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Chromatin Profiling Reveals Regulatory Network Shifts and a
Protective Role for Hepatocyte Nuclear Factor 4o during Colitis
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Transcriptional regulatory mechanisms likely contribute to the etiology of inflammatory bowel disease (IBD), as genetic variants
associated with the disease are disproportionately found at regulatory elements. However, the transcription factors regulating
colonic inflammation are unclear. To identify these transcription factors, we mapped epigenomic changes in the colonic epithe-
lium upon inflammation. Epigenetic marks at transcriptional regulatory elements responded dynamically to inflammation and
indicated a shift in epithelial transcriptional factor networks. Active enhancer chromatin structure at regulatory regions bound
by the transcription factor hepatocyte nuclear factor 4o (HNF4A) was reduced during colitis. In agreement, upon an inflamma-
tory stimulus, HNF4A was downregulated and showed a reduced ability to bind chromatin. Genetic variants that confer a predis-

position to IBD map to HNF4A binding sites in the human colon cell line CaCo2, suggesting impaired HNF4A binding could
underlie genetic susceptibility to IBD. Despite reduced HNF4A binding during inflammation, a temporal knockout model re-
vealed HNF4A still actively protects against inflammatory phenotypes and promotes immune regulatory gene expression in the
inflamed colonic epithelium. These findings highlight the potential for HNF4A agonists as IBD therapeutics.

he colonic epithelium is an integral component in inflamma-

tory bowel disease (IBD) pathology, as compromised epithe-
lial integrity permits increased interaction between the gut im-
mune system and luminal antigens. However, the colonic
epithelium is not merely a passive barrier against luminal mi-
crobes; active epithelial roles include antigen presentation, adap-
tive and innate immune regulation, and antimicrobial peptide
production, among others (1-3). A detailed molecular under-
standing of the epithelium’s role in IBD and how the epithelium
responds to an inflammatory insult could offer therapeutic alter-
natives or innovations to current treatments.

Transcriptional regulatory networks serve as the interface be-
tween the extracellular environment and genome regulation. De-
fining how the regulatory networks of the epithelium respond to
inflammation could provide important insights into the role of
the epithelium in IBD. Transcriptional regulatory networks can be
inferred from a cell’s epigenome, which is a collection of epig-
enomic marks, typically a histone posttranslational modification
that is associated with a particular genome function. Transcrip-
tional enhancer epigenomic marks are strong predictors of cellu-
lar identity and gene expression (4, 5). Nucleosomes containing
histone 3, lysine 27 acetylation (H3K27ac) can be used to identify
regions that have distal regulatory activity (transcriptional en-
hancers), flank chromatin-accessible transcription factor binding
regions, and are predictive of active transcription in a condition-
specific manner (4, 6, 7). Changes in H3K27ac levels and DNA
accessibility predict changes in transcription factor occupancy (8,
9); dynamic enhancer chromatin structures can thus serve as a
discovery tool to identify shifts in transcription factor regulatory
networks induced by disease.

To identify the transcriptional networks impacted in a mouse
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model of colitis, we profiled the genome-wide H3K27ac levels
before and during colonic inflammation. Epigenomic profiling of
the colonic epithelium revealed a redistribution of enhancer ac-
tivity upon inflammation. Notably, the genomic regions losing the
enhancer chromatin conformation were enriched in DNA motifs
recognized by the hepatocyte nuclear factor 4a (HNF4A) tran-
scription factor, suggesting that HNF4A chromatin binding activ-
ity may be compromised in the inflamed epithelium, and
prompted a detailed investigation into HNF4A gene regulation
and function during colitis. A genome-scale analysis of HNF4A
binding revealed diminished interactions between HNF4A and
chromatin in the inflamed condition. Direct transcriptional tar-
gets of HNF4A were identified in the inflamed colon and included
immune regulatory target genes which were reduced in the ab-
sence of HNF4A. HNF4A binding events were overrepresented for
human genetic variants associated with increased IBD risk. Fi-
nally, we provide evidence that HNF4A plays an active role in
suppressing colitis during an inflammatory bout. Together, our
study resolves the temporal window in which HNF4A suppresses
colonic inflammation and for the first time provides direct regu-
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latory targets of HNF4A in this tissue and in the inflamed state.
These insights into the molecular mechanisms of HNF4A during
colonic inflammation should bolster efforts to restore HNF4A
activity as a therapeutic approach for acute colitis.

MATERIALS AND METHODS

Mice. C57BL/6] mice, 12 to 14 weeks old, were housed under specific-
pathogen-free conditions according to protocol 11-017, which was ap-
proved by the Institutional Animal Care and Use Committee of Rutgers
University. All tissues were collected between 12:00 and 14:00 to avoid
circadian variability.

Experimental colitis and isolation of colon epithelial cells. Mixed
genders of mice were used to study the effects of dextran sodium sulfate
(DSS)-induced inflammation on weight loss, colon length, and histopa-
thology of the distal colon in control and HNF4A knockout (KO) mice
before and concurrent with DSS treatment (see Fig. 6, below). DSS colitis
was induced with 3% DSS (molecular weight, 36,000 to 50,000; MP Bio-
medicals, Solon, OH) solution in drinking water for up to 7 days. Daily
changes in body weight were assessed. Water consumption was moni-
tored daily to confirm the amounts of DSS consumed, as reported previ-
ously (10). Control mice were littermates given normal water and housed
and processed identically. Tamoxifen-induced HNF4A knockout mice
were induced by intraperitoneal injection of tamoxifen, 2 mg/day for 3
days; HNF4A KO before DSS treatment was achieved by 3 consecutive
days of tamoxifen injections followed by a 2-day rest before 5 days of DSS
treatment; HNF4A KO concurrent with genetic ablation was achieved by
3 consecutive days of tamoxifen injection concurrent with the start of the
5-day treatment with DSS. All control animals received vehicle-only treat-
ments with sunflower oil and/or normal water (instead of DSS-containing
water) in parallel with tamoxifen injections (see Fig. 6A, below).

The histolopathology scores below in Fig. 6D were calculated by using
metrics defined previously (11) for distal colon after 5 days of DSS treat-
ment and followed three criteria for scoring: severity of inflammation,
crypt damage, and ulceration. Possible severity of inflammation scores
were 0 (rare inflammatory cells in lamina propria), 1 (increased number
of inflammatory cells in lamina propria), 2 (confluent inflammatory cells
extended to submucosa), and 3 as the maximum (transmural extension of
inflammatory infiltrate). Crypt damage scores were 0 (intact crypt), 1
(loss of basal one-third of crypt), 2 (loss of basal two-thirds of crypt), 3
(entire crypt loss), 4 (change in epithelial surface with erosion), or 5, the
maximum (confluent erosion). Ulceration was scored from 0 (absence of
ulcer), 1 (1 or 2 foci of ulceration), 2 (3 or 4 foci of ulceration), or 3, the
maximum (extensive erosion). Histopathological examination was per-
formed 5 days post-DSS treatment for 8 control mice (5 males and 3
females), 8 mice in the HNF4A KO concurrent with DSS treatment group
(4 males and 4 females), and 8 mice in the HNF4A KO before DSS treat-
ment group (3 males and 5 females). Mice used for weight loss analysis
(see Fig. 6B) in each set were as follows: control (29 mice, 12 males and 17
females), control DSS (24 mice, 9 males and 15 females), HNF4A KO (22
mice, 16 males and 6 females), HNF4A KO concurrent with DSS (22 mice,
12 males and 10 females), HNF4A KO before DSS (19 mice, 9 males and
10 females). Mice used for obtaining colon length data (the entire colon)
(see Fig. 6C) were as follows: control (7 mice, 4 males and 3 females),
HNF4A KO (2 males), control DSS (18 mice, 5 males and 13 females),
HNF4A KO before DSS (14 mice, 5 males and 9 females), HNF4A KO
concurrent with DSS (15 mice, 6 males and 9 females).

For chromatin immunoprecipitation and DNA sequencing (ChIP-
seq) analysis, colon epithelial cells were isolated by using a scraping
method with little modification (12). Briefly, distal colon segments were
opened in ice-cold phosphate-buffered saline (PBS) and scraped by using
a glass slide; the mucosal scrapings were resuspended in ice-cold PBS, and
remaining tissue submucosa, muscular, and serosa tissues were analyzed
histologically to confirm the differentiated nature of colon epithelial cells
in mucosal scrapings. Two washes and low-speed centrifugation runs
(150 X g) were used to reduce blood cell contamination from the epithe-
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lial preparations. Mixed genders of mice were used for ChIP-seq analysis:
3 mice (2 males and 1 female) per experimental set (HNF4A and H3K27ac
ChIP-seq) were pooled for the control colon group and 8 DSS-treated
mice (5 females and 3 males) per experimental set (HNF4A and H3K27ac)
were pooled for ChIP-seq for the inflamed colon group. Equal amounts of
total chromatin input (measured using Picogreen [Life Technologies])
were used for control and DSS-treated colon specimens: 80 g chromatin
for each HNF4A ChIP and 60 g chromatin per H3K27ac ChIP.

Quantitative RT-PCR, immunoblotting, immunofluorescence, and
immunohistochemistry. Total RNA was extracted from respective sam-
ples (colon scrapings) by using TRIzol (Ambion). Five micrograms of
total RNA from control and DSS-inflamed colon was used to purify
poly(A) mRNA with the NEBNext poly(A) mRNA magnetic isolation
module (E7490S/L; New England Biolabs). cDNA was synthesized from
purified Poly(A) mRNA by using oligo(dT) primers (SuperScript III first-
strand synthesis kit; Invitrogen). Quantitative reverse transcription-PCR
(qQRT-PCR) was performed using an ABI Prism 7900HT machine (Ap-
plied Biosystems, Foster City, CA). Results were normalized to hypoxan-
thine phosphoribosyltransferase expression and wild-type, untreated
control animals. Primers sequences are available upon request. The anti-
bodies for Western blotting and immunohistochemistry were as follows:
rabbit anti-HNF4A (1:1,000; sc-6556; Santa Cruz Biotechnoloy), mouse
anti-B-actin (1:2,000; sc-47778; Santa Cruz Biotechnology), rabbit anti-
RelB (1:1,000 for Western blotting and 1:500 for immunohistochemistry;
4922; Cell Signaling). Donkey anti-rabbit IgG—horseradish peroxidase
(HRP; 1:2,000; NA934V) and sheep anti-mouse IgG-HRP (1:2,000,
NXA931) were from GE Healthcare, and biotinylated anti-rabbit IgG (1:
200; BA-1000) was from Vector Laboratories. For immunoblotting, co-
lonic epithelial scrapings were collected as detailed above and sonicated in
cold tissue lysis buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 10 mM
EDTA, 1 mM NaVO,, I mM phenylmethylsulfonyl fluoride [PMSF],
0.5% Triton X-100, plus 1 X Roche Complete protease inhibitor cocktail
and 1X Roche phosphatase inhibitor cocktail) and then left on ice for 20
min. The supernatants were collected after centrifugation at 12,000 X g
for 10 min at 4°C and stored at —80°C for further use. For Western blot-
ting, 50 pg of whole cell lysate was heat denatured in 5X SDS sample
bulffer, separated by 10% SDS-PAGE, and transferred onto a PVDF mem-
brane (ISEQ00010; Millipore). The membrane was blocked with 5% skim
milk in PBS containing 0.1% Tween 20 for 1 h, and then antibodies de-
tected the target proteins. To determine the HNF4A expression level upon
DSS-induced inflammation by using immunohistochemistry, mice given
3% DSS in drinking water for 2, 4, or 6 days were euthanized and dis-
sected, and the entire colon was fixed at 4°C overnight in 4% paraformal-
dehyde. Fixed tissues were gradually dehydrated in ethanol, embedded in
paraffin, and cut into 5-pm sections. Ten millimolar sodium citrate (pH
6.0) was used to retrieve antigens, and endogenous peroxidase activity was
inhibited in methanol containing 3% H,O,. Tissue sections were blocked
with 5% fetal bovine serum (FBS; Gibco) for 4 h at ambient temperature
and incubated overnight at 4°C with anti-HNF4A antibody (Ab; 1:1,000;
sc-6556; Santa Cruz Biotechnology). Sections were washed in PBS con-
taining 0.1% Tween 20 (Amresco, OH) for 2 h and treated with biotinyl-
ated anti-goat secondary IgG antibody (1:300; Vector Laboratories) for 1
h. Color reactions were developed using diaminobenzidine substrate
(DAB; Sigma-Aldrich) and Vectastain avidin-biotin complex (ABC kit;
Vector Laboratories). For quantitative immunofluorescence measure-
ment of HNF4A levels during the DSS time course, mice and tissue sec-
tions were treated as described above but secondary antibody was replaced
with Cy3-conjugated mouse anti-goat antibody (115-166-003; Jackson
ImmunoResearch). Images were acquired using a Zeiss LSM510 META
confocal microscope. Three-dimensional reconstructions of the z-stacks
were analyzed using Imaris software (Bitplane AG, Zurich, Switzerland).
Mean fluorescence intensity of HNF4A (Cy3) was measured in individual
nuclei segmented by DAPI staining (# = 100 nuclei per condition; P value
< 0.005 calculated by analysis of variance [ANOVA] single factor).
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ChIP, ChIP-seq, and data analysis. Colon epithelial cells were pre-
pared from wild-type (WT) control mice and DSS-treated mice (3% [wt/
vol] for 6 days in drinking water), as described above. Chromatin immu-
noprecipitation was performed as described previously with little
modification (13). For HNF4A ChIP, colon epithelial cells were isolated as
described above and then cross-linked in 1% formaldehyde for 10 min at
4°C and then for 30 min at ambient temperature. Cells were washed 2
times with ice-cold PBS and collected by brief centrifugation (1 min, 300
X g, 4°C). Cells were resuspended in 1 ml of buffer 1 (10 mM Tris [pH
8.0], 0.25% Triton X-100, 100 mM EDTA) for 10 min on ice and collected
by brief centrifugation (3,000 rpm, 1 min, 4°C). Cells were further treated
twice with 1 ml of buffer 2 (10 mM Tris [pH 8.0], 200 mM Nacl, 10 mM
EDTA, and 1X protease inhibitor cocktail mix) for 5 min on ice, and
nuclei were collected by brief centrifugation. Collected nuclei were
quickly (5 s) rinsed with 1 ml of buffer 3 (10 mM Tris-HCI [pH 8.0], 100
mM Nacl, 1 mM EDTA, 1% SDS, and 1 X protease inhibitor cocktail mix),
centrifuged, dissolved in buffer 3, and sonicated using a Diagenode Bio-
ruptor to generate 200- to 1,000-bp fragments, as determined by agarose
gel electrophoresis. Cell lysates were diluted 8.4-fold in binding buffer
(1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCI [pH
8.0]) and incubated with 7 wl of HNF4A antibody (lot number GR4841-
13; ab41898; Abcam) coupled to magnetic beads for 16 h at 4°C. The
immunoprecipitates were washed 5 times with RIPA buffer (50 mM
HEPES [pH 7.6], 1 mM EDTA, 0.7% Na-deoxycholate, 1% NP-40, 0.5M
LiCl) and 2 times with TE buffer (10 mM Tris-HCI [pH 8.0], 0.1 mM
EDTA). The DNA was recovered by reversing the cross-links in 1% SDS,
0.1 M NaHCO; for 6 h at 65°C, purified, and quantified by using Pi-
cogreen (Life Technologies). Seven microliters of Ab was used per col-
umn; three columns were combined to get the desired amount of DNA for
library preparation (30 ng).

H3K27ac histone ChIPs were done as described previously (9, 14).
Isolated colon epithelial cells were first permeabilized with digestion buf-
fer (50 mM Tris-HCI [pH7.6], 1 mM CaCl,, 0.2% Triton X-100, 5 mM
Na-butyrate, 1 X protease inhibitor cocktail, 0.5 mM PMSF) for 5 min on
ice and then incubated with 0.2 to 0.4 unit of micrococcal nuclease
(MNase; Sigma) until most of the genome was reduced to mononucleo-
some length (~146 bp). MNase activity was stopped by using an equal
volume of buffer (10 mM Tris [pH 7.6], 5 mM EDTA). Samples were
dialyzed in 1,000 volumes of RIPA buffer (10 mM Tris [pH 7.6], 1 mM
EDTA, 0.1% SDS, 0.1% Na-deoxycholate, 1% Triton X-100) for 2 h at
4°C. One milliter of mononucleosomal chromatin was supplemented
with 10 pl of 10% SDS and incubated with H3K27ac Ab (lot GR28147-1;
Ab4729) coupled to magnetic beads for 16 h at 4°C. The immunoprecipi-
tates were washed 5 times with RIPA buffer (50 mM HEPES [pH 7.6], 1
mM EDTA, 0.7% Na-deoxycholate, 1% NP-40, 0.5M LiCl) and 2 times
with TE buffer (10 mM Tris-HCI [pH 8.0],0.1 mM EDTA). The DNA was
recovered by resuspending the beads in 100 pl of TE (10 mM Tris-HCI
[pH 8.0], 0.1 mM EDTA) supplemented with 3 pl of 10% SDS and 5 pl of
a 20-mg/ml solution of proteinase K, incubated for 6 h at 55°C, purified,
and quantified by using Picogreen (Life Technologies). Immunoprecipi-
tated DNA was either used for qPCR or amplified to generate libraries
using the TruSeq DNA sample prep kit (Illumina) and sequenced using an
Mlumina Hi-seq 2000 apparatus. Though Na-butyrate was used in the
H3K27ac ChIP assays, a comparison ChIP-qPCR of 9 target regions with
and without Na-butyrate showed no significant difference in the ChIP
enrichment between samples with butyrate versus those without butyrate
(1.17-fold = 0.25 [mean = standard deviation]|; not significantly different
from a ratio of 1, based on a paired ¢ test). Prior to sequencing, qPCR was
used to verify that positive and negative control ChIP regions were am-
plified in the linear range. Sequences were mapped to the Mus musculus
reference genome mm9 by using ELAND. Sequencing depth was near
saturation as determined by binding peak recovery and tag sampling using
model-based analysis of ChIP-seq data (MACS) (15): HNF4A control,
17,886,946 unique tags, 92.08% saturation of binding peak recovery;
HNF4A DSS, 15,034,270 unique tags, 90.42% recovery; H3K27ac control,
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12,995,761 tags, 95.68% recovery; H3K27ac DSS, 15,479,369 tags, 94.73%
recovery.

Binding peaks for HNF4A in WT and DSS inflamed colons were iden-
tified using the MACS,,, program (15) with a P value cutoff of 10 * and
default values for other parameters. Nucleosomes containing H3K27ac
were called using nucleosome positioning from sequencing software (16),
and nucleosome stability-destability (NSD) scores were calculated by us-
ing the BINOCh software package (17) and scoring scheme, as previously
outlined (8). The NSD score assigned to a genomic region is calculated by
measuring the differential ChIP-seq signal strength between nucleosome
pairs and how this differential signal changes upon DSS treatment. Re-
gions with large NSD scores represent regions gaining open, active en-
hancer chromatin upon DSS treatment; regions with little change score
close to 0; regions losing active, open chromatin have negative scores. The
most dynamic chromatin regions falling outside 2 kb from the nearest
transcription start site (TSS) of RefSeq genes were used for subsequent
analysis, to allow for a focus on putative enhancers rather than promoters.

GREAT analysis (version 2.0.2) was used to bin binding sites
(MACS,, P < 10*) by distance to the nearest TSS (mm9 reference ge-
nome) with a maximum allowable distance of 1 Mb (18). Gene set enrich-
ment analysis (GSEA) (19) was performed using public gene expression
data from DSS-treated mice (GEO series GSE22307; expression data re-
ported for C57BL/6] male mice, 12 to 14 weeks old, treated with 3% DSS
for 6 days, and controls, with whole-colon tissue RNA measured using
Aftymetrix 430_2.0 arrays [20]). These GSE22307 expression data were
compared to genes within 10 kb of the 1,000 most positive or 1,000 most
negative NSD-scoring chromatin regions. GSEA,, , settings were set to
defaults, except 5,000 permutations of the gene set and the weighted p2
scoring scheme with a signal-to-noise metric were used.

To compare changes in gene transcript levels in HNF4A knockout
mice with HNF4A ChIP-seq binding frequencies near these genes, heat
maps were created, with “bound genes” defined as those containing an
HNF4A ChIP-seq site within 10 kb of the transcriptional start site of the
dysregulated gene. Yellow heat corresponds to the number of genes with
at least 1 HNF4A binding site in a sliding 10-gene window along the
expression data rankings. The corresponding gene expression heat map
and color scale were generated using dChip (21) to analyze publicly avail-
able HNF4A knockout colon gene expression data (GEO series GSE11759,
which includes Affymetrix 430_2.0 expression array data from control
and Hnf4a; Villin-Cre knockout mice at 1 year of age [22]), and genes with
significant changes in transcript levels (>1.25 fold change; P < 0.05, t test)
were arranged from most decreasing to most increasing upon HNF4A
knockout. The supplemental material includes the results of this gene
expression analysis and indicates which regulated genes harbored an
HNF4A ChIP-seq site within 20 kb of their transcriptional start site.

Composite plots of ChIP-seq signal traces, evolutionary conservation
scores, and DNA motif finding (SeqPos version 1.0.0) were generated and
analyzed using cistrome tools (23). For motif finding, the SeqPos motif
tool and Cistrome motif database were used to identify factor motifs in the
top 5,000 regions in HNF4A ChIP-Seq (MACS,,, P < 10*) or the 1,000
regions with the highest and lowest NSD scores in the H3K27ac ChIP-Seq
results.

The integrated genome viewer (IGV) was used to visualize represen-
tative ChIP-seq data traces of normalized WIG files (24). WIG files were
produced using MACS,,, , (15), and WIG files were normalized to pro-
moter signals at all TSSs (UCSC; mm9 reference genome) for H3K27ac or
to the relative number of sequence tags for HNF4A. Variant set enrich-
ment (VSE) analysis was done using HNF4A binding sites defined in
CaCo2 cells (GEO data set GSM575229) ata MACS Pvalue of >10~'°(9)
asreported previously (25, 26), with GWAS loci for IBD, ulcerative colitis,
and Crohn’s disease (downloaded on 10 December 2013 from the GWAS
catalog at www.genome.gov). Briefly, this analysis calculates a score and P
value for enrichment of a set of disease-associated variants (variants are
defined as single nucleotide polymorphisms [SNPs] identified in GWAS
studies associated with disease risk, along with SNPs within a linkage
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disequilibrium with the risk-associated SNP) and whether these vari-
ants are enriched within a genomic annotation (in this case, at HNF4A
binding sites, defined by ChIP-seq). The intersectBed program from
the BEDTools suite was used to compute the overlap between chro-
mosomal coordinates of the SNPs and the HNF4A binding sites. A null
distribution for the mapping tally was based upon random permuta-
tion of the variant sets. Analysis was not done to determine whether
disease SNPs were enriched specifically within HNF4A binding motifs
at the HNF4A binding loci.

Statistics. The R program was used for statistical analysis, including
analysis of variance (ANOVA). The statistical calculations are embedded
in the MACS, DAVID, GSEA, NPS, VSE, and Cistrome tools.

ChIP-seq data accession number. All genome-scale data have been
deposited in GEO under accession number GSE52426.

RESULTS

Inflammation-induced epigenomic changes in the intestinal ep-
ithelium reveal a shift in transcription factor regulatory net-
works. The intestinal epithelium is an integral component of in-
flammatory bowel disease, but the impact of acute inflammation
on the transcriptional regulatory networks of the colonic epithe-
lium is uncharacterized. The NSD methodology score was devel-
oped and has been applied to detect changes in enhancer chroma-
tin structure and to discover new transcriptional regulatory
networks (8,9, 14). The NSD scoring algorithm identifies changes
in regulatory chromatin by accounting for two properties of
transcriptional enhancers: DNA accessibility where transcrip-
tion factors bind and flanking nucleosomes with elevated levels
of posttranslational modifications that are associated with active
transcriptional enhancers (H3K27ac, H3K4me2, and H3K4mel)
(8,9, 17). Transcription factors occupying dynamic chromatin
regions can be discovered by using DNA sequence motif enrich-
ment analysis centered on these DNA-accessible regions flanked
by modified nucleosomes. To discover transcription factor regu-
latory networks operating in the normal and inflamed colon, we
first identified chromatin regulatory regions that responded dy-
namically during acute inflammation in mice. The inflammatory
state was induced by DSS treatment of adult mice (27). DSS was
chosen to induce inflammation because the acute and reproduc-
ible nature of the inflammatory response is best suited to detect
short-term epigenomic changes. Colonic epithelial cells were
scraped from the distal colon of control or DSS-treated mice (3%
DSS in drinking water, 6 days) and purified from nonepithelial
cells to ensure that measurements of enhancer chromatin changes
were specific to the colonic epithelium (epithelial purity was ver-
ified by qRT-PCR [data not shown]). To determine genomic lo-
cations and levels of each H3K27ac-containing nucleosome in the
genome, we generated nucleosome maps by using H3K27ac ChIP-
seq on MNase-treated chromatin from each condition. Similar
ChIP-seq levels and distributions of H3K27ac-containing nucleo-
somes were observed in the inflamed and control colons (209,118
and 195,024 nucleosomes containing H3K27ac were identified,
respectively; P < 10~°). To identify dynamic chromatin regions,
we applied the NSD methodology. While the majority of genomic
regions are refractory to inflammation (indicated by NSD scores
clustering around 0) (Fig. 1A), thousands of H3K27ac-containing
genomic regions exhibited inflammation-induced changes (1,639
activated and 2,565 reduced genomic regions fell outside 2 stan-
dard deviations of the distribution of all NSD scores). H3K27ac
modification dynamics were evident in individual ChIP-seq traces
(Fig. 1B) and composite ChIP-seq data from the 1,000 regions
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with the highest (Fig. 1C, right) and 1,000 regions with the lowest
(Fig. 1C, left) NSD scores. These genomic regions thus provided a
window to view the impact of inflammation on the epigenome of
the colonic epithelium.

Consistent with a functional regulatory role, genomic regions
that exhibit the most dynamic decrease in enhancer chromatin
structure were located near genes with reduced transcript levels
upon inflammation (20). Conversely, regions that gained en-
hancer chromatin signal were near genes with increased expres-
sion levels upon inflammation (Fig. 1D, GSEA data) (19). The
strength of the correlations between dynamic enhancer chromatin
and dynamic gene expression was especially strong considering
that gene expression analysis (20) was performed on whole-colon
tissues while ChIP-seq was epithelium-specific and data were gen-
erated in different laboratories.

Of potentially greater interest, the NSD analysis enabled dis-
covery of transcription factors operating at regions of the genome
undergoing inflammation-induced changes to enhancer chroma-
tin structure. DNA sequence analysis of dynamic chromatin re-
gions revealed stark differences in transcription factor binding
motifs present at regions active in normal versus inflamed tissue
(Fig. 1E; see also the supplemental material). At chromatin re-
gions selectively activated upon DSS treatment, motifs recognized
by members of the AP-1 and ETS transcription factor families
were the top three most enriched (Fig. 1E, right). This is consistent
with AP-1 and ETS roles in mediating the inflammatory response,
as both families have been implicated in responding to tumor
necrosis factor alpha signaling and have been reported to induce
cytokine expression in endothelial and epidermal tissues (28—32).
At genomic regions that lose enhancer chromatin structure upon
inflammation, colonic developmental transcription factor motifs
predominated (KLF, HNF4, and HNF1), suggesting that these re-
gions lose their transcription factor occupancy during colitis (33—
37). Indeed, previous studies demonstrated that KLF5 and
HNF4A can protect against DSS treatment (36, 38, 39). In total, we
identified a subset of nucleosomes comprising approximately 2%
of all of the H3K27ac epigenome in the colonic epithelium that
responds dynamically to DSS-induced inflammation (defined as
regions with NSD scores greater than 2 standard deviations), and
we found that the genomic regions harboring these dynamic chro-
matin structures correlated with the changing transcriptome. Mo-
tif analysis suggested a shift in the transcriptional regulatory net-
work away from a stabilizing colon-specific transcription factor
network of HNF4A, KLF, and HNF1A/B to an inflammation-spe-
cific network involving ETS and AP-1 factors.

The expression level and chromatin binding activity of
HNF4A are compromised during inflammation. Previous impli-
cations for HNF4A in inflammatory pathology prompted further
investigation of the transcriptional regulatory mechanisms of
HNF4A in the normal versus inflamed colon. HNF4A belongs to
the nuclear receptor family of transcription factors and is one of
the more prominent epithelial genes implicated in IBD. Genome-
wide association studies have identified HNF4A as susceptibility
locus for ulcerative colitis (40—-43), and knockout mouse models
have corroborated these genetic implications of HNF4A in IBD by
demonstrating a role for Hnf4a in differentiation of gut epithelial
cells (44), in the modulation of gut homeostasis (33, 45), and in a
protective role against colitis (38).

Importantly, the temporal window of HNF4A function during
the inflammatory process is not known; it is not clear from these
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FIG 1 Epigenomic profiling of colonic epithelium before and during DSS treatment suggests an inflammation-induced shift in transcription factor regulatory
networks. (A) Histogram of genomic regions in the colonic epithelium containing H3K27ac ChIP-seq at adjacent nucleosomes, binned by NSD score (8).
More-negative scoring regions are less accessible and less acetylated on H3K27 at 6 days of DSS treatment than in controls (left), and more-positive scoring
regions gain an active enhancer configuration during inflammation (right). Boxes indicate the 1,000 regions showing the most dynamic changes to a closed (left,
blue) or active (right, red) conformation upon DSS treatment. (B) Raw sequence traces, showing a representative dynamic chromatin region that was either less
(left) or more (right) active, based upon loss or gain of H3K27ac signal at nucleosomes flanking a more accessible, nucleosome-free region (gap in the sequence
data). Transcription factors typically occupy this gap in enhancer chromatin. (C) Composite ChIP-seq plot of the 1,000 regions shown in the boxes of panel A.
Note that flanking nucleosomes (approximately 200 bp on either side of the region center) either lose (left) or gain (right) H3K27ac signal upon DSS-induced
inflammation. (D) GSEA revealed enhancer chromatin regions corresponded to DSS-induced changes in gene expression. Genes within 10 kb of the 1,000
chromatin regions that showed the greatest decrease in enhancer chromatin structure (black bars) were likely to exhibit decreased transcript levels upon DSS
treatment (blue-red heat map). Genes within 10 kb of the 1,000 chromatin regions showing the greatest NSD score increases were likely to exhibit increased
transcriptlevels upon DSS treatment (right). (E) The transcription factor DNA binding motifs most enriched at chromatin regions that become less (left) or more
(right) active during DSS treatment. The supplemental material includes complete data outputs.
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models whether HNF4A plays a protective role prior to the in-
flammatory state and/or an active role during an inflammatory
bout. Previous reports indicated that whole-colon HNF4A levels
decrease during inflammation (22, 38). However, epithelium-spe-
cific expression has not been examined, and reduced HNF4A lev-
els could be a secondary effect of the loss of epithelial cells that
occurs during an inflammatory episode.

To determine if HNF4A is regulated at an epithelial cell-auton-
omous level, we monitored HNF4A mRNA and protein levels in
isolated colonic epithelium during a time course of inflammation
(Fig. 2). RNA transcripts from purified epithelium confirmed an
inflammatory phenotype with elevated inflammatory cytokine
levels in mice treated with DSS for 6 consecutive days (Fig. 2A).
Hnf4a transcripts were significantly depleted by 4 days of DSS
treatment (Fig. 2B), whereas markers specific to the epithelium
(Krt18 and Vill) were not affected (data not shown). Immuno-
blotting also demonstrated reduced HNF4A protein levels in iso-
lated epithelial cells (Fig. 2C), and nuclear HNF4A protein levels
were also reduced in the DSS-treated mouse epithelium in situ, as
revealed by immunohistochemistry and quantitative immunoflu-
orescence (Fig. 2D to F). Thus, based upon expression levels, pro-
tective mechanisms of HNF4A function may be diminished, but
not necessarily eliminated, during inflammation, as HNF4A is
downregulated in the colonic epithelium but still readily detect-
ible during colitis.

The direct regulatory targets of HNF4A in the colonic epithe-
lium have not been determined in vivo or under inflammatory
stress. To discern between possible HNF4A functions before and
during the inflammatory state, we measured HNF4A binding to
the genome of the colonic epithelium under each condition by
using ChIP-seq analysis. ChIP of the healthy colonic epithelium
revealed 17,886 HNF4A binding sites (MACS, P, <10™*) scat-
tered across the genome (Fig. 3A, left), with the majority of bind-
ing sites between 5 and 50 kb up or downstream from the nearest
TSS (Fig. 3B, left). As expected for functional HNF4A binding
sites, HNF4A-bound regions exhibited increased evolutionary
conservation compared to genomic background levels (Fig. 3C,
left). Moreover, the most prominent de novo DNA motif found to
be enriched at HNF4A binding regions corresponded to previ-
ously defined HNF4A recognition sequences (Fig. 3D, left). To-
gether, these data indicated robust identification of physical inter-
actions between HNF4A and the colonic epithelial genome.

We next determined whether the chromatin binding profile of
HNF4A was changed upon inflammation. HNF4A ChIP-seq for
the inflamed colonic epithelium showed a binding profile similar
to that observed in the healthy epithelium, with a similar distribu-
tion of genomic binding regions (Fig. 3, right), distance from tran-
scriptional start sites (Fig. 3B, right), evolutionary conservation
(Fig. 3C, right), and preferred DNA binding motif (Fig. 3D, right).
However, the binding events observed in the inflamed colon were
fewer (10,688 regions). A reduced magnitude of HNF4A ChIP-seq
events was evident in the reduced average signal at all HNF4A
binding sites (Fig. 4A) and in direct comparison on a site-by-site
basis (Fig. 4B to D). As HNF4A binding is reduced during inflam-
mation, we predicted genes near HNF4A binding sites would be
compromised upon inflammation. Indeed, integration of ChIP-
seq data and gene expression analysis demonstrated that tran-
scripts that were decreased in the inflamed colonic epithelium
were more likely to harbor HNF4A binding sites within 10 kb of
their transcriptional start sites (Fig. 4D). Taken together, HNF4A
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binding to chromatin is compromised in the inflamed colon, and
reduced binding appears to have a direct consequence on colonic
gene expression. Notably, multiple HNF4A binding sites were ob-
served at the HNF4A locus (Fig. 4E), suggesting that loss of an
autoregulatory loop could destabilize HNF4A expression in the
inflammatory condition and contribute to reduced HNF4A pro-
tein levels (Fig. 2C to F).

HNF4A binding regions are enriched in IBD risk-associated
genetic variants. Upon finding reduced HNF4A binding in the
inflammatory condition, we wondered if HNF4A binding sites
could also be targets of genetic predisposition to IBD. This was
addressed by determining the relative enrichment of risk loci as-
sociated with IBD, Crohn’s disease, or ulcerative colitis (GWAS
catalog as of 10 December 2013) at HNF4A genomic binding re-
gions previously reported in the human colorectal cell line CaCo2
(46). The VSE analysis (25, 26) revealed that IBD-associated risk
loci map to HNF4A binding sites more than expected by chance
(P = 4.5e—8) (Fig. 4F). Similar observations were shown between
risk loci associated with Crohn’s disease (P = 8.3e—9) and ulcer-
ative colitis (P = 3.9¢—6) (Fig. 4F). By contrast, HNF4A binding
sites in CaCo2 cells were not overrepresented in SNPs associated
with type 2 diabetes risk (Fig. 4F), even though HNF4A has a
prominent role in this disease. Thus, colon-specific binding pat-
terns of HNF4A are significantly and specifically associated with
the genetic predispositions of human colon inflammatory pathol-
ogies.

Direct targets of HNF4A include immune regulatory genes.
Despite being powerfully implicated in IBD, the direct transcrip-
tional targets of HNF4A in the colon have not been identified.
Microarray expression in HNF4A knockouts has revealed gene
transcripts that increase and decrease upon HNF4A loss and are
implicated in roles such as preventing oxidative stress and regu-
lating lipid metabolism (22, 47). To define which transcripts are
likely direct versus indirect regulatory targets of HNF4A, we inte-
grated our ChIP-seq data with gene expression analysis results.
We defined direct targets of HNF4A as genes with both an HNF4A
binding site within its locus and dysregulated upon HNF4A
knockout based on microarray analysis (22). HNF4A binding was
far more prevalent at genes downregulated upon Hnf4a knockout
than genes upregulated upon Hnf4a loss, implicating HNF4A as
primarily a transcriptional activator (Fig. 5A). No significant as-
sociation was observed between HNF4A binding at genes in-
creased upon Hnf4a knockout compared to nonregulated genes,
indicating that HNF4A does not have a prominent role in gene
repression.

Of 380 transcripts significantly reduced in Hnf4a KO colon,
194 were bound by HNF4A within 20 kb of their transcriptional
start sites (defined as direct HNF4A targets), whereas 186 were not
bound (indirect HNF4A targets) (Fig. 5B). Identification of puta-
tive direct and indirect HNF4A regulatory targets in the colon will
provide a useful resource for dissecting the downstream mecha-
nisms of the protective function of HNF4A; these targets are pre-
sented in the supplemental material. For example, we were in-
trigued to find immune regulatory genes among direct targets of
HNF4A, as this is an underappreciated role of HNF4A (48). Im-
mune regulatory targets were tested for HNF4A-dependent regu-
lation in the inflamed condition and exhibited reduced transcript
levels in HNF4A KO mice (Fig. 5C). The corresponding loci of
these genes also showed reduced HNF4A ChIP-seq binding levels
during colitis (Fig. 5D and data not shown). Identification of

Molecular and Cellular Biology


http://mcb.asm.org

HNF4A Protects against Active Inflammation

0.031
3 0.022 N o
307 W Control 2 14 : <& & 3 o
K] 1 R R ) & N
3 M Dss6 = 1.2 0.060 ORI T
s 2 0.036 |
520 g 10 | HNF4A
& £ 08
c 15 ©
£ g 06
210 T 04
& % 0.2 2
0 x 0
Tnf I-1b  Ifng 110  1I-6 Control DSS2 DSS4 DSS6

J %k

L ? I**
‘ <C g 500 + ok I
- il = |
"é Z 9 4001
e =
©c O
= O 9 a0
S § 300
Z o
€ = 2 200
£
‘1 € 100 A
2 E
1 0 v v v
a Control DSS2 DSS4 DSS6
HNF4A HNF4A/DAPI Merge
§ ..
<
[e]
o
©
(7]
(7]
a
o ossows gu.bw Tz ..

FIG 2 HNF4A levels are reduced, but detectable, in the colonic epithelium after DSS-induced inflammation. (A) Results of gqRT-PCR to measure inflammatory
markers in the colon of mice treated with 3% DSS for 6 days. (B) Results of qRT-PCR to measure relative Hnf4a transcript levels on mRNA isolated from the
colonic epithelium during a time course of DSS treatment (2-tailed ¢ test; n = 3). Bars show the standard errors of the means. (C) Immunoblot measuring HNF4A
levels during a DSS treatment course. The immunoblot was underdeveloped to allow evaluation of the relative levels of HNF4A over time. Protein levels were
detectable, though reduced, at day 6 of DSS treatment. (D) HNF4A immunoreactivity diminishes, but is still present, over the DSS treatment course. HNF4A was
not detected in HNF4A KO epithelium. The colonic regions selected for this analysis were based upon the presence of an intact epithelium and do not fully
represent the inflammatory pathology. (E) Quantitative immunofluorescence was also applied to measure HNF4A protein levels specifically within the nucleus.
Mean fluorescence intensity of HNF4A (Cy3) was measured in individual nuclei segmented by 4’,6-diamidino-2-phenylindole staining (n = 100 nuclei per
condition). **, P < 0.005 by ANOVA single factor. Bars, standard errors of the means. (F) Representative confocal images used in the quantitative analysis in
panel E are shown for control and DSS6 samples. Bar, 3 wm.

HNF4A regulatory targets in the inflamed colon will open new  (49-53). Consistent with our epigenomic analysis (Fig. 5D),
avenues to explore HNF4A function. For example, RelB was of HNF4A was confirmed to bind 3 genomic regions at the RelB
interest, as members of the NF-«B signaling pathway function in  locus based on replicate ChIP-qPCR, and binding was reduced,
the epithelium to protect against inflammation and DSS colitis  but detectable, in the inflammatory condition (Fig. 5F). RelB pro-
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FIG 3 The relative genomic binding distribution and target sequence preference of HNF4A do not change in the inflammatory state. (A) The genomic
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classical promoters. (B) The majority of binding sites occur 5 to 50 kb from the nearest TSS. (C) As expected for functional regulatory elements, HNF4A binding
sites are enriched in conserved nucleotides across multiple vertebrate species. (D) The most frequently occurring DNA sequence motif enriched at HNF4A

ChIP-seq sites matches the expected HNF4A binding sequence (14).

tein levels were also reduced in isolated colonic epithelia from
DSS-treated HNF4A knockout versus DSS-treated control ani-
mals (Fig. 5E). Taken together, genomic profiling of HNF4A bind-
ing regions in the normal and inflamed colon suggests mecha-
nisms underlying the protective role of HNF4A against colonic
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inflammation, including a capacity to control immune regulatory
genes both before and during an inflammatory episode.

HNFA4A is protective during an active inflammatory bout.
When HNF4A is ablated from the fetal colonic epithelium, knock-
out animals are clearly more susceptible to DSS-induced colitis
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at HNF4A binding sites is diminished upon DSS treatment, as shown in a composite plot (A) or on a site-by-site basis (B). The heat map scale indicates
normalized ChIP-seq tag counts. The heat map depicts each genomic region called an HNF4A binding site in the control condition across a 1-kb genomic
window centered at the binding peak summit. (C) Example of reduced HNF4A binding upon DSS treatment at the Hnf4a locus. (D) GSEA comparing
genes with HNF4A binding sites (MACS, P < 10~ '°) with gene expression changes that occur upon DSS-induced inflammation. Genes that decrease upon
DSS treatment are enriched in HNF4A binding sites, suggesting reduced HNF4A binding during inflammation may lead to their decreased levels of target
gene expression. (E) Sample of reduced HNF4A binding upon DSS treatment at the Hnf4a locus, suggesting the possibility of HNF4A autoregulation.
Asterisks denote HNF4A ChIP-seq peaks downstream of Hnf4a; horizontal carets indicate the direction of transcription at the Hnf4a locus. (F) VSE
analysis showed that HNF4A binding regions in the human colon cell line Caco2 (GSM575229) are enriched with IBD risk-associated loci. Box plots show
the null distributions based on 1,000 matched random variant sets for each disease against HNF4A binding sites. Diamonds show mapping tallies for the
disease-associated clusters at HNF4A binding sites. Red diamonds highlight mapping tallies for genomic annotations that fall outside of the null
distribution (P < 0.001). The overlap between HNF4A binding and disease-associated genetic variants suggests that altered HNF4A function at these loci
may contribute to the genetic component of IBD. The enrichment analysis did not specifically test whether HNF4A binding motifs were disrupted by the
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when they are adults (38), but it is unclear whether HNF4A is
required to prevent the onset of colitis or actively suppress an
ongoing inflammatory episode. As epithelial cells retain detect-
able levels of HNF4A protein and chromatin binding during in-
flammation (Fig. 2 and 4), we tested whether the protective effects
of HNF4A include suppression of an active inflammatory bout.
To refine the temporal window in which HNF4A protects against
experimental colitis, we took advantage of the tamoxifen-induc-
ible Villin-Cret®? driver (54) and conditionally deleted floxed
Hnf4a (55) in the epithelium either before or during acute inflam-
mation in the colonic epithelium (Fig. 6A). HNF4A knockout by
tamoxifen injection requires approximately 2 days to eliminate
HNF4A protein expression and was initiated either 5 days before
or concurrent with DSS-induced inflammation (Fig. 6A). We re-
fer to these experimental conditions as HNF4A KO “before” and
“concurrent with” HNF4A KO in DSS-induced colitis. Each
group was treated with DSS for 5 days, and the degree of inflam-
mation was inferred by changes in body weight, colon length, and
histopathology of the distal colon. As reported previously (38), we
observed that knockout of HNF4A before the inflammatory stim-
ulus led to a severe and rapid onset of experimental colitis (Fig. 6B
to E). However, despite reduced protein levels upon inflammation
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(Fig. 2C to F), HNF4A still performs a protective role in the co-
lonic epithelium during inflammation, as loss of HNF4A after the
onset of the inflammatory stimulus resulted in a more severe in-
flammatory phenotype than in control-treated mice. Representa-
tive histopathology results were consistent with these phenotypes
(Fig. 6E). Taken together, these results indicate that HNF4A not
only prevents the onset of inflammation but also plays an active
role in the suppression of an inflammatory state, and thus expands
the temporal window within which HNF4A functions to suppress
colitis.

DISCUSSION

Disease-associated genetic variants are increasingly found to over-
lap with regulatory regions (26, 56-59), including in IBD (60),
highlighting the importance of regulatory elements in human dis-
ease and necessitating their functional characterization. To iden-
tify inflammation-sensitive regulatory elements in the colonic ep-
ithelium, we employed an epigenomic approach. Analysis of these
regions revealed that transcription factor regulatory networks
change in the inflamed state, with HNF4A DNA binding motifs
among the top transcription factor motifs found at genomic re-
gions that lose enhancer chromatin modifications upon colonic
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inflammation. By integrating mouse genetic models with ChIP-
seq mapping of HNF4A binding sites during an inflammatory
bout, we found that gene regulatory activity of HNF4A is reduced
but still essential to mollify inflammatory symptoms.
Genome-scale HNF4A binding studies in other tissues and
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species provide interesting insights on tissue-specific binding pat-
terns, evolution of regulatory elements, and gene regulation in the
liver, pancreas, and cancer (61-65). To our knowledge, no study
has investigated HNF4A binding changes in altered or noncancer
disease conditions. It will be interesting to see whether compro-

mcb.asm.org 3301


http://mcb.asm.org

Chahar et al.

mised HNF4A binding represents a common mechanism in in-
flammatory diseases of other HNF4A-expressing tissues. While
many interesting single-gene studies have identified regulatory
roles for HNF4A in barrier protection and lipid metabolism, these
studies have been reported for Hnf4a mutant mice under normal
conditions (22, 33, 38,45, 47, 66). Our analysis of HNF4A binding
in the inflamed colonic epithelium yielded primary HNF4A regu-
latory targets that will be useful in dissecting the protective mech-
anisms of HNF4A during colitis, including immune regulatory
genes, a role not frequently attributed to direct HNF4A regula-
tion, although it was recently observed in the liver (48, 67). Thus,
HNF4A appears to support pleiotropic protective roles in the co-
lonic epithelium, and our study opens new avenues for explora-
tion and regulation of HNF4A in other inflamed tissues. While we
observed exacerbated colonic phenotypes in DSS-treated mice
upon HNF4A loss, we did not observe a significant increase in
inflammatory cytokines compared to DSS-treated control mice
(data not shown), suggesting that the phenotypic severity caused
by HNF4A loss in these models may function independently of
these cytokines (Fig. 2A). Functional characterization of HNF4A
direct target genes should help elucidate the modalities by which
HNF4A protects the colon.

In this work, we have revealed a protective but compromised
role for HNF4A in the inflamed colon, and we observed the cooc-
currence of HNF4A binding and IBD risk-associated genetic vari-
ants. Together, these findings justify exploring HNF4A as a ther-
apeutic target in IBD, as restoration of HNF4A expression or
binding activity would be predicted to ameliorate inflammation-
induced changes in the epithelium. Along these lines, identifying
the initial trigger that decreases HNF4A levels will also be impor-
tant, and KLF factors, which have been implicated in inflamma-
tory bowel models (36) and whose motifs are enriched at HNF4A
binding sites, are good candidates to mediate HNF4A regulation.
It is also important to consider the duration of HNF4A inactiva-
tion in both genetic and inflammatory models, as our experiments
do not discern how the difference in the duration of HNF4A loss
affects gene regulation. Such differences could also impact epithe-
lial regeneration following the inflammatory bout.

As HNF4A is a nuclear receptor, the development of an acti-
vating agonist makes this an exciting and plausible option (68, 69).
Indeed, HNF4A reversibly binds linoleic acid in endogenous con-
texts (70), and linoleic-acid derivatives have recently been identi-
fied as candidate therapeutics in a drug repositioning screen for
IBD (71). Our work provides a context (active inflammation) and
amechanism (reduced HNF4A chromatin binding) with which to
explore the function of these and other potential HNF4A ligands.
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