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Retinoic acid-related orphan receptor a (ROR«) functions as a tran-
scription factor for various biological processes, including circadian
rhythm, cancer, and metabolism. Here, we generate intestinal epi-
thelial cell (IEC)-specific RORa-deficient (RORx*'F) mice and find that
ROR« is crucial for maintaining intestinal homeostasis by attenuat-
ing nuclear factor kB (NF-kB) transcriptional activity. RORa*"E€ mice
exhibit excessive intestinal inflammation and highly activated in-
flammatory responses in the dextran sulfate sodium (DSS) mouse
colitis model. Transcriptome analysis reveals that deletion of ROR«x
leads to up-regulation of NF-kB target genes in IECs. Chromatin
immunoprecipitation analysis reveals corecruitment of RORa and
histone deacetylase 3 (HDAC3) on NF-kB target promoters and sub-
sequent dismissal of CREB binding protein (CBP) and bromodomain-
containing protein 4 (BRD4) for transcriptional repression. Together,
we demonstrate that RORa/HDAC3-mediated attenuation of NF-xB
signaling controls the balance of inflammatory responses, and ther-
apeutic strategies targeting this epigenetic regulation could be ben-
eficial to the treatment of chronic inflammatory diseases, including
inflammatory bowel disease (IBD).
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Intestinal epithelial cells (IECs) serve as physical barriers to
separate huge microbial populations from immune cells and
cross-talk with residual immune cells to secrete inflammatory cy-
tokines for the efficient clearing of pathogens to maintain intestinal
homeostasis (1, 2). Given that IECs undergo dynamic physiological
stresses, including inflammation, control of balanced inflammatory
responses is important in IECs to prevent tissue injury and mi-
crobial invasion (3, 4). Since excessive inflammation suppresses
reconstitution and regeneration of the epithelial physical barrier,
leading to severe tissue damage in the intestinal epithelium (5), the
attenuation of inflammation is critical for epithelial reconstitution
(6). However, the molecular mechanism of how the attenuation of
inflammation is regulated at the transcriptional level in IECs still
remains unclear.

The nuclear factor kB (NF-kB) family members consist of
p65/Rel A, p5SO/NF-kB1, p52, Rel B, and c-Rel, and the p50-p65
heterodimer is the most abundant form (7-9). The p50-p65
heterodimer serves as a master regulator to maintain inflamma-
tory response in IECs as well as immune cells (10-12). NF-«B tran-
scriptional activity is tightly controlled by various posttranslational
modifications in IECs, providing a binding platform for cofac-
tors and regulating the activity and target specificity of NF-xB
(13-15). Histone acetyltransferases (HATS), including CREB
binding protein (CBP)/p300, introduce acetylation on the p50-
p65 heterodimer as well as histones for transcriptional activa-
tion of NF-kB target genes (16). Bromodomain-containing
protein (BRD) family members recognize acetylated substrate
and promote the recruitment of HATS to increase the expression
of inflammatory cytokine genes (17). Thus, inhibition of acetyla-
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tion of the p50-p65 heterodimer has been widely considered as a
potential therapeutic strategy for the treatment of many inflam-
matory diseases, such as inflammatory bowel disease (IBD) (18).

Members of the bromodomain and extraterminal domain (BET)
family have been shown to bind acetylated chromatin for induction
of gene expression via facilitating access to transcriptional coac-
tivators (19, 20). BRD4, a member of the BET family, binds
acetylated p65 and increases the transcriptional activity of p65 for
the activation of inflammatory response (21, 22). Given that the
blockade of epigenetic function of BRD4 is a promising thera-
peutic strategy to suppress inflammatory response, it is funda-
mental to understand epigenetic regulation of how BRD4 function
is regulated to suppress NF-kB signaling.

Retinoic acid-related orphan receptor « (RORa), a member of
the orphan nuclear receptor family, plays an important role in
various physiological functions, such as embryonic development,
cellular differentiation, metabolic pathway, and cancer (23-26).
Previously, we have reported that RORa has a tumor-suppressive
function by repressing Wnt/B-catenin signaling, leading to inhibi-
tion of colorectal cancer growth, and by increasing p53 stability,
leading to apoptosis of cancer cells upon the DNA damage signal
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(27, 28). RORa activates the expression of many target genes for
the regulation of circadian rhythm, whereas REV-ERBs repress
them in a circadian manner (29). Also, RORa modulates the ex-
pression of pattern recognition receptors in response to the cir-
cadian rhythm (30). On the other hand, RORa functions as a
negative feedback regulator of NF-«B signaling for the inflammatory
responses (31), although the mechanisms of how RORa suppresses
NF-kB signaling in IECs remains unrevealed.

Here, we report that ROR« acts as a critical epigenetic regulator
to maintain the balance of inflammation in IECs using IEC-specific
RORao-deficient (RORa*™<) mice. RORa*™“ mice exhibit ex-
cessive inflammation and severe tissue damage, and the reconsti-
tution of damaged colonic tissue is remarkably impaired in
RORa*™€ mice compared with wild-type (WT; RORa") mice
during dextran sulfate sodium (DSS)-induced colitis. Genome-wide
transcriptome analysis reveals that RORa functions as a tran-
scriptional repressor of inflammatory genes by attenuating NF-xB
signaling in IECs, indicating that ROR« plays a key role in main-
taining intestinal homeostasis to prevent intestinal inflammation.
Our data strongly demonstrate that RORa is crucial for main-
taining intestinal homeostasis via attenuation of NF-xB signaling
for the regeneration of damaged lesions.

Results

RORo Attenuates Excessive Intestinal Inflammation to Maintain
Intestinal Homeostasis. To explore the function of RORa in IEC
homeostasis and intestinal inflammation, we generated RORa*'=¢
mice and compared RORa expression in IECs. The messenger
RNA (mRNA) and protein levels of endogenous RORa were
significantly depleted in TECs isolated from RORa*™C mice
compared with their RORa"" littermate controls (Fig. 1 4 and B
and SI Appendix, Fig. S1A). Fed with a regular chow diet, RORa*™=¢
mice did not exhibit any significant phenotypic differences, including
body weights (Fig. 1C).

To evaluate the physiological roles of epithelial RORa during
colitis pathogenesis, RORa*F“ mice were subjected to a DSS-
induced experimental colitis model that resembles pathologies of
ulcerative colitis in human patients (32, 33). Mice were adminis-
tered 2% DSS in drinking water for 7 d (injury phase), followed by
drinking water without DSS for an additional 7 d (recovery phase)
to allow regeneration of intestinal epithelium (Fig. 1D). After
administration of DSS, the body weight of RORa*™" mice
steadily decreased, and by day 10, RORa*"=“ mice had lost more
than 20% of their initial body weight. In contrast, ROR«" mice
exhibited minimal body weight loss and recovered body weight
quickly when fed with regular drinking water (Fig. 1D). While
colonic lengths are comparable between éenotypes under normal
conditions (day 0), DSS-injured RORa™ ¢ mice exhibited sig-
nificant shortening of colon length (Fig. 1E). To evaluate epithelial
barrier integrity, we examined intestinal permeability by quanti-
tative real-time PCR to detect the bacterial 16S ribosomal DNA
(rDNA) gene in mesenteric lymph node. A substantial in-
crease of 16S rDNA of bacteria was observed in mesenteric
lymph nodes from DSS-injured RORa*™C mice compared
with RORa”" mice (Fig. 1F), indicating that markedly in-
creased gut permeability in RORa*™ mice is due to severe
disruption of intestinal epithelium.

We next examined histological features of colonic tissues with
hematoxylin and eosin staining. While no histological features
were observed for the first 5 d of the DSS-injury phase, severe
colonic ulceration and epithelium disruption were observed in
DSS-injured RORa*™™“ mice on day 8 (recovery phase) compared
with DSS-injured RORa™ mice (Fig. 1G), suggesting that ROR«
plays a pivotal role in maintaining intestinal epithelial homeostasis
under intestinal inflammation. Consistent with the results stated
above, histological scores, disease activity indices, and survival
rates exhibited that RORa“™ mice were more susceptible to
DSS-induced intestinal inflammation (SI Appendix, Fig. S1 B-D).
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To determine the regeneration capacity of disrupted epithelium in
DSS-injured RORa*'E¢ mice, we examined cell proliferation
using Ki-67* staining. Although RORa"f and ROR«*'E€ mice
exhibited comparable intensity of Ki-67" fluorescence under nor-
mal conditions, DSS-injured RORa*™®“ mice exhibited signifi-
cantly fewer Ki-67" cells compared with RORa™ mice, indicating
that the regeneration capacity of the intestinal epithelium was
substantially impaired in RORa*"™“ mice (Fig. 1H).

To confirm the severity of intestinal inflammation, we stained
colon tissue sections to determine macrophage (F4/80), neutrophil
(Gr-1), and T lymphocyte (CD4) infiltration. Compared with little
or no change observed under normal conditions, DSS-injured
RORA™EC mice displayed increased immune cell infiltration in
colonic tissues (Fig. 17), indicating that RORa*"=“ mice had sus-
tained intestinal inflammation during the recovery phase in DSS-
induced colitis. Accordingly, mRNA levels of proinflammatory
cytokine genes, including 7l-1b and Tnfa, dramatically increased
in colon tissues from DSS-injured RORa* ™€ mice (Fig. 1/). These
data indicate that RORa functions to attenuate intestinal in-
flammation for restoring intestinal epithelium during DSS-
induced colitis.

Next, we performed an organoid culture experiment after iso-
lating the distal colon crypts from RORa” and RORa*™*“ mice in
order to evaluate the functions of RORa in ex vivo conditions.
Despite severe defects in the IEC regenerative capacity of DSS-
injured RORa*™“ mice, RORa-depleted organoids did not show
any significant difference in their microscopic appearance, pro-
liferation, and organoid formation efficiency (Fig. 1 K and L and
SI Appendix, Fig. S24).

To evaluate the functions of RORa in intestinal stem cell
activity, we examined the gene expression profiles involved in
intestinal stem cell and differentiation markers. We analyzed
stem cell marker gene expression of RORa”" and RORa*™®¢
IECs on day 0 and day 8 of DSS treatment. Expression of the
intestinal stem cell marker genes Lgr5, Tert, and Lrigl in IECs
of RORo"" and RORa*™E€ mice did not show any significant
difference (Fig. 1M). Consistent with the gene expression
pattern in IECs, the gene expression profiles of intestinal stem
cell and differentiation markers were quite similar between
RORo”" and RORa*E€ organoids (SI Appendix, Fig. S2 B and
(), implying that deficiency of RORa in IECs appears to have
little or no significant effect on the function of intestinal
stem cells.

Genome-Wide Transcriptome Analysis of Genes Affected by ROR«a
Depletion in IECs. To elucidate the roles of RORa in transcrip-
tional regulation in IECs, we analyzed gene expression profiles of
IECs from RORa" and RORa*™ mice on day 3 of recovery after
DSS treatment (Fig. 24). Consistent with little or no pheno-
typic change in RORa*™ mice with a regular chow diet (Fig. 1.4-C),
the number of differentially expressed genes (DEGs) in RORa* =€
IECs compared with RORa” IECs under normal conditions was only
62 genes (|log2FC| > 1, adjusted P < 0.05), suggesting that ROR«a
function is more important under perturbed conditions (S Ap-
pendix, Fig. S3). Next, we performed unsupervised hierarchical
clustering in order to see which samples had the most distinct or
similar transcriptome. Interestingly, the gene expression profile of
IECs from ROR«*™™“ mice with DSS treatment was not closely
clustered with any other profiles and showed a rather distinct
transcriptome (Fig. 2B). These data indicate that the effect of
RORa depletion on the transcriptional network is particularly
significant in DSS-induced colitis.

To interrogate the transcriptional signatures affected by geno-
types and/or conditions of the 4 profiles (RORocf/f/day 0,
RORa"/day 8, RORa**“/day 0, and RORa*"E“/day 8), we
applied unsupervised k-means clustering for genes. Clusters
1 and 3 showed Qrominent up-regulation of target genes in
IECs from RORa*'E€ mice with DSS treatment (Fig. 2C). The box
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Fig. 1. RORa attenuates intestinal inflammation to maintain intestinal homeostasis during DSS-induced colitis. (A) mRNA levels of Rora in IECs from RORa™ and
RORa"E€ mice. The mRNA levels were normalized to p-actin expression. Rel., relative. (B) Protein levels of RORa in IECs from ROR«™f and RORa*'€ mice. p-Actin was
used as a loading control. (C) Average body weight in ROR«"* and RORa*'E€ mice (8-wk-old females; n = 8~10 per group). (D) RORa"f and RORa*"E“ mice were given
2% DSS in their drinking water for 7 d and then given regular drinking water for an additional 7 d. Changes in body weight of RORa™ and RORx*'®" mice treated
with DSS are shown. This experiment was repeated twice with similar results (n = 8~10 per group). (E) Colon length was measured in ROR«™ and RORa*'E€ mice on
day 0 (n = 3 per group) and day 14 (n = 7~10 per group) after DSS treatment. (F) Genomic DNA from mesenteric lymph node was isolated, and bacterial content was
measured by 16s rDNA using quantitative real-time PCR (QRT-PCR) (n = 6~7 per group). The 16s rDNA levels were normalized to mouse genomic L32 expression. (G)
RORa”f and ROR«™' mice were given 2% DSS in their drinking water for 5 d (Day 5) followed by regular drinking water for 3 d (Day 8). Representative images of
hematoxylin and eosin (H&E) staining of colon sections from RORa™ and RORa™"E¢ mice are shown after 0, 5, and 8 d of 2% DSS. (Scale bar, 100 pm.) (H) Im-
munohistochemistry was performed in colon sections from RORa™ and RORa*'E€ mice after 8 d of 2% DSS, and representative confocal images are shown. The
proportion of Ki-67* IECs was determined from image analysis and represented as optical density. DAPI, blue; Ki-67, red. (Scale bar, 100 pm.) (/) Immunohisto-
chemistry was performed in colon sections from RORa™f and ROR«*'®" mice after 8 d of 2% DSS. Representative F4/80 (macrophage marker)-, Gr-1 (neutrophil
marker)-, and CD4 (T cell marker)-stained sections (green) of colon are shown. DAPI, blue. (Scale bar, 100 um.) (J) Gene expression profile involved in inflammation
from the colon of RORa™ and RORa*"™ mice after 8 d of 2% DSS as determined by qRT-PCR. The mRNA levels were normalized to L32 expression (n = 5~8 per
group). (K) Representative bright-field images of enteroids cultured for 7 d. (Scale bar, 200 um.) (L) Immunohistochemistry was performed in enteroids cultured for
14 d, and representative Ki-67 images are shown. DAPI, blue; Ki-67, green. (Scale bar, 100 pm.) (M) mRNA levels of intestinal stem cell marker genes in IECs from
RORaf and RORa®'E€ mice after 8 d of 2% DSS (n = 4 per group). *P < 0.05, **P < 0.01, ***P < 0.001. Statistical analysis was performed using an unpaired t test. Data
are from 3 independent experiments (A, D, E, F, H, J, and H; mean + SEM) or are representative of 3 independent experiments with similar results (G, /, K, and L).
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Fig. 2. Genome-wide transcriptome analysis of genes affected by RORa depletion in IECs. (A) Flow chart showing the strategy of RNA-sequencing analysis. (B)
Unsupervised hierarchical clustering of the top 5% variably expressed genes (Euclidean distance metric). The dendrogram shows similarity between each
transcriptome. (C) Heatmap of k-means clustering of the top 5% variably expressed genes (n = 2,668). Genes were grouped into 8 clusters on the basis of
expression similarity. Rel., relative. (D) Violin box plots of clusters 1 to 3. Box plots show distribution of z-scores from each group in clusters 1 to 3. (E)
Functional GO analysis of cluster 1. Inmune and inflammatory responses are the most enriched terms in clusters 1 to 3. The immune system process and innate
immune response genes are significantly enriched terms in cluster 1. Circadian rhythm genes are the most enriched in cluster 2. Cell division genes are

significantly enriched in cluster 3.

plots for the relative gene expression levels of the genes in cluster
1 exhibited a marginal increase in RORa" and RORa*"™C TECs
on day 0 but an amplified up-regulation on day 8 (Fig. 2D), which
is in agreement with phenotypic observations such as changes in
body weight and colon length. In contrast, the box plots for cluster
3 displayed solely up-regulation in TECs from RORa*™=“ mice with
DSS treatment (Fig. 2D). Surprisingly, functional gene ontology
(GO) analysis showed that immune and inflammatory responses are
the most enriched terms in cluster 1, whereas cluster 3 has cell cycle-
related terms as the top hits, thus revealing the key role of ROR« as
a transcriptional repressor of inflammatory genes upon DSS treat-
ment (Fig. 2E).

Oh et al.

RORax Functions as a Transcriptional Repressor of Inflammatory
Genes in DSS-Induced Colitis. To validate the function of
RORa« as a transcriptional repressor and identify its direct or
indirect target genes, we performed gene set enrichment
analysis (GSEA) through ranking genes by Pearson correlation
with the phenotypic labels based on cluster 1 (Fig. 34). The
results evidently showed that the gene sets involved in the
immune response and cytokine production are significantly
enriched in accordance with the more severe phenotype ob-
served in RORoAEC mice with DSS treatment (SI Appendix,
Fig. S4). Furthermore, the genes contributing to the enrich-
ment are likely to be the direct and indirect targets regulated by
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Fig. 3. RORa functions as a transcriptional repressor of inflammatory genes in DSS-induced colitis. (A) Representative GSEA results (ranking genes by the Pearson
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RORa under the perturbed conditions, as supported by the
expression pattern of target genes (Fig. 3B). Despite high ex-
pression of Il-1b and Tnfa in ROR&A'EC mice, I1-1b and Tnfa
turned out to be the representative targets repressed by ROR«a
in DSS-induced colitis (Fig. 3C). Consistent with transcriptome
analysis, transcription factor enrichment analysis exhibited that
p50/NF-kB1 is the major transcription factor of the genes in
cluster 1, suggesting that ROR« plays a key role in modulating
NF-kB transcriptional activity (Fig. 3D). Taken together,
analysis of phenotypic signatures within the gene expression
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profiles demonstrated that RORa represses the transcription
of inflammatory genes in DSS-induced colitis.

Recruitment of ROR«x on the NF-kB Target Promoters Is Important for
the Attenuated Transcription of Inflammatory Genes. To explore
how NF-kB transcriptional activity is dysregulated in RORa*™C
mice, we performed immunoblot analysis to examine protein levels
of p65 and inhibitor of kB (IkB) in IECs isolated from RORa*
and RORa*™C mice with DSS injury for 5 d to induce intestinal
inflammation. DSS-injured RORa” and RORo*™C mice were

Oh et al.


https://www.pnas.org/cgi/doi/10.1073/pnas.1907595116

then administered regular drinking water for 3 d to allow tissue
regeneration. The major subunit of NF-xB, p65, substantially lo-
calized in the nucleus of IECs, and IkB protein levels were
markedly reduced in the cytoplasm of IECs from both DSS-injured
RORa™ and RORa*™EC mice (SI Appendix, Fig. S5). However,
protein levels of RORw in both the cytoplasm and nucleus of IECs
from RORa”" mice were unaffected by DSS treatment (SI Ap-
pendix, Fig. S5). Interestingly, RORa mutually interacted with
p65 in IECs isolated from DSS-injured ROR«” mice (Fig. 4A4).
Given that day 8 is the period of the recovery phase for tissue
regeneration during DSS-induced colitis, these data clearly indi-
cate that interaction of RORa with p65 is crucial for tissue re-
generation during the period of recovery in DSS-induced colitis.

[/

pa

A

=y

A Nuclear Co-IP (IECs) D

To evaluate the underlying molecular mechanism of RORa on
NF-«B signaling, we performed a reporter assay using luciferase
plasmid containing 3x NF-«xB response element (RE) in the reg-
ulatory region. While overexpression of RORa substantially sup-
pressed the luciferase activity (Fig. 4B), knockdown of RORa
further enhanced the luciferase activity (Fig. 4C). Interestingly,
treatment with tumor necrosis factor-o (TNF-o) markedly induced
expression of genes involved in proinflammatory cytokines in
RORa-deficient organoids compared with WT organoids (SI Ap-
pendix, Fig. S6A4). Consistently, we have observed that RORa-
deficient organoids were more susceptible to TNF-oa-induced
disruption of organoids (SI Appendix, Fig. S6B). Induction of
NF-«B target genes, such as TNF-a and interleukin-6 (IL-6), were
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Fig. 4. Recruitment of RORx on the NF-kB target promoters is crucial for the attenuation of intestinal inflammation in DSS-induced colitis. (A) Coimmuno-
precipitation (Co-IP) assay of ROR« with p65 was conducted in nuclear fractions of IECs from ROR«™ mice after 8 d of 2% DSS (n = 5 per group). The effect of
overexpression of RORa (B) and knockdown of ROR« (C) on 3x kB RE-luciferase reporter activity is shown. R.L.U., relative luminometer units. (D) Quantitative real-
time PCR (qQRT-PCR) analyses of NF-kB target genes in organoids from RORa™f and ROR«*'E® mice treated with TNF-o and SR3335. Rel,, relative. (E) gRT-PCR analyses
of RORa-dependent and RORa-independent NF-kB target genes (up-regulated genes after 2% DSS) in IECs from RORa™f and ROR«'E€ mice after 8 d of 2% DSS (n =
4 per group). The mRNA levels were normalized to L32 expression. ChIP assays on RORa-dependent (F) or RORa-independent (G) target promoters in IECs from
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**P < 0.01, ***P < 0.001. Statistical analysis was performed using an unpaired t test. Data are from 3 independent experiments (C-G; mean + SEM).
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markedly elevated in the RORa-deficient colorectal cancer cell
line DLD-1 (SI Appendix, Fig. S7A). To examine whether a syn-
thetic inverse agonist of RORu is capable of suppressing NF-kB
transcriptional activity, we tested SR3335 in TNF-o-treated mu-
rine organoids. While TNF-a treatment induced the expression of
numerous NF-kB target genes, such as 1I-1b, Il-1a, Tnfa, Ikba, and
1l-6, SR3335 markedly reversed the induction of inflammatory
genes activated by TNF-« or lipopolysaccharide (LPS) in intestinal
murine organoids as well as human colorectal cancer cell lines,
such as DLD1 and SW620 (Fig. 4D and SI Appendix, Fig. S7 B and
(). To examine whether RORa-mediated transcriptional repres-
sion is crucial for the attenuation of NF-kB transcriptional activity,
we examined NF-kB target gene expressions in clusters 1 and 5.
While expression of NF-«B target genes, including /I-1b and Tnfa
in cluster 1 (RORa-dependent genes), largely increased in DSS-
injured RORa*™ mice, expression of NF-«xB target genes in
cluster 5, including 7/-18 and Fzd4 (RORa-independent genes),
failed to increase in both RORa™ and RORa*™C mice (Fig. 4E).
Therefore, we propose that RORa-mediated attenuation of NF-«xB
target gene expression in cluster 1 is fundamental to the restoration
of intestinal epithelium during tissue injury.

To evaluate whether RORa is critical for attenuation of NF-xB
signaling to promote tissue regeneration, we performed chromatin
immunoprecipitation (ChIP) assays with anti-p65, RORa, and
acetylated K9 of histone 3 (H3K9Ac) antibodies in IECs. ChIP
assay revealed that recruitment of p65 was not changed on the
NF-«B target promoters, including 7/-1b and Tnfa, in IECs isolated
from DSS-injured RORa” and RORa*™ mice (Fig. 4F). How-
ever, recruitment of RORa on the NF-«xB target promoters was
remarkablz increased in DSS-injured RORa” mice, but not in
RORa&A™ mice, during the recovery phase (Fig. 4F), indicating
that RORa-mediated transcriptional repression of NF-kB target
genes is critical for tissue regeneration in the damaged tissues. In
contrast, RORa deficiency led to increased H3K9Ac levels, but not
p65 levels, on the promoters of II-1b and Tnfa (RORa-dependent
promoters) on day 8 (Fig. 4F). On the other hand, occupancy of
p65 and H3K9Ac was not changed between genotypes on the
promoters of II-18 and Fzd4 from cluster 5 (RORa-independent
promoters) (Fig. 4G). These data indicate that RORa-mediated
attenuation of NF-kB target gene expression is critical for the
restoration of intestinal epithelium under DSS-induced colitis.

RORa/Histone Deacetylase 3 Dismiss BRD4/CBP on the NF-kB Target
Promoters for the Attenuation of Intestinal Inflammation. We have
previously reported that RORa specifically interacts with histone
deacetylase 3 (HDACS3) to suppress transcriptional activity of
peroxisome proliferator-activated receptor-y to control hepatic
lipid homeostasis (34). Interestingly, RORa and HDAC3 com-
posed the transcriptional corepressor complex with p65 in IECs
from DSS-treated RORa™f mice, which was largely dependent
on the presence of RORa (Fig. 54). To determine if HDACS3 is
required for RORa-mediated repression of NF-kB activity, we
measured 3x NF-kB RE-luciferase activity. Knockdown of
HDACS3 substantially increased luciferase activity (Fig. 5B). Con-
sistently, knockdown of ROR« largely reversed HDAC3-mediated
repression of NF-kB transcriptional activity (Fig. 5C). These data
indicate that HDAC3 exerted a repressive function on NF-«xB
transcriptional activity in the presence of RORa.

Since RORa-mediated attenuation of NF-kB signaling requires
HDAC3, we compared 4 DEG sets in our study with the DEG of
WT versus HDAC3™C mice (35). We found further evidence that
RORa and HDACS3 share a few target genes under inflammatory
conditions (SI Appendix, Fig. S8). Since the platforms to measure
the gene expression profile of HDAC3*'®“ (35) and RORa*™EC
mice are different (microarray vs. next generation sequencing), it is
unfair to apply the same P value cutoff to identify DEGs. Thus,
DEGs in HDAC3*™E€ mice were defined and fixed (n = 1,418),
and our DEGs were then cumulatively taken from the most sig-
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nificant genes and compared with the DEGs in HDAC3™= mice.
Although P values of the hypergeometric test for overlap tend to
be exaggerated, RORa deletion, along with DSS treatment, in-
creases overlaps with DEGs in HDAC3*™™ mice, indicating that
RORa regulates shared target genes with HDAC3 upon DSS-
induced ir(lljury. Interestingl}f, newly appeared common DEGs of
RORoA™C and HDAC3*™™C mice upon DSS treatment have
shown significant enrichment of GO terms related to immune
response. This analysis clearly supports that RORa and
HDACS3 cooperatively regulate the same target genes, such as
inflammatory genes in DSS-induced colitis (SI Appendix, Fig. S9 A
and B).

We next examined whether RORa impedes the assembly of the
coactivator complex required for the induction of NF-«xB target
genes. BRD4 is a member of the BET family that recognizes
acetylated lysine residues (20, 36-38). It has been reported that
mutual interaction of BRD4/CBP and p65 is required to induce
NF-kB target gene expression (21). Interestingly, assembly of
BRD4/CBP and p65 was substantially increased in IECs isolated
from DSS-injured RORa*™®< mice compared with those of DSS-
injured ROR«"" mice (Fig. 5D), indicating that NF-kB activity was
enhanced in IECs from DSS-injured RORa*™™ mice. Given that
endogenous RORa failed to interact with BRD4 or CBP in IECs
(Fig. 5E), RORa may compete with BRD4/CBP for the interac-
tion with p65 to attenuate NF-kB target gene expression. A re-
porter assay with 3x NF-kxB RE-luciferase reporter activity
revealed that introduction of BRD4 enhanced p65-mediated lu-
ciferase activity (Fig. 5F). While RORa introduction suppressed
p65/BRD4-mediated luciferase activity, knockdown of RORa en-
hanced p65/BRD4-mediated luciferase activity (Fig. 5F), indicat-
ing that RORa interferes with assembly of p65/BRD4/CBP
coactivator complexes to suppress NF-kB transcriptional activity.
These data indicate that RORa competes with BRD4/CBP for
interaction with p65 and requires HDACS3 for the attenuation of
NF-kB transcriptional activity.

To evaluate whether recruitment of RORa/HDAC3 is critical
for dismissal of BRD4/CBP on the NF-kB target promoters, we
performed a ChIP assay with anti-p65, RORa, HDAC3, CBP,
BRD4, and H3K9Ac antibodies in IECs. Indeed, recruitment of
p65 was not changed on the NF-kB target promoters, while RORa/
HDAC3 occupancy was remarkably increased in IECs isolated
from DSS-injured ROR«”" mice during the recovery phase (Fig.
5G). In contrast, the occupancy of BRD4/CBP coactivators was
dramatically increased on the NF-«kB target promoters in RORa-
deficient IECs (Fig. 5G). Although DSS-injured RORa”" mice
attenuated inflammatory signaling to allow tissue regeneration in
the intestinal tract, failure of RORa/HDACS3 recruitment further
allowed BRD4/CBP occupancy on the NF-kB target promoters,
resulting in highly activated inflammation during tissue regenera-
tion in IECs from RORa*"™=“ mice.

Discussion

In this study, we identify RORa as a negative regulator of in-
testinal inflammation. Intestine-specific RORa-deficient mice with
DSS-induced intestinal inflammation developed unusually stimu-
lated inflammatory responses and exacerbated colitis. Tissue re-
generation in the damaged colon was remarkably dysregulated in
RORa*"™®€ mice. RORa acts as a checkpoint specifically inhibiting
p65 transcriptional activity in the inflammatory signaling pathway,
which is essential for the regeneration of IECs in damaged tissues
(Fig. 6). Our study provides a detailed mechanism at the tran-
scriptional level of inflammatory responses that are crucial for
controlling regeneration of the intestinal epithelium. The success
or failure of tissue regeneration depends on the regulation of stem
cell activation and the balance of complex inflammatory responses
(39). Epithelial RORa appears to contribute to successful tissue
regeneration by attenuation of NF-kB activation. Our results
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suggest distinct immune-regulatory roles of RORa in control of
DSS-driven intestinal inflammation.

Previous studies have shown that RORa controls the immune
system via lymphocyte development (40). Ragl™~ mice recon-
stituted with CD4" splenocytes from RORa-deficient mice
exhibited less susceptibility to experimental autoimmune enceph-
alomyelitis than mice reconstituted with WT CD4" splenocytes,
suggesting that loss of RORa function greatly reduces the sus-
ceptibility to the development of autoimmune disease (41). Con-
sistently, Sg mice having spontaneous ROR« mutation have exhibited
less susceptibility to ovalbumin-induced lung inflammation (42).

A Nuclear Co-IP (IECs) B
RORa" RORuMEC

3x kB RE-luciferase

Together, these observations suggest that RORa may provoke an
allergic inflammatory response in different autoimmune disease
animal models. Surprisingly, Sg mice have shown hypersuscep-
tibility to LPS-induced inflammation (43). Moreover, recent stud-
ies have shown an antiinflammatory function of RORa in sepsis
using Sg mice (44). However, the detailed molecular mechanisms
of how RORa« controls immune responses to maintain immune
homeostasis are still controversial.

Genetic susceptibility is a well-known trigger of IBD patho-
genesis in humans (45). Over the past few decades, remarkable
achievement has widened our understanding of genetic contributions
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RORo/HDAC3 dismiss BRD4/CBP on the NF-kB target promoters for the attenuation of intestinal inflammation. (A) Coimmunoprecipitation (Co-IP) assay of

HDAGC3 with p65 and RORa was conducted in nuclear fractions of IECs from ROR«" and ROR«*"5¢ mice after 8 d of 2% DSS (n = 5 per group). The effect of over-
expression of RORa and knockdown of HDAC3 (B) or overexpression of HDAC3 and knockdown of RORa (C) on 3x kB RE-luciferase reporter activity with p65 is shown.
R.L.U., relative luminometer units; sh, short hairpin. (D) Co-IP assay of p65 with CBP and BRD4 was conducted in nuclear fractions of IECs from ROR«” and RORa*'E“
mice after 8 d of 2% DSS (n = 5 per group). (E) Co-IP assay of RORa with CBP and BRD4 was conducted in nuclear fractions of IECs from RORa™ mice after 8 d of 2%
DSS (n =5 per group). (F) Effect of RORa on 3x kB RE-luciferase reporter activity with p65 and BRD4. (G) ChiP assays were performed on the /I-1b and Tnfa promoters in
IECs from ROR«™ and RORa*'E€ mice after 8 d of 2% DSS (n = 5 per group). Promoter occupancy by p65, RORa, HDAC3, CBP, BRD4, and H3K9Ac was analyzed. *P <
0.05, **P < 0.01, ***P < 0.001. Statistical analysis was performed using an unpaired t test. Data are from 3 independent experiments (B, C, F, and G; mean + SEM).

Oh et al. PNAS | October 15,2019 | vol. 116 | no.42 | 21147

IMMUNOLOGY AND

INFLAMMATION



[/

pa

A

=y

RORGaf* RORg2IEC

0

I

©

£

-

=

c I-1b, Tnfa
@

n

(1]

2 .

)

g

°

o

o

o I-1b, Tnfa 1-1b, Tnfa

Fig. 6. Schematic models shows RORa function as a transcriptional repressor
of inflammatory genes in DSS-induced colitis. The schematic models illustrates
the role of ROR«x in IECs after tissue injury. RORa attenuates NF-«B signaling via
HDAGQ3 recruitment and dismisses BRD4/CBP on the NF-kB target promoters for
attenuation of intestinal inflammation to restore the epithelial barrier (Left).
Failure of RORW/HDAC3 recruitment further allowed BRD4/CBP occupancy on
the NF-xB target promoters, leading to highly activated inflammation and
impaired tissue regeneration in IECs (Right).

to IBD. Genome-wide association studies (GWAS) have iden-
tified novel single-nucleotide polymorphisms in genes such as
Nod2, I123r, and Atgl6ll as key susceptibility genes for the patho-
genesis of IBD in humans (46, 47). GWAS has shown that ROR«a
is a potential candidate genetic factor for the development of
autoimmune diseases, including asthma (48). Thus, it is plausible
that genetic variants of the Rora gene may confer genetic suscep-
tibility to IBD pathogenesis in humans. Furthermore, a systemic
analysis of circadian genes using a genome-wide complementary
DNA microarray from human patients with Crohn’s disease and
ulcerative colitis indicates that RORa is a novel therapeutic target
for the treatment of IBD (49).

Analysis of specific-up-regulated DEGs in DSS-injured
RORa&*E€ mice has revealed significant hits in cell division and
cell cycle as well as inflammation, implying that the up-regulated
gene expression profiles of cell division and cell cycle did not
correlate with in vivo phenotypes of slow cellcproliferation during
the recovery phase in DSS-injured RORo*™=“ mice (Fig. 2 D and
E). It would be plausible that severe and sustained inflammation in
IECs from DSS-injured RORa*™C mice overwhelmed prolifera-
tive capability and disrupted the functional stepwise process of
wound healing. Effective wound healing should follow sequential
stages: inflammation, proliferation, and remodeling. Unlike RORo™
mice, the gene signatures in the RORa*'™“ mice showed simul-
taneous inflammation and proliferation upon DSS treatment,
which are abnormal conditions in the epithelium during the wound-
healing process. Thus, the high expression of genes involved in cell
cycle and division would not positively correlate with epithelial cell
proliferation under the severe inflammation induced by DSS
treatment.

We identify HDAC3 as an indispensable corepressor for
RORa-mediated attenuation of NF-kB signaling in IECs. Con-
sistent with our observation, recent studies have shown that intestine-
specific HDAC3 deficient mice exhibited impaired gene regu-
lation to maintain intestinal homeostasis in IECs, including de-
creased basal expression of genes associated with antimicrobial
defense (35). Critically, deletion of HDACS3 in IEC:s led to loss of
Paneth cells, impaired IEC function, and dysbiosis in the com-
position of commensal bacteria (35). Although the specific
mechanisms through which IEC-intrinsic RORa expression
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regulates commensal bacteria-derived signals to maintain IEC
responses remain to be determined, these data indicate that
RORa may play a critical role to modulate the expression of
genes, including antimicrobial peptides, and keep balance of
symbiosis of commensal bacteria to maintain inflammatory
signaling in IECs.

To delinecate whether RORa is capable of directly regulating
NF-«B target gene expression, we performed a ChIP assay using
putative RORE motifs on /L-1f promoters. We observed that
RORa failed to be recruited to the putative RORE on IL-1p
promoters in both RORa” and RORa*™C mice (SI Appendix,
Fig. S10), suggesting that RORa modulates NF-kB target genes in
trans-mechanisms by directly binding to p65 for the suppression of
p65-mediated transcriptional activities and recruiting numerous
corepressor complexes, such as HDAC3.

In conclusion, our data indicate that RORa requires HDAC3
to attenuate NF-kB signaling to maintain intestinal homeostasis
and tissue regeneration during DSS-induced colitis. Our findings
provide a direct link between RORa and HDAC3 to maintain
intestinal homeostasis under diverse environmental stresses.
Therefore, therapeutic strategies designed to modulate RORa
activity would be beneficial for the treatment of intestinal in-
flammation, such as ulcerative colitis.

Materials and Methods
Additional methods are provided in S/ Appendix.

Mice. Previously described RORa mice were bred to mice expressing Cre-
recombinase under the control of the villin promoter (The Jackson Labora-
tory) to generate RORa'E< (50). All mice used were 8 to 10 wk old. The sample
sizes for all animal studies are indicated in each figure legend. Mice were
housed in a specific pathogen-free Association for Assessment and Accredita-
tion of Laboratory Animal Care-accredited facility under controlled conditions
of temperature (25 °C) and light (12 h light/12 h dark, lights switched on at
7:00 AM). Food and water were available ad libitum. All mice used in these
experiments were backcrossed to C57BL/6 mice for at least 8 generations. Ani-
mals for each group of experiments were chosen randomly. The primers
used in PCR analysis for genotyping floxed alleles are as follows: forward 5'-
GCTTGTGGGTTTCTCCTACA-3’ and reverse 5-GCAGCAAGTGTTGTGTCCCA-3".

All animal studies and procedures were approved by the Institu-
tional Animal Care and Use Committee of the National Cancer Center
Research Institute.

Antibodies and Reagents. The following commercially available antibodies
were used: Anti-RORa (PA5-11224) antibody was purchased from Thermo
Fisher Scientific, anti-HDAC3 (ab7030) and anti-H3K9Ac (ab4441) antibodies
were purchased from Abcam, anti-p65 (no. 8242) antibody was purchased
from Cell Signaling Technology, anti-lamin A/C (sc-6215) and anti-CBP
(sc-583) antibodies were purchased from Santa Cruz Biotechnology, anti-B-actin
(A1978) antibody was purchased from Sigma, antitubulin (LF-PA0146A) an-
tibody was purchased from Abfrontier, and anti-BRD4 (A301-985A) antibody
was purchased from Bethyl Laboratories.

Murine Colitis Model. DSS (catalog no. 160110; MP Biomedicals; relative
molecular mass of 36,000 to 50,000 Da) was added to drinking water at
2% (wt/vol) for either 5 or 7 d, and mice were then allowed to recover by drinking
water for an additional 3 or 7 d.

RNA-Sequencing Analysis. Total RNAs were extracted from RORa*'®C and
RORa«™ IECs on day 0 and day 8 using a Qiagen RNeasy Kit, and the mRNA-
sequencing libraries were prepared with an lllumina TruSeq RNA Library.
One hundred-base pair paired-end reads were produced using an Illlumina
HiSeq 2000 system. Adapter sequences were trimmed from the raw data
using Trimmomatic v0.36 (51). The trimmed reads were aligned to the
mm10 genome assembly and the transcriptome using STAR v2.5.3a (52),
along with GENCODE M16 annotation. RSEM v1.3.0 (53) was used to calcu-
late the expected read counts and transcripts per millon (TPM) for each
sample from the corresponding BAM files. The read counts were processed
using DESeqg2 v1.18.1 (54) to identify DEGs, and GO analysis was performed
using DAVID v6.8 (55). The TPM values were log,-transformed and used for
following downstream analyses, such as hierarchical clustering, k-means
clustering, and GSEA (version 2.0) (56, 57). The phenotype label for GSEA
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was set to RORa™f on day 0: RORa™ on day 8: RORK*'E€ on day 0: RORK*'E€ on
day 8 = 1:2:1:3, and the Pearson correlation coefficient was then calculated
per gene for ranking. Finally, C2 and C5 gene sets in MSigDB (molecular
signature database) v6.2 were used for the enrichment score.

Statistical Analysis. For animal studies, the sample size for experiments was
determined empirically based on previous studies to ensure appropriate sta-
tistical power. Animals for each group of experiments were chosen randomly.
No animals were excluded from statistical analysis, and the investigators were
not blinded in the studies. Statistical analysis of different groups was performed
using the Student’s unpaired t test. Bars in graphs in accompanying figures
indicate mean + SEM. GraphPad Prism 5 was used for all analyses.
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