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SUMMARY

Intestinal epithelial cell–specific nuclear receptor core-
pressor 1 (NCoR1)-deficient mice show increased suscepti-
bility to chemical-induced ulcerative colitis. Colonic stem cell
proliferation and secretory cell differentiation are regulated
by NCoR1. Disruption of NCoR1 weakened barrier protec-
tion, allowing luminal products such as butyrate to penetrate
and synergistically damage colonic crypt cells.
BACKGROUND & AIMS: Colonic stem cells are essential for
producing the mucosal lining, which in turn protects stem cells
from insult by luminal factors. Discovery of genetic and biochemical
events that control stem cell proliferation and differentiation can be
leveraged to decipher the causal factors of ulcerative colitis and aid
the development of more effective therapy.

METHODS: We performed in vivo and in vitro studies
from control (nuclear receptor corepressor 1 [NCoR1F/F])
and intestinal epithelial cell–specific NCoR1-deficient mice
(NCoR1DIEC). Mice were challenged with dextran sodium sulfate
to induce experimental ulcerative colitis, followed by colitis
examination, barrier permeability analysis, cell proliferation
immunostaining assays, and RNA sequencing analysis. By
using crypt cultures, the organoid-forming efficiency, cell
proliferation, apoptosis, and histone acetylation were analyzed
after butyrate and/or tumor necrosis factor a treatments.

RESULTS: NCoR1DIEC mice showed a dramatic increase in dis-
ease severity in this colitis model, with suppression of prolif-
erative cells at the crypt base as an early event and a
concomitant increase in barrier permeability. Genome expres-
sion patterns showed an important role for NCoR1 in colonic
stem cell proliferation and secretory cell differentiation. Colonic
organoids cultured from NCoR1DIEC mice were more sensitive
to butyrate-induced cell growth inhibition and apoptosis, which
were exaggerated further by tumor necrosis factor a co-
treatment, which was accompanied by increased histone
acetylation.
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CONCLUSIONS: NCoR1 regulates colonic stem cell proliferation
and secretory cell differentiation. When NCoR1 is disrupted, bar-
rier protection is weakened, allowing luminal products such as
butyrate to penetrate and synergistically damage the colonic crypt
cells. Transcript profiling: RNA sequencing data have been
deposited in the GEO database, accession number: GSE136153.
(Cell Mol Gastroenterol Hepatol 2020;10:133–147; https://doi.org/
10.1016/j.jcmgh.2020.01.014)
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lcerative colitis (UC), one of the principal types of
Abbreviations used in this paper: AMP, antimicrobial peptide; BrdU,
bromodeoxyuridine; BW, body weight; Cldns, claudins; DCS, deep
crypt secretory; DSS, dextran sodium sulfate; HDAC, histone deace-
tylase; HFD, high-fat diet; H3K, histone H3; IBD, inflammatory
bowel disease; IEC, intestinal epithelial cell; FITC-d, fluorescein
isothiocyanate–dextran; IL, interleukin; NCoR1, nuclear receptor co-
repressor 1; RT-qPCR, quantitative reverse-transcription polymerase
chain reaction; TNFa, tumor necrosis factor a; UC, ulcerative colitis;
UCSD, University of California, San Diego; WRN, Wnt-3A, R-Spondin
3, and Noggin.
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Uinflammatory bowel disease (IBD), is characterized
as a long-term condition that results in colon and rectum
inflammation. Often starting in the rectum with bloody
diarrhea, UC can extend continuously to proximal segments
and even the entire large intestine. Associated with society
modernization and a Western lifestyle, UC has become an
expanding global health concern with the highest incidence
and prevalence in Northern Europe, Australia, and North
America.1 After worldwide industrialization, a significant
increase in the incidence and prevalence of UCwas observed
in Asia, especially South-East Asia and Japan.1,2 In China, the
most populated country with the fastest growth of urbani-
zation and a Westernized lifestyle, the prevalence for UC
increasedmore than 3-fold from the 1980s to 1990s, and the
incidence rate increased 6-fold between 1985 and 2006.3

Quality of life for individuals with UC is compromised sub-
stantially because of frequent flare-ups leading to additional
complications, including an increased risk for colorectal
cancer.4–6

The exact etiology of UC has not been identified, but the
pathogenesis of UC clearly is multifactorial, involving ge-
netic predisposition, epithelial barrier defects, dysregulated
immune responses, and environmental factors.7 Most of the
current therapeutic approaches target symptoms such as
inflammation, using monoclonal antibodies targeting the
inflammatory cytokine tumor necrosis factor a (TNFa) and
the integrins.1,8 However, these approaches fail to change
the relapsing-remitting course of UC or prevent additional
clinical interventions such as colectomy.9,10 After the ap-
plications of genetically modified animal models and high-
throughput sequencing, many key factors that are crucial
in UC initiation and progression have been gradually iden-
tified and characterized. Emerging therapeutic targets pro-
vide opportunities to implement precision medicine
designed to improve specific disease outcomes, such as
mucosal healing,11,12 which has been confirmed to be
associated with improved long-term outcome of UC treat-
ment.13,14 Colonic stem cells, similar to other intestinal stem
cells, reside at the bottom of the crypt base and are
responsible for continuous mucosal regeneration to main-
tain normal intestinal homeostasis and to repair the
mucosal layer after injury. Impaired function of intestinal
stem cells results in mucosal barrier breakdown and the
penetration of luminal contents. The importance of the
colonic stem cells have been leveraged in clinical studies by
experimenting with stem cell transplantation to relieve the
inflammatory symptoms of UC.15–17 A thorough
understanding of the disruptive events leading to colonic
stem cell impairment is essential to identify those events
leading to damage of the mucosal lining.

Nuclear receptor corepressor 1 (NCoR1), a major
epigenetic regulator, interacts with a set of nuclear re-
ceptors and limits chromatin accessibility by recruiting
chromatin-modifying enzymes, such as histone deacetylases
(HDACs), resulting in transcriptional inhibition.18,19 In adi-
pocytes and macrophages, the deletion of NCoR1 has been
linked with anti-inflammatory effects through nuclear re-
ceptors peroxisome proliferator-activated receptor-g and
liver X receptor,20,21 but in bone marrow, the disruption of
Bcl6-silencing mediator of retinoic acid and thyroid
hormone receptor/NCoR1 interactions results in severe
atherosclerosis.22 These findings indicate a prominent tis-
sue- and cell-specific role for NCoR1 in regulating inflam-
mation. The importance of intrinsic NCoR1 in intestinal
homeostasis was discovered in our laboratory when we
generated intestinal epithelial cell (IEC)-specific NCoR1
deletion mice (NCoR1DIEC) and identified the role of NCoR1
in regulating IEC proliferation and enterocyte maturation
during neonatal development.23 However, the role of NCoR1
in the context of gastrointestinal disease remains unknown.
By using dextran sodium sulfate (DSS), a standard agent
used to induce experimental colitis in mouse models, the
current work has focused on mechanistic studies of NCoR1
in colonic crypt cells and colitis development.

Results
Mice With Intestinal NCoR1 Deletion Are More
Sensitive to DSS-Induced Colitis

We generated IEC-specific NCoR1 deletion mice
(NCoR1DIEC) by cross-breedingfloxedNCoR1mice (NCoR1F/F)
with mice carrying the Villin-Cre transgene (Figure 1A). The
successful deletion of NCoR1 was shown at both transcrip-
tional and protein levels by quantitative reverse-
transcription polymerase chain reaction (RT-qPCR) of colon
tissues and Western blot analysis of nuclear proteins pre-
pared from ileum samples (Figure 1B). During development,
NCoR1DIECmice had no obvious abnormalities, both male and
female mice developed into adulthood with regular repro-
ductivity and normal body weight (BW) (Figure 1C). We then
used DSS, a standard agent used to induce experimental co-
litis in murine models.24 Both NCoR1F/F and NCoR1DIEC mice
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were treated with 2.5% (w/v) DSS in their drinking water for
6 days and BW changes were monitored daily for up to 13
days. As shown in Figure 1D, NCoR1F/F mice were minimally
affected, whereas NCoR1DIEC mice showed profound BW loss
(P < .0001; 2-way analysis of variance; n ¼ 10). The BW
difference was observed initially at day 5 after DSS exposure.
The greatest BW loss was observed on day 8 (DSS 6 days plus
water 2 days) with a 17.7% ± 1.5% weight loss in NCoR1DIEC

vs 8.1%±2.0% inNCoR1F/Fmice (malemice). After day 8, BW
began to recover in both groups, but NCoR1DIECmice showed
slower recovery compared with controls. No gender differ-
ence was observed in this experiment; both male and female
mice showed a similar DSS-induced BW loss (Figure 1D).
Compared with DSS-NCoR1F/F mice, DSS-NCoR1DIEC mice
showed shrinkage of the cecum and signs of inflammation
(Figure 1E). Although there was no difference in colon length
at this time point between the 2 groups, the percentage of
colon length decrease in DSS-NCoR1DIEC mice was much
greater than in DSS-NCoR1F/F mice (Figure 1F and G).When
H&E staining was performed in the drinking water group,
NCoR1DIEC mice showed limited histologic difference from
NCoR1F/F mice. However, DSS-treated NCoR1DIEC mice
showed increased disease severity as quantitated by the
histopathologic colitis score, which is based on the severity of
ulcerative lesions, disrupted epithelial structure, and
increased inflammatory cell infiltration (Figure 1H and I).
Consistently, RT-qPCR also showed increased expression of
immune cell–derived proinflammatory cytokines TNFa,
interleukin (IL)1b, and IL6 in the colon tissues in DSS-
NCoR1DIEC mice (Figure 1J–L). These results suggest that
NCoR1 plays an important role in protecting the colon from
DSS-induced colitis.
Suppression of Proliferative Cells at the Crypt
Base Is an Early Event in DSS-Treated
NCoR1DIEC Mice With Concomitant Increase of
Barrier Permeability

To investigate if NCoR1 deletion compromises the
epithelial barrier function, we tested the ability of fluores-
cein isothiocyanate–dextran (FITC-d), a 3- to 5-kilodalton
marker, to pass through the colonic barrier. In addition to
naïve mice, we examined 2 DSS exposure time points. An
early time point on DSS day 3, which precedes any signs of
BW loss or severe inflammation, and the other on DSS day 5
when mice have significant BW loss. Naïve NCoR1F/F and
NCoR1DIEC mice showed similar permeability to FITC-
d (Figure 2A). On day 3 after DSS exposure, NCoR1DIEC

mice started to show a significant increase of the fluores-
cence in their sera (P < .05), but no changes were observed
in NCoR1F/F serum samples. On day 5, increased FITC-d in
serum samples were observed in both strains, with signifi-
cantly increased permeability still observed in
DSS-NCoR1DIEC mice (Figure 2A). Thus, compared with
NCoR1F/F mice, NCoR1DIEC mice are more prone to the
disruption of barrier integrity.

To further investigate the role of NCoR1 toward cell
proliferation, bromodeoxyuridine (BrdU) incorporation
analysis was performed. Four hours after BrdU
intraperitoneal injection, mouse tissues were collected for
immunostaining of BrdU-positive (BrdUþ) cells. We showed
that in naïve NCoR1DIEC mice BrdUþ cells had increased by
approximately 70% (n ¼ 5; P < .05) (Figure 2B). On day 2
after DSS exposure, no significant changes were observed in
DSS-NCoR1F/F mice; however, BrdUþ cells were decreased
significantly more than 35% in DSS-NCoR1DIEC mice (n ¼ 5; P
< .01). On day 4, a decrease of BrdUþ cells also was observed
in DSS-NCoR1F/F mice, but DSS-NCoR1DIEC mice showed more
severe damage (P < .05). The decrease of proliferative cells
likewise was observed through the loss of proliferative
marker Ki67 (Figure 2C). These results showed that NCoR1
plays a biphasic role in regulating colonic cell proliferation.
Under physiological conditions, IEC-NCoR1 deletion stimu-
lates colonic cell proliferation, but in colitic mice cell prolif-
eration was decreased sharply in NCoR1DIEC mice.
DSS Exposure Induces Differential Gene
Expression in NCoR1DIEC Vs NCoR1F/F Mice,
Highlighted by Altered Inflammatory Response
and Attenuated Cell Division

To investigate the underlying mechanisms of NCoR1 in
DSS-induced colitis development, we performed RNA
sequencing analysis. NCoR1F/F and NCoR1DIEC mice were
treated with water (naïve) or 2.5% DSS. On day 3 after DSS
treatment, RNA was prepared from colon tissue. This
experiment consisted of 4 groups, as follows: (1) water only
for NCoR1F/F mice (F/F_naïve); (2) DSS-treated NCoR1F/F

mice (F/F_DSS); (3) water only for NCoR1DIEC mice (DIE-
C_naïve); and (4) DSS-treated NCoR1DIEC mice (DIEC_DSS).
RNA from 3 mice per group were combined as 1 sample,
with 4 samples from each group subjected for RNA
sequencing as previously described.23 Sequencing reads
were aligned to the mouse reference genome (mm10)
produced by the University of California, Santa Cruz (UCSC).
Results showed that DSS treatment was associated with
alterations in transcript abundance for more than 2000
genes in NCoR1F/F mice (F/F_naïve vs F/F_DSS) and more
than 3000 genes in NCoR1DIEC mice (DIEC_naïve vs
DIEC_DSS) (Figure 3A). We then further compared
DIEC_DSS vs F/F_DSS samples and identified 633 genes
with a fold change greater than 0.75 (up or down) and a P
value less than .05. Gene Ontology Enrichment Pathway
analysis showed that in the up-regulated genes, the
increased inflammatory response was hallmarked
(Figure 3B and C). This is consistent with the increased
transcription of IL1b, TNFa, and other cytokines shown in
Figure 1J–L. In those genes that were down-regulated,
pathway analysis targeted organelle division and cell-
cycle control as the most impacted group of genes
(Figure 3B), represented by many cyclins, cyclin-dependent
kinases, kinesins, and many other cell division–associated
genes (Figure 3C). In particular, we identified that stem
cell markers, including leucine-rich repeat-containing G-
protein–coupled receptor 5 (Lgr5),25 and achaete-scute
family basic helix-loop-helix transcription factor 2
(Ascl2),26 which are expressed mitotically in active intesti-
nal stem cells and contribute robustly to intestinal
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Figure 2. NCoR1DIEC mice show increased epithelial permeability after DSS treatment and altered proliferative cells.
(A) FITC-d permeability analysis. NCoR1F/F and NCoR1DIEC mice were treated with water or DSS for 3 or 5 days, respectively.
On the last day, each mouse was administered 20 mg of FITC-d through oral gavage. After 4 hours, blood samples were
collected for serum, and FITC-d concentrations were measured and calculated from a FITC-d standard curve. Data are
described as FITC concentration (n ¼ 6). (B) BrdU incorporation analysis. Mice were treated with BrdU at 100 mg/kg by
intraperitoneal injection on the last day of DSS exposure. Slides were examined under an upright Imager A2 microscope
(Zeiss), at least 10 photographs of different areas were taken of each slide. Scale bar: 40 mm. BrdUþ cells were enumerated
and described as BrdUþ cells per villous (n ¼ 5). (C) On day 3 after DSS exposure, colon samples were dissected for im-
munostaining of Ki67. Photographs were taken under a Leica TCS SP5 X confocal microscope and LAS AF imaging software.
Scale bar: 50 mm. Ki67þ cells were counted and described as average Ki67þ cells per field (n ¼ 6). DAPI, 40,6-diamidino-2-
phenylindole. *P < .05, **P < .01.

2020 Functions of NCoR1 in Experimental Colitis 137
homeostatic regeneration, were decreased more signifi-
cantly in DSS-NCoR1DIEC mice (Figure 3D and E). These
results indicate that NCoR1 plays an important role in
protecting the proliferative cells in the colon.

In RNA sequencing data analysis, we noticed that 2
groups of genes, associated with cell differentiation and
Figure 1. (See previous page). Intestinal NCoR1 deletion mice
the removal of exon 11 in the NCoR1 gene that leads to the crea
(B) RT-qPCR of NCoR1 concentrations in colon tissue from NC
using nuclear fractions isolated from ileum to examine NCoR1 a
age (n ¼ 10 per group). (D) Kinetics of BW change (n ¼ 10). Bot
with either water (naïve) or 2.5% DSS dissolved in drinking wate
BW was monitored daily for 13 days (n ¼ 10 per group). (E) Gr
collected from mice (6 days of DSS treatment and 2 days of wa
DSS treatment and 2 days of water, colon lengths were measu
mice was described as the percentage change of colon length
litis score. (I) Colon tissues were collected on DSS day 5. H&E st
40 mm. Images were examined using a 20� Plan-Apochroma
microscope (Zeiss) with an Axiocam 506 color camera and ZEN2
in colon tissues collected from both naïve and DSS-treated mice
Student t test analyses were performed, and P values smaller th
.01, and ***P < .001.
barrier integrity, were regulated significantly (Figure 3F and
G). Intestinal stem cells arise and differentiate into 2 line-
ages: absorptive and secretory. The absorptive cells, enter-
ocytes in the small intestine or colonocytes in the colon,
constitute most of the epithelium needed to absorb water
and electrolytes. The secretory cells, including the goblet
are more sensitive to DSS-induced colitis. (A) An outline of
tion of mice with an IEC-specific NCoR1 deletion (NCoR1DIEC).
oR1F/F (F/F) and NCoR1DIEC (DIEC) and Western blot analysis
nd HDAC1 concentrations. (C) BW of adult mice at 8 weeks of
h male (_) and female (\) mice at 8 weeks of age were treated
r. After 6 days, mice were restored to regular drinking water.

oss pictures of naïve (water) and DSS-treated mice of colons
ter). (F) Colon tissues were dissected on day 8 after 6 days of
red (n ¼ 6). (G) The decrease of colon length of DSS-treated
s of DSS-treated over naïve mice (n ¼ 6). (H) Pathologic co-
aining showing damaged colon in NCoR1DIEC mice. Scale bar:
t objective (numeric aperture, 0.8) on an upright Imager A2
012 imaging software. (J–L) RT-qPCR of cytokine expression
(DSS day 5, n ¼ 6). Results were described as means ± SEM,
an .05 were considered statistically significant. *P < .05, **P <



Figure 3. RNAsequencingandpathwayanalysis.NCoR1F/FandNCoR1DIECmicewere treatedwithwater orDSS.Onday3, colon
RNA was prepared. Samples from 3 mice were combined as 1 sample, with 4 samples from each group subjected for RNA
sequencing analysis. Total RNA was used for preparation of the sequencing libraries using the Illumina Trueseq RNA Sample Prep
Kit, and the sequencing was performed on aHiseq4000 (Illumina, San Diego, CA). RNA-seq readswere aligned to themousemm10
genome. (A) Heat map comparing gene expression differences betweenNCoR1F/F andNCoR1DIECmice treated with either water or
DSS. (B) Pathway analysis of DSS-NCoR1F/F vs DSS-NCoR1DIEC mice. (C) Representative markers of down-regulated (in blue) and
up-regulated (in red) genes betweenDSS treatedNCoR1F/F andNCoR1DIECmice. (D andE) RNA sequencing reads of intestinal stem
cell marker genes Lgr5 andAscl2. The data are presented as the percentage changewhen compared with naïveNCoR1F/Fmice. (F)
Transcriptional alteration of DCS cell marker Reg4 and AMP genes. (G) Expression of theCldns. The data are described as reads in
fragments per kilobase of exon per million mapped reads. Ctrol, control; PLD, Phospholipase D; PLK, polo-like kinase-1. *P < .05,
**P < .01, ***P < .001, and ****P < .0001.
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cells, enteroendocrine cells, and Paneth cells, secret mucins,
hormones, and antimicrobial peptides (AMPs), respectively,
to form the epithelial barrier that facilitates intestinal
protection.27–30 Paneth cells reside at the base of the crypts
in the small intestine, protecting the adjacent stem cells by
secreting high concentrations of AMPs.29,30 Colons lack
Paneth cells, but deep crypt secretory (DCS) cells serve as
Paneth equivalents in the colon crypt.31 Single-cell
messenger RNA sequencing identified DCS cells as a sub-
population of goblet cells,32,33 marked by regenerating islet-
derived family member 4 (Reg4) and cKitþ.31–33 Ablation of
Reg4þ DCS cells results in loss of stem cells from colonic
crypts and disrupts gut homeostasis.31 In our RNA
sequencing study, we found that Reg4 largely was inhibited
in naïve NCoR1DIEC mice without DSS exposure (Figure 3F).
A group of AMPs, such as Ang4, Itln1, Retnlb, and Wfdc2,
produced mainly by secretory cells including Paneth, DCS,
and goblet cells,28,34,35 also were inhibited dramatically
(Figure 3F). The altered secretory cells may compromise the
innate protection in NCoR1DIEC mice and predispose mice to
the initiation and development of colitis. Another group of
genes are the claudins (Cldns). Cldns are the main de-
terminants of barrier properties of tight junctions.36 From
our preliminary RNA sequencing data, several of the Cldn
genes were induced after DSS treatment, with an acceler-
ated induction in NCoR1DIEC colons, whereas others were
reduced (Figure 3G). Many Cldn genes show differential
regulation in naïve mice after NCoR1 deletion, similar to
Reg4 and AMPs. Because these proteins maintain tight
junction properties, this indicates a disruption of colon
barrier integrity. Cldn2 and Cldn15 both were down-
regulated in DSS treatment, and to a greater extent in
DSS-NCoR1DIEC mice. This is of interest because their ex-
pressions are localized to the deep crypt cells.37,38 In brief,
these data strongly suggest that NCoR1 plays an important
role in maintaining colonic epithelial cell homeostasis and
the barrier integrity, and the absence of NCoR1 leads to the
compromise of epithelial barrier protection, increasing mice
vulnerability to various disease factors.
NCoR1DIEC Crypts Were More Sensitive to
Butyrate-Induced Suppression of Proliferative
Cells

The faster and stronger barrier disruption in DSS-treated
NCoR1DIEC mice will lead to the exposure of deep colonic
stem cells to luminal contents, resulting in damage to cell
proliferation. Butyrate is one of the short-chain fatty acids
that is the end product of dietary fibers fermented by
anaerobic intestinal microbiota. Recent reports have shown
that butyrate, but not other short-chain fatty acids, is a
potent suppressor of colonic epithelial stem/progenitor
proliferation.39 We have shown that NCoR1DIEC mice show
greater barrier permeability, providing the possibility that
colonic crypt cells can be exposed to luminal factors,
including butyrate. Therefore, we examined if NCoR1 pro-
tects cells from butyrate-induced growth suppression.
Based on our experience isolating intestinal organoids40 and
published protocols,41 we have established a protocol for
colonic crypt culture. The role of NCoR1 in cultured crypt
cells isolated from NCoR1F/F and NCoR1DIEC colons was
determined (Figure 4A and B). Colony-forming efficiency
assays were performed from single cells isolated from
spheroids. Cells were incubated in culture medium in the
absence or presence of butyrate. On day 5, colonies were
quantified, and the size of the spheroids was measured via
microscopy. Both reduced numbers of colonies and
decreased spheroid size were observed in NCoR1DIEC in the
presence of 1 mmol/L butyrate (Figure 4C and D). Cells in
active proliferation also were analyzed by using the Click-iT
EdU Alexa Fluor 488 Imaging Kit (Thermo Fisher, Waltham,
MA). Cells positive in EdU fluorescence were largely
decreased after butyrate exposure, with a more significant
change in NCoR1DIEC cells (Figure 4E). When NCoR1F/F and
NCoR1DIEC crypts were treated with different concentrations
of butyrate ranging from 0.1 to 30 mmol/L, apoptosis
marker cleaved caspase 3 was increased at 3 mmol/L of
butyrate exposure in NCoR1DIEC but not in NCoR1F/F mice
(Figure 4F). Butyrate is a HDAC inhibitor that has been
linked to its suppression of colonic stem/progenitor cell
proliferation.39 We found that NCoR1DIEC crypts showed
higher induction of histone H3 lysine 9 acetylation (H3K9ac)
and H3K27ac after butyrate exposure (Figure 4F). NCoR1
may increase the resistance of crypt cells to the thresholds
of antiproliferative stimuli during injury.
Synergetic Effects of Butyrate and TNFa in
Inducing Crypt Cell Apoptosis, Especially in
NCoR1DIEC Cells

To study the potential interrelationships among in-
flammatory signaling, butyrate, and NCoR1, we treated the
cells with butyrate in the presence of TNFa. Results
showed that cotreatment with TNFa largely increased cell
apoptosis in both NCoR1F/F and NCoR1DIEC spheroids, as
examined by the induced apoptotic marker cleaved caspase
3 (Figure 5A). Histone markers H3K9ac and H3K27ac also
were increased dramatically. We suspected that the
increased apoptosis of the cotreatment likely was a result
of HDAC inhibition. We then used another HDAC inhibitor
trichostatin A to verify this possibility. We found that tri-
chostatin A, similar to butyrate, shows similar effects in
promoting cell death in combination with TNFa treatment
(Figure 5B). It is worth noting that TNFa also can minimize
histone deacetylation by depleting HDAC1.42 Therefore,
these results show that NCoR1 plays an important role in
maintaining the status of histone deacetylation. When
interrupted, histones are acetylated more easily by factors
including TNFa and butyrate, resulting in up-regulation of
genes that are associated with apoptosis. To study this
further, we used the histone acetyltransferase inhibitor
anacardic acid and cotreated with butyrate. The presence
of a histone acetyltransferase inhibitor successfully coun-
teracted the accumulation of H3K9ac and H3K27ac and
minimized butyrate-induced apoptosis in both NCoR1F/F

and NCoR1DIEC spheroids (Figure 5C), results that further
confirmed the importance of epigenetic modification in
butyrate-induced apoptosis.



Figure 4.NCoR1DIEC crypts weremore sensitive to butyrate-induced suppression of proliferative cells. (A) Image of colonic
crypt cells.Scale bar: 200 mm. Imageswere acquired using a 10� Ph1ADL (numeric aperture, 0.25) phase-contrast objective on an
inverted Nikon Ts2 microscope with a Nikon DS-Fi3 camera and Nikon NIS elements imaging software (Nikon Instruments, Inc,
Melville, NY). (B) RT-qPCR of NCoR1 in colonic crypt cells after a few time passages (n¼ 3). (C) Colony-forming efficiency. Crypt
cells were counted and plated at 10 cells/5 mL Matrigel and cultured in media supplemented with 1 mmol/L butyrate. After 5 days,
spheroids developed from crypt cells and were enumerated and described as the percentage of control cells with no butyrate
treatment. (D) The size of spheroids (diameter) was measured under a microscope, and grouped as large (>200 mm), medium
(100–200 mm), and small (<100 mm). The results were described as the percentage of total cell numbers. (E) EdU incorporation
assay. Two days after plating, cells were exposed to 1 mmol/L butyrate. Twenty-four hours later, cells were incubated with EdU at
final concentration of 10 mmol/L. One hour later, cells were fixed and permeated for immunostaining with EdU Click-iT reaction
cocktail containing Alexa Fluor–labeled primary antibody, followed by 40,6-diamidino-2-phenylindole staining. Images were ac-
quiredwith a Leica TCSSP5X confocalmicroscope and LASAF imaging software.Scale bar: 50 mm.EdUþ cellswere counted and
described as the percentage of total cell numbers. (F)NCoR1F/F andNCoR1DIEC spheroidswere treatedwith vehicle or 0.1, 1, 3, 10,
and 30 mmol/L butyrate for 24 hours. Whole-cell extracts were prepared for electrophoresis and Western blot. Band density of
targets and tubulin were quantified using Image Lab 5.2.1 software, and the results are described as the ratio of band density of
targets over tubulin. *P < .05, ***P < .001. BUT, butyrate; C-Casp, cleaved caspase.
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Discussion
Our findings define a critical function of NCoR1 in

fighting against UC by guarding proliferative cells in the
colon tissue. In our studies, we have shown that mice with
Figure 5. Synergetic role of butyrate, TNFa, and NCoR1 dele
with different concentrations of butyrate in the presence or abs
cells were collected and whole-cell extracts were prepared fo
concentrations of trichostatin (TSA) in the presence or absence
aration of whole-cell extracts that were used in Western blot an
presence or absence of anacardic acid (ANA, 10 mmol/L, Med
hours, whole-cell extracts were prepared for electrophoresis and
quantified using Image Lab 5.2.1 software, and the results were
BUT, butyrate; C-Casp, cleaved caspase.
IEC-NCoR1 deletion show more severe colitis when
exposed to DSS. DSS itself does not cause intestinal
inflammation directly. Instead, DSS-elicited chemical injury
to the epithelium, leading to exposure of the lamina
tion in inducing crypt cell apoptosis. (A) Cells were treated
ence of TNFa (20 ng/mL). Twenty-four hours after treatment,
r Western blot analysis. (B) Cells were treated with different
of TNFa (20 ng/mL) for 24 hours and followed by the prep-
alysis. (C) Cells were treated with butyrate (5 mmol/L) in the
ChemExpress), a histone acetyltransferase inhibitor. After 24
Western blot. The band densities of targets and tubulin were
described as the ratio of band density of targets over tubulin.
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propria and submucosal compartment to luminal antigens
and enteric bacteria, triggering inflammation.43 By using
the FITC-d permeability analysis, we determined that
FITC-d was detected earlier and at a higher concentration
in serum samples in DSS-treated knockout mice, indicating
that IEC-NCoR1 deletion mice showed increased fragility of
the epithelial barrier toward DSS-induced chemical injury.
In analyzing the potential cause, we discovered that in IEC-
NCoR1 colons, the expression of AMP genes, produced
mainly by secretory cells including goblet and DCS cells,
were down-regulated significantly. The changes were
noticed significantly in mice without DSS treatment. This
suggests the possibility that secretory cell lineage is
compromised after IEC-NCoR1 deletion. Secretory cell
lineage originates from colonic stem cells. Activation of
Notch signaling in Lgr5þ cells maintains self-renewal and
proliferation of stem cells, but it negatively regulates the
transcription factor Math1, which is necessary for differ-
entiation of the secretory cell lineages. Notch thus biases
cell fate toward the absorptive lineage.44 Because we have
observed that BrdUþ cells are increased after IEC-NCoR1
deletion in concert with AMP inhibition, it suggests that
NCoR1 might be important in balancing Notch signaling
and maintaining the secretory cell differentiation. It has
been reported that the decrease of histone deacetylation,
for example, by using HDAC inhibitor valproic acid, syn-
ergistically can maintain self-renewal of mouse Lgr5þ in-
testinal stem cells, resulting in nearly homogeneous
cultures of Lgr5þ cells, stimulating cell proliferation but
minimizing cell differentiation.45 Valproic acid has been
shown for its role in activating Notch signaling.46 We
suspect that NCoR1 may show this function through
regulating histone deacetylation. NCoR1 is known as a
nuclear-receptor corepressor that intermediates HDAC
with a host of nuclear receptors in regulating downstream
target genes. Thus, the deletion of IEC-NCoR1 leads to a
decrease in HDAC, which may activate Notch signaling and
minimize secretory cell differentiation. The decreased
production of secretory products, such as AMPs, predis-
pose mice toward various insults, such as DSS-induced
chemical insult, resulting in increased colitis severity.

We showed that NCoR1 deletion leads colonic crypt cells
to be more sensitive to butyrate-induced cytotoxicity. The
colon has high concentrations of butyrate-producing bacte-
ria. In the lumen of the colon, butyrate concentrations can
reach 10 mmol/L in mice, which is used primarily by
mature colonocytes as an energy source through fatty acid
oxidation.47,48 This process titrates butyrate concentrations
to 0.05–1 mmol/L when it reaches the crypt base where
colonic stem cells reside.47–49 This is important because the
concentration appears to be an important factor in deter-
mining the outcome of butyrate treatment. In our experi-
ments, we found that IEC-NCoR1 deletion cells have a higher
sensitivity toward butyrate-induced cell growth and
apoptosis, as determined by organoid-forming efficiency
and the cleavage of caspase 3, and these effects are exag-
gerated in the presence of TNFa. This is of great clinical
significance. Because UC patients have deteriorated barriers
and inflamed tissue, butyrate likely is penetrating to the
base area of the crypts, in which it synergizes with inflam-
matory molecules, such as TNFa, resulting in severe damage
of colonic stem cells. Many studies have emphasized the
beneficial role of butyrate for gut health in conditions that
include IBD, for which probiotics are popularly used to
promote the good bacteria producing butyrate. Thus, the
finding of the potential deteriorating effects of butyrate is of
great significance in human health, especially in individuals
with UC. This finding is concordant with recent publications
in which butyrate or butyrate-producing fermentable fiber
are found to exacerbate the severity of experimental col-
itis.39,50–53 These observations also coincide with current
practices to exclude fermentable oligosaccharides, di-
saccharides, monosaccharides, and polyols from the diet of
IBD patients.54,55

Caloric intake regulates tissue homeostasis and health.56

Diets with a high intake of fat, common in the Western
world and countries with similar lifestyles, have been
identified as risk factors for the development of UC and
IBD.1,57 In animal models, a high-fat diet (HFD) has been
associated with factors leading to the deterioration of in-
testinal homeostasis, including gut dysbiosis, increased
barrier permeability, and amplified chronic inflamma-
tion.58,59 Yamamoto et al60 confirmed that a HFD impairs
NCoR1-specific enhanced exercise endurance, a property in
NCoR1 deleted muscle tissue that induces the capacity to
metabolize oxygen after activation of peroxisome pro-
liferator-activated receptor-d and/or estrogen-related re-
ceptor alpha.60,61 This study provided convincing evidence
that the regulation of NCoR1 was linked directly to meta-
bolic homeostasis. The transcriptional co-repressor NCoR1
activity also can be interrupted post-translationally by
triggering the removal of NCoR1 from the nucleus, an event
that is induced by phosphorylation and ubiquitination.19,62

These events can be impacted directly by a HFD because
caloric overload is tied to the development of chronic
inflammation59 and the production of cytokines TNFa and
IL1b, both of which are signaling mechanisms for induction
of phosphorylation cascades. For example, mitogen-acti-
vated protein kinase kinase kinase 1 phosphorylates NCoR1
after IL1b,63 and c-Jun phosphorylation removed NCoR1
from promoter binding sites after the stress of lip-
osaccharide treatment.64 Therefore, we suspect that NCoR1
activity can be inhibited by HFD factors, such as excessive
fatty acids and/or induced cytokines, and the decrease of
NCoR1-repressive activity may function as a causal factor in
colitis development. Taken together, in this study we have
shown in vivo and in vitro the protecting role of NCoR1 in
the development of experimental colitis in mice. The envi-
ronmental triggers–NCoR1–colonic epithelium–butyrate
axis may serve as a causal factor in driving colitis initia-
tion and development and could be exploited as therapeutic
targets to reduce disease progression.
Methods
Animal Studies and Tissue Collections

We crossed NCoR1F/F mice23 with Villin-Cre transgenic
mice (Jackson Laboratory, Bar Harbor, ME)65 to generate
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NCoR1F/F (F/F) and NCoR1DIEC (DIEC) mice. All mouse
strains were housed in a pathogen-free University of Cali-
fornia, San Diego (UCSD) vivarium. All animal protocols
were reviewed and approved by the UCSD Animal Care and
Use Committee. Both male and female mice were included,
with siblings preferred for all the experiments. Colon tissues
were dissected from mice, washed with ice-cold phosphate-
buffered saline, snap-frozen in liquid nitrogen, and stored at
-80�C. Frozen tissues were pulverized for further RNA and
protein extraction. For histology studies, colons were
removed, opened longitudinally, and cleaned. Tissues were
prepared in a Swiss roll style and then either fixed in 10%
phosphate-buffered formalin for histologic examination or
embedded into optimal cutting temperature compound for
frozen sectioning.

Total RNA Preparation, RT-qPCR, and RNA
Sequencing Analysis

Total RNA from tissue and spheroid samples was
extracted using TRIzol reagent (Thermo Fisher Scientific).
For RT-qPCR analysis, the iScript complementary DNA
synthesis kit (Bio-Rad, Hercules, CA) was used for reverse
transcription, and real-time quantitative PCR experiments
were performed on a CFX96 qPCR system (Bio-Rad) using
Ssoadvanced SYBR Green reagent (Bio-Rad). For RNA
sequencing studies, each RNA sample consisted of RNA
from 3 mice, and 4 RNA samples (a total of 12 mice) per
group were analyzed as previously performed in our lab-
oratory.23 The sequencing library was prepared using the
Illumina TruSeq RNA Sample Prep Kit (FC-122-1001;
Illumina, San Diego, CA) with 1 ug of total RNA. The
sequencing was performed on an Illumina HiSeq4000
sequencer in the IGM Genomics Center at UCSD. RNA
sequencing data analysis was performed by Dr Christopher
Benner (UCSD). Image deconvolution, quality value calcu-
lation, and the mapping of exon reads and exon junctions
were performed by Dr Chris Benner (UCSD). Base calling
was performed using bcl2fastq (v2.17.1.14; Illumina). RNA
sequencing reads were aligned to the mouse genome
(mm10) with STAR (v2.2.0c) with default parameters, only
uniquely alignable reads were used for downstream
analysis. Gene expression values were calculated using
HOMER by quantifying strand-specific reads across anno-
tated gene exons (RefSeq) and reported as fragments per
kilobase of exon per million mapped reads. Sequencing
reads were aligned to the Mus musculus (UCSC mm10)
genome.

Histology, Immunohistochemistry, and
Immunofluorescence

Paraffin-embedded sections were used for routine
H&E staining, which were performed at the UCSD Can-
cer Center Histology Core. The histopathologic colitis
score was quantitated based on the presence and
severity of ulcerative lesions, disrupted epithelial
structure, damaged crypt architecture, and increased
inflammatory cell infiltration, with each parameter
scored on a scale of 0–3 (where none ¼ 0; mild ¼ 1;
moderate ¼ 2; and severe ¼ 3), which were summed to
provide an overall score.66 BrdU immunohistochemistry
was performed according to the manufacturer’s in-
structions (8800-6599-45; eBioscience Inc, San Diego,
CA). Briefly, mice were treated with BrdU at 100 mg/kg
by intraperitoneal injection. Paraffin-embedded colon
sections were applied for immunohistochemistry
staining and detected by the ABC detection system
(eBioscience, Inc. San Diego, CA). Slides were examined
using a 20� Plan-Apochromat objective (numeric aper-
ture, 0.8) on an upright Imager A2 microscope (Carl
Zeiss Microscopy, LLC, White Plains, NY) with an Axio-
cam 506 color camera and ZEN2012 imaging software.
Ten photographs at different areas were taken of each
slide. BrdUþ cells were enumerated and described as
BrdUþ cells per villous. Frozen sections were prepared
in optimal cutting temperature compound for immuno-
fluorescence staining. After the overnight incubation
with primary antibodies, slides then were washed and
stained with Alexa-488–conjugated secondary antibodies
(Life Technologies, Carlsbad, CA), alongside 40,6-
diamidino-2-phenylindole counterstaining. The following
antibodies were used: anti-Ki67 (GTX16667; GeneTex,
Irvine, CA), anti–b-catenin (sc-1496; Santa Cruz Biotech-
nology, Dallas, TX). Mounted slides were examined under a
Leica TCS SP5 X confocal microscope (Leica Microsystems
Inc, Buffalo Grove, IL) and LAS AF imaging software.
Ten photographs at different areas were taken of each
slide. Ki67-positive (Ki67þ) cells were enumerated and
described as Ki67þ cells per field.
FITC-d Permeability Analysis
BothNCoR1F/F andNCoR1DIECmicewere exposed to either

water or challenged with 2.5% DSS (40–50 kilodaltons;
Affymetrix, Santa Clara, CA) in their drinking water. We
examined 2 exposure time points after DSS treatment on day
3, which preceded any signs of BW loss or severe inflamma-
tion, andDSS day 5,whenmice had significant BW loss. On the
last day of DSS exposure, both naïve and DSS-treated groups
were administered 20 mg FITC-d dissolved in injectable
phosphate-buffered saline by oral gavage. After 4 hours,
blood samples were collected and prepared for serum. FITC-
d levels of diluted sera were measured at an excitation
wavelength of 485 nmand an emissionwavelength of 528 nm
(FilterMax F5 Multi-Mode microplate reader; Molecular De-
vices, San Jose, CA) and calculated from a FITC-d standard
curve. Data are described as the concentration of FITC
(ng/mL).

Crypt Isolation, Culture, and Passage
Colonic organoids (spheroids) were cultured as

described previously.40,41 Briefly, colon tissue isolated from
NCoR1F/F and NCoR1DIEC mice were incubated in 2 mg/mL
collagenase I solution (17018029; Thermo Fisher Scientific).
After incubation, the tissue mixture was filtered through a
70-mm cell strainer. Crypts were plated in Matrigel (BD
356231; BD Bioscience, San Diego, CA) and cells were
cultured in advanced Dulbecco’s modified Eagle medium/
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F12 (12634028; Thermo Fisher Scientific) with 50% Wnt-
3A, R-spondin 3, and Noggin (WRN) conditioned medium,
supplemented with 20% fetal bovine serum, 10 mmol/L of
A83-01 (a transforming growth factor b inhibitor), and 10
mmol/L Y-27632 (a ROCK inhibitor that enhances the sur-
vival and cloning efficiency of dissociated stem cells without
affecting their pluripotency). The WRN conditioned medium
containing Wnt-3A, R-spondin 3, and Noggin is produced by
the L-WRN cell line, a generous gift from Dr Thaddeus S
Stappenbeck (Washington University, St. Louis, MO). When
passaging for maintenance, spheroids were incubated with
0.25% Trypsin–EDTA and cells were dissociated by
vigorous pipetting.

Colony Forming Efficiency Assay
Colonic spheroids were removed from Matrigel and then

trypsinized for 10 minutes in 0.25% Trypsin–EDTA with
vigorous pipetting to achieve single cells. Cells were filtered
through a 40-mm cell strainer and then collected by
centrifugation. Cells were resuspended in Matrigel at 10
cells/5 mL. Cells were cultured, and media were changed
every other day in the presence or the absence of 1 mmol/L
butyrate. On day 5, single cells that formed spheroid col-
onies were quantified. Colony-forming efficiency was
described as a percentage of colonies formed in butyrate vs
control media (as a percentage). Spheroid size was
measured under microscopy and grouped as large (>200
mm), medium (100–200 mm), and small (<100 mm). The cell
counts of each group was compared with the total cell
counts and described as a percentage of the total.

EdU Click-iT Cell-Cycle Imaging Assay
The EdU Click-iT cell cycle imaging assay was performed

according to the manufacturer’s manual with slight modifi-
cation (C10639; Thermo Fisher Scientific). Briefly, 2 days
after cells were plated, half of the media was replaced with
fresh media containing 20 mmol/L EdU (5-ethynyl-2’-deoxy-
uridine). One hour later, cells were fixed in freshly made 4%
paraformaldehyde, washed with 3% bovine serum albumin,
and then blocked with phosphate-buffered saline containing
0.5% Triton X-100 (Sigma-Aldrich Corp, St. Louis, MO). Cells
then were immunostained with Click-iT reaction cocktail
containing Alexa Fluor–labeled primary antibody, followed
by 40,6-diamidino-2-phenylindole staining. Cells were
mounted gently on glass slides and imaged under a Leica TCS
SP5X confocalmicroscopewith LASAF imaging software. The
percentage of EdU-positive cells (S-phase cells) was
enumerated.

Protein Preparation and Western Blots
Tissue or cell lysates were prepared in a RIPA buffer

supplemented with protease inhibitor cocktail and phos-
phatase inhibitor cocktail. Electrophoresis was performed
by using BOLT 4%–12% gradient gel (Thermo Fisher Sci-
entific). Western blots were developed and imaged using a
ChemiDoc Touch Imaging System (Bio-Rad, Hercules, CA),
band density was quantified by using Image Lab 5.2.1
software. The following antibodies were used: cleaved
caspase 3 (9661; Cell Signaling), cleaved caspase 8 (8592;
Cell Signaling, Danvers, MA), H3K9ac (39137; Active Motif,
Carlsbad, CA), H3K27ac (ab4729; Abcam, Cambridge, MA),
and anti–a-tubulin (T9026; Sigma-Aldrich, St. Louis, MO).

Statistics
All results were subjected to statistical analysis. Student

t test analyses (nonparametric Mann–Whitney test)
were performed for most of the studies unless
specified otherwise. All statistics and graphs were generated
using GraphPad Prism software (GraphPad Software, San
Diego, CA). Data are expressed as means ± SEM, and P
values smaller than .05 were considered statistically
significant.
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