream targets of GATA4, or
direct targets associated with GATA4 occupancy sites that were not statistically called by
our MACS peak analysis. Of the 5054 GATA4 bound genes that were not differentially
regulated upon conditional Gata4 deletion, 507 (10.0%) were altered in ileum by conditional
GATAG deletion[6], suggesting that these genes might be GATA4/GATAG redundant
targets.

We next defined the relationship between peak density and gene regulation and function. Of
the 2988 GATA4-bound, differentially regulated genes, over half were associated with only
one GATA4 peak, and nearly one quarter were associated with two peaks; 127 (4.3%) were
associated with 6 or more peaks (Fig. 4B). There was no correlation between the number of
peaks associated with a specific gene, and fold change in mMRNA abundance (data not
shown), as observed by others[37]. However, GO analysis of only those differentially
regulated genes with 6 or more GATAA4 peaks showed the most enrichment for a gene set

Biochim Biophys Acta. Author manuscript; available in PMC 2015 December 19.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aronson et al.

Page 9

related to negative transcriptional regulation (Fig. 4C), suggesting that transcriptional
repression is an essential GATA4 function [38]. Specific examples of possible downstream
transcription factor targets include Gata6 (18 peaks), leucine-rich repeats and
immunoglobulin-like domains 3 (Lrig3,12 peaks), BarH-like homeobox 2 (Barx2,11 peaks),
Jun oncogene (Jun, 10 peaks), and intestine-specific homeobox (Isx, 9 peaks).

3.4. GATA4 occupies both activated and repressed genes

We next determined the association of GATA4 occupancy with down-regulated vs. up-
regulated genes. Of the 2988 GATA4-bound, differentially regulated genes, 1351 (48%)
were up-regulated, and 1637 (52%) were down-regulated upon conditional Gata4 deletion
(Fig. 5A). The distribution of fold-change was similar between the two groups with 85% of
up- and down-regulated genes each changing less than 2-fold, and less than 2.5% in each
group changing more than 5-fold. The fold change in expression of down-regulated and up-
regulated GATA4-bound genes was highly correlated with the fold change in expression
between jejunum and ileum of the same set of genes (R=0.79, P<0.001) (Fig. 5B),
suggesting that direct targets of GATA4 define jejuno-ileal patterning. The relatively equal
distribution of GATAA4 occupancy between down-regulated vs. up-regulated genes suggests
that GATA4 both activates and represses genes directly in the epithelium of mouse small
intestine.

Gene ontology (GO) analysis of all 2988 GATAA4 bound, regulated genes revealed a marked
enrichment for genes associated with cell death, signal transduction, cytoskeleton,
transcription-related processes, and lipid metabolism (Supplemental Fig. S3). These
functions were segregated by direction of GATAA4 regulation; GATA4-bound, down-
regulated genes (i.e., activation targets) demonstrated a significant enrichment for genes
associated with transcription-related processes, while GATA4-bound, up-regulated genes
(i.e., repression targets) showed enrichment for cell death, signal transduction, cytoskeleton,
and lipid metabolism. Down-regulated genes (activation targets) also showed enrichment for
genes associated with digestion/absorption processes. These data are in general agreement
with that found for all GATA4-induced gene expression changes as determined by Battle et
al.[3] using Ingenuity Pathway Analysis (IPA), implying that not only direct targets, but also
indirect, downstream targets, regulate the same set of processes.

3.5. Specific motifs are segregated with down- and up-regulated GATA4 target genes

To identify possible co-regulatory transcription factors that segregate with down- and up-
regulated GATA4 target genes, motif analysis was performed on the 500 bp centered on the
summit of all GATA4 peaks using the SeqPos matif tool[29], a motif finding algorithm
within the Cistrome pipeline. Thirty-six motifs were significantly associated with GATA4
occupancy, based on a cut-off of P<10-3(Supplemental Fig. S4). As anticipated, the most
highly represented motif was WGATAR. Of the 36 motifs, 16 (44%) were common to both
down-regulated and up-regulated genes suggesting possible core co-regulatory transcription
factors that function in general intestinal gene expression. Notable were motifs for CDX2
and HNF4, two transcription factors known to regulate intestinal genes in vivo[39], and also
occupy regions associated with GATA occupancy in Caco-2 cells[40]. Using publicly
available ChlP-seq data for CDX2[25] and HNF4a[41] in mouse jejunum, together with our
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GATA4 BioChIP-seq data, we found a high level of overlap in occupancy among these three
transcription factors (all peaks called at P<10~°, FDR<5%) (Fig. 6A). Occupancy analysis
further revealed that CDX2 and HNF4a peaks were most abundant near summits of GATA4
peaks (Fig. 6B). These data suggest that GATA4 works in concert with CDX2 and HNF4a
to regulate intestinal gene expression.

Of the 36 motifs associated with GATA4 peaks, 14 were specifically associated with down-
regulated genes (activation targets), while only 1 (Nrld1) was specifically associated with
up-regulated genes (repression targets) (Supplemental Fig. S4), suggesting that GATA4 co-
associates with distinct transcription factors to carry out its specific functions in the small
intestine. The unique association of specific motifs with down- vs. up-regulated genes
further supports the concept that GATA4 both activates and represses specific genes in the
small intestine.

3.6. GATA4 represses genes by modulating the acetylation of H3K27

Because GATA factors have been shown to interact with CBP/p300[11-14], a
transcriptional coactivator which acetylates H3K27 [8, 9], we performed ChlP-seq analysis
with antibodies for H3K27ac on chromatin isolated from epithelial cells of WT Ctl jejunum,
G4AIE jejunum, and WT Ctl ileum. We then compared H3K27ac enrichment at GATA4
peaks mapped to genes down-regulated (activation targets) and up-regulated (repression
targets) by conditional Gata4 deletion using SitePro analysis[29] (Fig. 7). In all models,
H3K27ac enrichment was expectedly low at random genomic loci (Fig. 7, red line). In WT
Ctl jejunum (Fig. 7, top panel), H3K27ac at GATA4 peaks that mapped to activation targets
(blue line) was more enriched than those that mapped to repression targets (purple line).
Moreover, H3K27ac enrichment at activation targets showed a typical ‘bunny ears’ pattern
consistent with an open chromatin configuration at TSSs. The ‘bunny-ears’ pattern is
marked by low H3K27ac enrichment at the transcription factor binding peak due to a
displaced nucleosome that is flanked by high H3K27ac enrichment on either side[40, 42]. In
G4AIE jejunum (Fig. 7, middle panel), H3K27ac at GATA4 peaks that mapped to activation
targets surprisingly remained highly enriched and in an open configuration, contrasting with
the down-regulation of these targets upon conditional Gata4 deletion. H3K27ac at GATA4
peaks that mapped to repression targets became highly enriched upon conditional Gata4
deletion, and demonstrated an open configuration nearly identical to that of activation
targets. In WT Ctl ileum (Fig. 7, bottom panel), H3K27ac was highly enriched and showed
an open chromatin configuration for both activation and repression targets, similar to that in
G4AIE jejunum. We visualized the raw deep-sequencing data from GATA4 BioChIP
experiments from 3 representative activation and 3 representative repression targets (Fig. 8)
using the publicly available Integrated Genome Viewer[34]. The fold change from profiling
data is shown on the right. As shown at specific called GATA4 peaks (pink boxes) mapped
to down-regulated genes (activation targets), H3K27ac enrichment changes little when
Gata4 is deleted, despite a reduction in gene expression. In contrast, at specific called
GATA4 peaks mapped to up-regulated genes (repression targets), H3K27ac enrichment is
increased upon Gata4 deletion, consistent with activation of these genes. Taken together,
these data show that conditional deletion of Gata4 in proximal small intestine results in the
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transformation of the H3K27ac profile at GATAA4 target genes to one that approaches that in
wild-type distal ileum.

4. Discussion

In this study, we provide the first genome-wide chromatin occupancy analysis of GATA4 in
mouse intestinal epithelium, and compare this to a GATA4 gene profiling dataset and
H3K27ac enrichment allowing us to characterize features of GATA4 in vivo occupancy that
correlate with gene context-dependent transcriptional activity and absorptive enterocytes cell
identity. We used an in vivo biotinylated GATA4 chromatin pull-down model (BioChlIP)
allowing us to circumvent limitations of currently available antisera. This in vivo
biotinylation approach has been validated in prior studies[22, 43-45] and current data
suggests that it does not alter GATA4 activity in the intestine (Fig. 1). GATA4 chromatin
occupancy was validated in our study by accurately predicting GATA4 occupancy at open
chromatin loci containing WGATAR motifs that map to putative GATAA4 targets, and
subsequently confirmed by independent pull-down with PCR-based detection, and by global
motif analysis that showed WGATAR as the most highly representative motif (Fig. 2).
Although our dataset may fail to identify all of the bona fide GATA4 occupancy sites due to
a possible bias toward high-affinity sites, determination of a large number of high-
confidence sites allowed us to apply statistical methods to further understand the
transcriptional activity of GATAA4 in the small intestinal epithelium, and how it confer
regional identity to absorptive enterocytes. Our data uncover the jejunal GATA4-specific
transcriptome and implicate GATA4 as both an activator and repressor of specific subsets of
intestinal genes. Our data also reveal that GATA4 maintains proximal-distal differences in
H3K27 acetylation at GATAA4 target genes by inhibiting H3K27 acetylation specifically at
repression targets. These data contribute to our understanding of transcriptional regulatory
mechanisms and cell identity in the intestinal epithelium.

We found that the binding motif that best predicts global GATA4 occupancy in the small
intestine is the classic WGATAR motif, though with an emphasis for ‘A’ in the 6t position
(Fig. 2C). This is identical to that found for GATA4 occupancy in cardiac cells[22] and
GATAG occupancy in Caco-2 cells[40], and similar to that found for GATA1 occupancy in
hematopoietic cells, which was somewhat more extended with greater sequence preference
than the classic WGATAR motif[16, 46]. A large majority of sites of GATA4 occupancy
occurred outside of the promoter region (>85%), likely in distal enhancers, while the highest
density of GATA4 occupancy occurred in promoter regions (Fig. 3), a pattern similar to that
found for other global GATA occupancy data[16, 22, 40, 46]. These data reveal that GATA
occupancy characteristics across family members and tissue and cell types are generally
conserved.

Comparison of our global analysis of GATA4 occupancy with profiling data obtained from
conditional Gata4 knockout mice[3] allowed us to also define the genes directly regulated
by GATA4. We mapped all GATA4 peaks to the nearest gene, a well recognized method for
defining transcription factor targets on a global basis[40, 47], though chromosome
conformation capture [48] or other techniques are necessary to define direct regulation of
specific genes. We identified a total of 2988 genes that were both bound by GATA4, and
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differentially regulated upon conditional Gata4 deletion, thus representing an approximation
of the GATAA intestinal epithelial transcriptome (Fig. 5A). The differentially regulated
genes were highly correlated with those whose expression differs significantly between
jejunum and ileum (Fig. 5B), indicating that direct targets of GATA4 define jejuno-ileal
patterning.

Motifs for CDX2 were over-represented in GATA4 occupancy sites (Supplemental Fig. S4),
and GATAA4 and CDX2 occupancy were found to overlap significantly in small intestinal
epithelium (Fig. 6). CDX2 is an intestine-specific homeodomain protein that specifies
embryonic intestinal epithelium[49] and maintains adult intestinal function and identity[25,
50, 51]. CDX2 chromatin occupancy in Caco-2 cells shows a surprising lability with
redistribution from sites occupied only in proliferating cells to new sites in differentiated
cells, with a preponderance of co-occupancy with GATAG in proliferating cells and HNF4a
in differentiated cells[40]. In mouse intestinal epithelium, CDX2 maintains a transcription-
permissive chromatin state enabling occupancy of HNF4a[41]. Our data support
combinatorial interactions between CDX2 and GATAA4 in intestinal epithelium (Fig. 6),
though future work is necessary to determine the extent to which CDX2 and GATA4
occupancy and effects on chromatin structure show an ordered hierarchy vs. codependency.

GATA4 occupies nearly equal numbers of down-regulated and up-regulated genes (Fig. 5A)
suggesting that GATA4 both activates and represses genes directly in the epithelium of
mouse small intestine. This is consistent with the direct activation and repression of cardiac
genes by GATAA4[52] and of hematopoietic genes by GATAL[16, 46]. In cardiac cells,
GATAA4 has been shown to interact directly with the coactivator p300, friend of GATA
(FOG) cofactors, and corepressor complexes including the nucleosome remodeling and
histone deacetylase (NURD) complex and the polycomb repressive complex 2 (PRC2)[53].
We previously showed that conditional knock-in of a GATA4 mutant that is unable to bind
FOG cofactors results in a modest (10%) but significant up-regulation of Slc10a2[54], a
gene shown here to be a direct repression target of GATA4 (Fig. 2). These data suggest a
role for FOG cofactors in mediating GATA4 gene repression in the small intestine.

Analysis of H3K27ac enrichment at GATA4 occupancy sites at activation and repression
targets in control and Gata4 knockout jejunum and control ileum allowed us to interrogate
the effects of GATA4 occupancy on chromatin state, and its role in maintaining a jejunal vs.
ileal profile. H3K27ac can be deposited by both p300 and CREB binding protein (CBP)[8]
and is associated with active enhancers in mammalian cells[55]. P300 is a transcriptional
coactivator in multiple tissues, and is recruited to transcriptional enhancers in cardiac cells
by GATAA4[13]. We utilized H3K27ac enrichment as a measure of active chromatin state
and possible p300 recruitment. We found that GATAA4 loci that mapped to activation targets
were highly enriched in H3K27ac. Surprisingly, however, H3K27ac enrichment at these
sites was not reduced upon conditional Gata4 deletion (Figs. 7 & 8). These sites were also
highly enriched in control ileum, where Gata4 is not expressed. Although many of these
target genes are down-regulated, some to undetectable levels (e.g., Lct), in G4AIE jejunum
and control ileum, their GATA4 binding loci remain in an ‘open’ chromatin state. Thus,
GATAA4 activates jejunal genes by a process that is independent of H3K27 acetylation, and
likely independent of p300 recruitment.
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GATAA4 loci that mapped to repression targets were not enriched in H3K27ac, became
enriched upon conditional Gata4 deletion, and approached H3K27ac enrichment in wild-
type control ileum (Figs. 6 & 7). These genes were significantly up-regulated, many from
undetectable levels (e.g., Slc10a2), in G4AIE jejunum and control ileum, consistent with the
acetylation of H3K27 and establishment of an ‘open’ chromatin configuration. Thus,
GATA4 represses ileal genes in the proximal small intestinal epithelium by preventing the
acetylation of H3K27. Chromatin occupancy of GATAL in hematopoietic cells is highly
correlated with H3K27ac enrichment [15-17], but our data show that this is not the case for
GATAA4 in the intestine. While it remains possible that GATA4 could induce an open
chromatin state early in intestinal development [56] and not be required for the maintenance
of an open state in mature intestine, our data nonetheless show that for certain genes (i.e.,
repression targets), GATA4 inhibits the acetylation of H3K27 at these targets preventing
their expression.

Our data provide a genome-wide analysis of GATA4 chromatin occupancy in the intestinal
epithelium, enabling an examination of its transcriptional mechanisms in this tissue. The
findings suggest that GATA4 directly activates and represses subsets of genes, possibly by
co-association with distinct sets of transcription factors within enhancers and promoters of
its targets. While GATAA4 activates genes in the intestinal epithelium by a mechanism that is
independent of H3K27ac modification, it represses genes by a process that inhibits the
acetylation of H3K27. Future work should focus on GATA4 partners, including other
transcription factors as well as specific co-activators or co-repressors, and their co-
association at activation vs. repression target genes. This data set should provide a valuable
resource to other investigators studying transcriptional regulation in the small intestine.
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Highlights

e Intestinal GATA4 promotes a jejunal phenotype while repressing an ileal
phenotype

» GATA4 chromatin occupancy in intestinal epithelium maps to genes regulated
by GATA4

e Occupancy is equally distributed between activation and repression targets

e The H3K27ac activation mark at repression targets is increased upon GATA4
deletion

»  GATA4 represses an ileal program of gene expression by inhibiting H3K27
acetylation
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Fig. 1.

GATAUfIbio is expressed at near endogenous levels, efficiently biotinylated, and functional
in jejunal epithelium of G4flbio mice. (A) Gata4 mRNA abundance, determined by qRT-
PCR using mouse Gata4 cDNA primers (mean + SD, n =4 in each group), and (B) Western
blot analysis using a GATA4 antibody shows that Gata4 is expressed at near endogenous
levels in mouse epithelial cells of G4flbio mice as compared to BirA Ctl mice. (C)
Streptavidin-biotin pull-down assays showing efficient pull-down of GATA4flbio from
nuclear extracts of jejunal epithelium fromG4flbio mice. GATA4flbio was detected by
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Western analysis using a GATA4 antibody. Input is the extracts isolated from G4flbio mice
that have not undergone biotin-streptavidin pull-down, and represents 10% of that used in
the pull-down assay. (D) Messenger RNA abundance of the Gata4 target genes, Lct and
Slc10a2, in G4flbio mice reveals no difference in gene expression from BirA Ctl mice,
demonstrating that GATAA4fIbio is functional. As a control for impaired GATA4 function,
G4AIE mice demonstrate the expected down-regulation and up-regulation of Lct and
Slc10a2, respectively. Data are shown as mean + SD, n = 4 in each group.
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Fig. 2.

GATAA4 occupies chromatin loci in H3K4me2-enriched regions that map to the GATA4
target genes Lct and Slc10a2. (A) Sequencing tag density (revealed as Integrated Genome
Browser (IGV) traces) of H3K4me2 and GATAA4fIbio enrichment in the lactase (Lct) and
solute carrier family 10, member 2 (Slc10a2) genes. H3K4me2 enrichment was obtained
from publicly available data[25], and GATA4flbio occupancy was determined by BioChlP-
seq analysis as described in Methods. The statistically significant called MACS peaks are
shown as filled boxes. The pink boxes indicate H3K4me2-enriched loci that contain at least
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one WGATAR motif. Locations are shown relative to the transcription start site (TSS) (+1
bp) above the pink boxes. One called GATA4flbio peak in Lct not within a pink box is
indicated with an arrowhead (+4 kb). (B) Enrichment of GATA4flbio in H3K4me2-
enriched loci containing WGATAR motifs by gPCR. BioChIP with gPCR quantification
was conducted on jejunal epithelium of BirA Ctl and G4flbio mice as described in Methods.
Sites analyzed are those in the pink boxes in (A). The TSS of Amyl, a gene that is not
expressed in intestinal epithelium, was used as a negative control. All data are expressed
relative to the mean of the BirA Ctl of the Amy1 TSS. Data are represented as mean + SD
from four independent experiments each from four individual mice (mice were also
independent of those used for BioChip-seq in (A)). *P<0.05, as compared to BirA Ctl. (C)
Sequencing logo plot showing that (A/T)GATA(A/G) is the most highly represented motif
within GATA4-occupancy sites.
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Fig. 3.

ngome-wide distribution of GATA4 occupancy in chromatin from mouse jejunal
epithelium. (A) Distribution of GATA4 occupancy relative to its nearest transcription start
site (TSS), shown as absolute distance from the TSS, as determined using the Genomic
Region Enrichment Annotation Tool (GREAT)[30]. (B) Distribution of GATA4 occupancy
within genomic space, as determined by Cis-Regulatory Element Annotation System
(CEAS) [29]. Promoter is defined as 3 kb upstream of the TSS; Intronic is introns;
Intergenic is all regions that do not include the promoter (=3 kb from TSS), introns, exons,

Biochim Biophys Acta. Author manuscript; available in PMC 2015 December 19.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Aronson et al.

Page 23

or untranslated regions (UTRs); Exons, UTRs are also shown. (C) Meta-analysis of GATA4
enrichment level across specific genomic regions was determined using the Cis-Regulatory
Element Annotation System (CEAS)[29].
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Fig. 4.
GATA4 occupancy is associated with GATA4-regulated genes. (A) Overlap of differentially

regulated genes with GATA4 bound genes. A GATA4 bound gene is defined as a gene that
has one or more peaks mapped to it, regardless of the peak-to-gene distance. A differentially
regulated gene is defined as one that significantly changes at least 1.1-fold when Gata4 is
conditionally deleted in the small intestine[3]. The distribution of GATA4 peaks was
significantly different from that which would be expected if the distribution were random
(P<10716, Fisher’s exact test). (B) Distribution of peaks to differentially regulated, GATA4-
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bound genes, segmented by number of allocated peaks per gene reveals a subset of genes
with multiple GATA4 peaks. (C) Gene ontology (GO) analysis of genes with 6 or more
GATA4 peaks associated with them. The enrichment score is defined as the geometric
average of Expression Analysis Systematic Explorer (EASE) scores (modified Fisher exact
tests) of the individual GO groups in the cluster[57].
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GATA4 occupies both activated and repressed target genes. (A) Distribution of up-regulated
and down-regulated, GATA4 bound genes. Genes are distributed from the most up-regulated
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dotted lines. (B) Correlation of GATAA4 regulation of direct targets w
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GATAA4 co-occupies multiple sites with CDX2 and HNF4a. (A) Overlap of GATA4, CDX2,
and HNF4a binding in intestinal epithelium from WT Ctl jejunum, determined by ChlP-seq
peaks called at a P-value of <107° and a false discovery rate (FDR) <5%. Occupancy was
obtained from publicly available CDX2[25] and HNF4a[41] ChiP-seq data from mouse
jejunum, and our GATA4 BioChlP-seq analysis. (B) Histogram depicting the frequency at
which CDX2 (left) or HNF4a (right) ChiP-seq peaks appear within 1 kb windows of the
indicated distance from the summit of a GATA4 peak. CDX2 and HNF4a, (blue bars) bind
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near the summit of GATAA4 peaks; such clustering is not evident for GATA4 and random
genomic regions equal in number and length to CDX2 or HNF4qa binding sites (red bars).
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Fig. 7.

Lc?ss of GATAA4 in intestinal epithelium promotes the acetylation of H3K27 at GATA4
peaks mapped to repression targets. Using SitePro, a tool embedded in the Cistrome
pipeline[29], H3K27ac enrichment was determined across 2000 bp centered on sites of
GATA4 occupancy (GATA4 peak) at loci mapped to genes down-regulated by conditional
Gata4 deletion (activation targets, blue line), and genes up-regulated by conditional Gata4
deletion (repression targets, purple line). In order to control for variability across ChIP-seq
experiments, H3K27ac enrichment was determined in a subset of random genomic loci (red
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line) as a negative control. H3K27ac enrichment at all TSSs in the genome was used as a

positive control to normalize the data. H3K27ac enrichment patterns are shown for wild-

type (WT Ctl) jejunum (top panel), conditional Gata4 knockout (G4AIE) jejunum (middle
panel), and WT Ctl ileum (bottom panel).
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Fig. 8.

Individual genes show H3K27ac enrichment patterns similar to genome-wide enrichment
patterns. (A) Fold change of selected genes from profiling data of GATA4 knockout-WT
and jejuno-ileal differences[3]. ChlP-seq traces at gene loci of down-regulated (B) and up-
regulated (C) genes. Pink boxes indicate selected, called GATA4 peaks. Integrated Genome
Browser (IGV) races for GATA4 in WT Ctl jejunum, and for H3K27ac in WT Ctl and
G4AIE jejunum and WT Ctl ileum are shown.
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