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Abstract

Goblet cell loss, which leads to the reduction of mucin secretion, is a hallmark of ulcerative colitis
(UC). We previously reported that steroid receptor coactivator 3 (SRC-3), a transcriptional
coactivator, contributes to host defense against Citrobacter rodentium by recruiting neutrophils,
suggesting a role of SRC-3 in intestine homeostasis. However, the biological role of SRC-3 in UC
remains unclear. Here, we showed that SRC-3" mice were more susceptible to dextran sulfate
sodium (DSS)-induced colitis compared with wild-type mice after oral administration of 2% DSS
dissolved in drinking water. After oral administration of 2% DSS, SRC-3" mice displayed higher
mortality rate, significant body weight loss, and higher clinical symptom scores compared to
wild-type mice. SRC-3" mice suffered a severe loss of mature colonic goblet cells, leading to more
severe histopathology and more proinflammatory cytokine production. Mechanistically, SRC-3"-
mice exhibited a decreased expression of transcription factor KLF4 in the colons, which is
responsible for colonic goblet cell differentiation and maturation. At the molecular level, SRC-3
cooperated with c-Fos to promote KLF4 expression at the transcriptional level. These results
demonstrate that SRC-3 can ameliorate DSS-induced colitis by inhibiting inflammation and
promoting colonic goblet cell differentiation and maturation through enhancing the expression of
transcriptional factor KLF4, which is responsible for colonic goblet cell differentiation and
maturation.
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Introduction

The inflammatory bowel diseases (IBD), characterized by injury of intestinal epithelial cells

comprising ulcerative colitis (UC) and Crohn's
disease (CD), are inflammatory diseases of the
intestine [1,2]. They mainly occur in developed
countries, but their occurrence rate is increasing in
developing countries [1,2]. Although UC and CD are

and chronic relapsing inflammation, they are different
in clinical manifestations. CD patients exhibit
discontinuous and transmural inflammation and CD
etiology is associated with decreased antimicrobial
peptides (e.g. defensin) [3,4,5,6], NOD2 expression in
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Paneth cells [7], autophagy and ER stress within
Paneth cells [8]. Unlike CD, UC patients exhibit
continuous and superficial inflammation, goblet cell
depletion, and mucus layer attenuation, and UC
etiology  correlates with increased intestinal
permeability [9,10] and decreased MUC2 production
[11,12,13]. Although etiologies of IBD are not well
known, the intestinal epithelial barrier dysfunction is
crucial in the pathogenesis of IBD. Oral administering
DSS can induce intestinal inflammation that is
considered as an animal model of human UC [14]. It
has been reported that the colonic mucus barrier is
essential for protecting mice from DSS-induced colitis
[15,16,17,18]. Goblet cell development regulated by
the transcriptional program plays a critical role in
protecting against DSS-induced colitis [19]. The
intestinal epithelial cell proliferation is required for
protecting against DSS-induced colitis [20,21].
Additionally, tight junctions are the major regulators
of the epithelial barrier function and can protect
against DSS-induced colitis through regulating
intestinal epithelial homeostasis via Notch signaling
[22]. Therefore, there is a great need to better
understand intestinal epithelial barrier function,
which can provide information for therapeutic
restoration of barrier function.

Steroid receptor coactivator 3 (SRC-3), which
belongs to a member of the pl60 SRC family, can
interact with multiple nuclear hormone receptors and
transcription factors to regulate the expression of their
target genes [23]. Our previous study has
demonstrated that SRC-3~/- mice are more sensitive to
LPS-induced endotoxic shock compared with
wild-type mice, as SRC-3~/- macrophage can produce
more proinflammatory cytokines (e.g. TNF-a, IL-6,
and IL-1P) via regulating these cytokines mRNA
translation [24]. Our recent study has shown that
SRC-3~/- mice display delayed clearance of Citobacter
rodentium and more severe tissue pathology after oral
infection with C. rodentium, due to a decreased
production of chemokines CXCL2 and CXCL5 and
decreased recruitment of neutrophils [25], indicating
that SRC-3 plays a critical protective role in
bacteria-induced colitis. However, the biological role
of SRC-3 in UC remains unclear.

In the current study, we accessed the biological
role of SRC-3 in DSS-induced colitis by comparing the
responses of SRC-3/- mice and wild-type mice after
oral administration of 2% DSS. We found that SRC-3-/
mice were dramatically sensitive to DSS-induced
colitis compared with wild-type mice and SRC-3
could prevent DSS-induced colitis by promoting
goblet cell differentiation and maturation via
regulating the expression of transcriptional factors
related to the goblet cell differentiation and

maturation.

Materials and Methods

Mice

SRC-3/- mice (on C57BL/6x129Sv background)
were generated as described previously [26].
Wild-type mice serve as control mice. 6-8 weeks old
female mice were used in all experiments. Animal
experiments were approved by the Laboratory
Animal Center of Xiamen University, Xiamen, Fujian,
China.

DSS-induced colitis model

Colitis was induced by oral administration of 2%
(w/v) of DSS (molecular mass 36,000-50,000; MP
Biologicals) dissolved in autoclaved drinking water
for 7 days, and then normal drinking water was
replaced until the end of the experiment. The DSS
solutions were changed every two days. For survival
study, mice were monitored over the next 14 days. For
other experiments, samples were collected at 0, 4, and
6 days after DSS administration.

Determination of clinical scores

Body weight, stool consistency and intestinal
bleeding were determined up to 10 days after 2% DSS
administration. Scoring for stool consistency and
intestinal bleeding was accessed as described
previously [27]. In a brief, stool consistency scores
were determined as followed: well-formed stools
were scored as 0, semi-formed stools which didn’t
adhere to the anus were scored as 1, semi-formed
stools adhering to the anus were scored as 2, and
diarrhea was scored as 3. Intestinal bleeding scores
were determined as followed: no blood determined
by wusing hemoccult kits (Nanjing Jiancheng
bioengineering Institute, Nanjing, China) was scored
as 0, positive hemoccult was scored as 1, visible blood
traces in stool was scored as 2, and rectal bleeding was
scored as 3. The averaged stool consistency and
intestinal bleeding scores were calculated as the
clinical score.

Histopathology

Colon tissues were fixed in 10 % neutral formalin
and embedded in paraffin. Five pm sections were
prepared and stained with hematoxylin and eosin.
Scoring for inflammation and tissue damage was
determined as described previously [28]. Briefly,
inflammation scores were determined as followed:
casual inflammatory cells in the colonic lamina
propria were assigned score 0, increased
inflammatory cells in the colonic lamina propria were
assigned score 1, confluent inflammatory cells
extending into the colonic submucosa was assigned

http://www.ijbs.com



Int. J. Biol. Sci. 2018, Vol. 14

2053

score 2, and transmural extension of inflammatory
cells was assigned score 3. Crypt damage scores were
accessed as followed: no crypt damage was scored as
0, basal 1/3 crypt damaged was scored as 1, basal 2/3
crypt damaged was scored as 2, only surface
epithelium intact was scored as 3, and entire crypt
and epithelium loss was scored as 4. Five random
fields per colon of at least four mice per group were
chosen to analyze histological scoring.

Colon culture

The colon segment was removed, cut open
longitudinally, weighed and washed in PBS
containing penicillin and streptomycin. The colon
segment was incubated at 37 °C in 24 flat-bottom well
culture plates containing 1 ml of fresh RPMI 1640
medium for 24 h. Culture supernatants were collected
at 13,000 rpm for 5 min at 4 °C and stored at -80 °C
until analysis.

Cytokines measure

The concentrations of IL-6, IL-13, TNF-a, IFN-y
and CCL2 in the colon culture supernatants were
determined by ELISA kits (eBioscience) according to
manufacturer’s instructions.

Goblet cell and mucus layer preservation ex
vivo

The medium colon after excision were
immediately placed in Ethanol-Carnoy’s fixative
(ethanol: acetic acid = 3:1) at 4 °C for 2 hours and then
put in 100% ethanol. Fixed colon tissues were
embedded in paraffin and 5 pm sections were
prepared. Sections were stained with Alclan blue
(AB)/Periodic  Acid-Schiff (PAS). Images were
acquired with microscope.

Cell PAS staining

ShCtrl and shSRC-3 stable knockdown LS174T
cells were grown on glass chamber slides. After
overnight culture, cells were fixed with ethanol-acetic
acid (3:1) for 15 min at room temperature, and then
stained with 0.5% periodic acid solution for 5 min at
room temperature. Remove excess stain of the slides
with tap water and then cells were stained with
Schiffs reagent in dark for 15 min at room
temperature. After washing with water for 5 min, cells
were counterstained with hematoxylin.

Immunohistochemistry

4 pm paraffin  sections were prepared,
deparaffinized and rehydrated. Antigens were
retrieved by citrate buffer (pH 6.0) under microwave
heating for 15 min. To block nonspecific binding sites,
sections were incubated with 10% goat serum for 10
min at room temperature and then were incubated

with anti-SRC-3 (cell signaling, 5E11, #2116) and
anti-MUC2  (Proteintech Group, 27675-1-AP) for
overnight at 4°C. Sections were incubated with 3%
H>O; for 10 min at room temperature to eliminate
endogenous peroxidase activity. Then sections were
incubated with EliVision kits (Maixin) at room
temperature. And sections were incubated with DAB
reagent for 2-10 min at room temperature in dark to
visualize stained proteins.

Quantitative real-time PCR

Total RNA from tissues and cells were extracted
using Trizol reagent (Invitrogen). Total RNA (1 pg)
was reversely transcribed using ReverTra Ace Qpcr
RT Master Mix kit (TOYOBO). Real-time PCR
reactions were performed using FastStart Universal
SYBR Green Master (Rox) (Roche). Relative mRNA
level was calculated by normalization to GAPDH. The
sequences of primers for quantitative real-time PCR
will be provided upon request.

Co-immunoprecipitation assays and
immunoblot analysis

For Co-immunoprecipitation (Co-IP) assays,
293T cells or LS174T cells were lysed with lysis buffer
(150 mM NaCl, 200 mM Tris, 25 mM sodium
pyrophosphate, 5 mM EDTA, 10 mM sodium
orythovanadate, 10 mM glycerolphosphate, 50 mM
NaF, ImM PMSF and protein inhibitors cocktail).
Total cell lysates were immunoprecipitated with
anti-SRC-3 antibodies (Santa Cruz, C-20, sc-7216),
anti-c-Fos antibodies (Santa Cruz, H-125, sc-7202) or
control rabbit immunoglobulin G (IgG) (Sigma-
Alrich, 15006). After washing five times with cell lysis
buffer, samples were analyzed by immunoblot. For
immunoblot analysis, LS174T cells were lysed in
RAPA buffer (150 mM NaCl, 50 mM Tris, 0.1% SDS, 1
mM EDTA, 1% Triton X-100, 50 mM NaF, 1 mM PMSF
and protease inhibitors cocktail). Proteins were
quantified with BCA assay. Equal amount of proteins
were loaded onto 8%  sodium  dodecyl
sulfate-polyacrylamide gels and transferred onto
polyvinylidene difluoride membranes (Millipore),
followed by immunoblotting with anti-SRC-3 (cell
signaling, 5E11, #2116), anti-KLF4 (Proteintech
Group, 11880-1-AP), MUC2 (Santa Cruz, B306.1,
sc-59859)or  anti-B-actin  (Sigma-Alrich, A5441).
Western blots were analyzed by using a Tonen Image.

Construction of plasmids and luciferase
reporter assay

Human KLF4 full-length cDNA was amplified
by PCR from LS174T cells, and then was inserted into
pCR3.1-HA vector. The KLF4 promoter fragment
-908—+405 bp was inserted into pGL3-basic vector to
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produce the KLF4 promoter reporter plasmid.
Mutated c-Fos recognition site at the KLF4 promoter
was generated by a one-step site-directed and
site-saturation mutagenesis method [29]. The primers
of site-directed mutation of c-Fos site were yielded as
followed: mut-Fos, forward, 5- TGGATGgacCACGC
GGATAATCGCGCTCTT-3, reverse, 5'- CGCGTGgtc
CATCCAGCCCTCCATCTCC-3’". Lowercase letters
indicate mutated site. DNA sequencing was used to
verify the nucleotide sequences of these constructs.
Luciferase activity was performed by a Dual
Luciferase Reporter Assay System (Promega,
Madison, WI). Renilla luciferase activity was used to
normalize transfection efficiency.

Chromatin immunoprecipitation assay

LS174T cells or SRC-3-knockdown LS174T cells
were used for chromatin immunoprecipitation (ChIP)
assay and were performed according to the method
described by Abcam (Cambrige, MA). The primers
were used as followed: c-Fos binding site at KLF4
promoter, forward, 5-AGCGGACTCCTGCGAGC
G-3" and reverse, 5- GCGTCCGCACCCCTGCTA-3".
Anti-SRC-3 (C-20, sc-7216) and anti-c-Fos (H-125,
sc-7202) antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA).

Statistical analysis

The log-rank methods were used to analyze
mortality rate. Data were collected from at least two
independent experiments. All data were expressed as
mean + SD or mean + SEM. Statistical significance
was examined by two-tailed Student t test.

Results

SRC-3-- mice are more susceptible to
DSS-induced colitis compared with wild-type
mice

To study the role of SRC-3 in DSS-induced
colitis, we first accessed the mortality rate of SRC-3-/-
mice and wild-type mice after oral administration of
2% of DSS dissolved in sterile distill water for 7 days.
Only 9.1% of wild-type mice died during study
period, while a mortality rate of 54.8% was observed
in SRC-37/- mice (Fig. 1A). More susceptibility of
SRC-3/- mice noted in the survival assay was reflected
in more body weight loss and a higher combined
score of stool consistency and occult bleeding. DSS
administration induced more body weight loss in
SRC-37/- mice at day 7 post-DSS administration
compared with wild-type mice (Fig. 1B). SRC-3-/- mice
exhibited more severe diarrhea (Fig. 1C) and fecal
bleeding (Fig. 1D) compared with wild-type mice. To
further investigate the severity of colitis, we measured
the colon length of SRC-3-/- mice and wild-type mice

at days 0, 4, 6, and 14 post-DSS administration. The
colon length of SRC-3-/- mice and wild-type mice was
comparable at day 0, whereas the colon length of
SRC-3-/- mice was shorter than that of wild-type mice
at days 4, 6, and 14 post-DSS administration (Fig.1 E
and F). These results demonstrate that SRC-3 plays a
critical protective role in DSS-induced colitis.

SRC-3-- mice display more severe intestinal
histopathology and produce more
proinflammatory cytokines than do wild-type
mice after DSS administration

It is well known that DSS administration could
trigger histopathological changes in the colons of
DSS-administrated wild-type mice characterized by
crypt loss and inflammation [30]. Therefore, colon
sections were used for histological examination by
hematoxylin and eosin (H&E) staining. There were no
signs of tissue damage and inflammation in the colons
of wild-type mice and SRC-37/- mice without DSS
treatment (Fig. 2A). Only minimal evidence of crypt
loss and tissue damage was observed in the colons of
wild-type mice at days 4 and 6 post-DSS
administration (Fig. 2A). In contrast, colonic sections
from SRC-37/- mice at days 4 and 6 post-DSS
administration exhibited severe crypt loss and
transmural inflammation in the lamina propria and
submucosa (Fig. 2A). There were intact crypt and
minimal inflammation in the colons of wild-type mice
at day 14 post-DSS administration, while SRC-3-/-
mice still exhibited serious inflammation and crypt
damage (Fig. 2A). Histopathological scoring for crypt
damage and inflammation revealed the markedly
higher degree of epithelial injury and inflammation in
SRC-3/- mice at days 4 and 6 post-DSS administration
compared with wild-type mice (Fig. 2B). During
recovery, SRC-3-/- mice continued to exhibit higher
scores for epithelial injury and inflammation, whereas
wild-type mice recovered fast (Fig. 2B).

It has been reported that proinflammatory
cytokines can modulate the severity of DSS-induced
colitis [30], so we analyzed the levels of
proinflammatory cytokines in the colonic culture
supernatant of SRC-3-/- mice and wild-type mice. The
concentrations of IL-13, IL-6, and CCL2 were
comparable between SRC-37/- mice and wild-type
mice without DSS administration, but the
concentrations of IL-1p, IL-6, and CCL2 in the colonic
culture supernatant of SRC-3/- mice were
significantly elevated at days 4 and 6 post-DSS
administration (Fig. 2C). The concentrations of TNF-a
and IFN-y in the colonic culture supernatant of
SRC-3-/- mice were significantly higher than those in
the colonic cultured supernatant of wild-type mice at
days 0, 4, and 6 post-DSS administration (Fig. 2C).
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Collectively, these results suggest that the dramatic
susceptibility of SRC-37/- mice to DSS could be
partially due to a significant increase in production of
proinflammatory cytokines after DSS administration.

SRC-3-- mice suffer a severe loss of colonic
goblet cells

Colonic goblet cells can secret mucus such as
MUC2 to protect colons from different type of injuries
[31]. Goblet cell loss is a hallmark of ulcerative colitis,
which can lead to a reduced mucus secretion. Colonic
goblet cell dysfunction can exacerbate DSS-induced
colitis [19]. To determine whether SRC-3 deficiency
could affect colonic goblet cell differentiation, we
examined mature goblet cells by AB/PAS staining on
the colonic sections from wild-type mice and SRC-3+/-
mice at days 0, 4, and 6 post-DSS administration.
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AB/PAS staining showed a decreased abundance of
mature PAS* cells in the colons of SRC-37/- mice
compared with wild-type mice at day 0 post-DSS
administration (Fig. 3A). The mature goblet cells were
depleted in the colons of both SRC-3-/- mice and
wild-type mice at days 4 and 6 post-DSS
administration, but the depletion of mature goblet
cells in the colons of SRC-3-/- mice was more severe
when compared to wild-type mice (Fig. 3A).
Consistently, MUC2 immunostaining showed that
SRC-3/- mice had reduced MUC2-positive colonic
goblet cells at days 0, 4, and 6 post-DSS
administration (Fig. 3B). These results indicate that
loss of SRC-3 severely impairs the differentiation of
goblet cells.
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Figure 1. SRC-3-- mice are more susceptible to DSS-induced colitis compared with wild-type mice. (A) Survival of SRC-3-- mice and wild-type mice
after oral administration of 2% DSS dissolved in sterile distill water for 7 days. Survival curve was calculated by the log-rank methods. Results were calculated from
three independent experiments. Body weight change (B), combined scores of stool consistency (C) and bleeding scores (D) of SRC-3-- mice (n = 13) and wild-type
mice (n = 15) after oral administration of 2% DSS dissolved in sterile distill water for 7 days. Macroscopic pictures (E) and colonic length (F) of SRC-3-- mice (n = 8)
and wild-type mice (n = 8) after oral administration of 2% DSS dissolved in sterile distill water for 7 days. Pictures are representative of three independent

experiments. ¥p<<0.05, *¥p<<0.01.
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To determine whether reduced intestinal goblet
cells in SRC-3/- mice can influence the thickness of
colonic inner mucus layer, which plays an essential
role in protecting the intestine from diverse types of
insults [31], we measured the thickness of inner
mucus layer in the colons of SRC-37/- mice and
wild-type mice. We found that SRC-3-/- mice had
reduced thickness of colonic inner mucus layer
compared with wild-type mice (Fig. 3C). These results
suggest that SRC-3 can protect against DSS-induced

colitis by promoting the differentiation of

mucus-secreting intestinal goblet cells.

Transcriptional factor KLF4 is decreased in the
colons of SRC-3-- mice compared to wild-type
mice

To determine whether the defect in
differentiation of intestinal goblet cells in SRC-3/-
mice is due to a transcriptional imbalance, we
examined the expression of several transcription
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factors such as GFI1, SPDEF, HES5, and KLF4, which
are essential for goblet cell differentiation and
maturation [32]. The mRNA levels of GFI1, SPDEF,
and HES5 in the colons of SRC-3~/- mice were similar
to wild-type mice at day 0 post-DSS administration
(Fig. 4A-C), but lower than wild-type mice at day 6
post-DSS  administration (Fig. 4A-C). The mRNA
levels of KLF4 in the colons of SRC-3-/- mice were
significantly lower than wild-type mice at both days 0
and day 6 post-DSS administration (Fig. 4D). The
expression pattern of colonic protein KLF4 was

A Day 0 Day 4

++ (8

consistent with the expression pattern of its mRNA
(Fig. 4E). Because the number of colonic goblet cells in
SRC-37/- mice was reduced at both days 0 and 6
post-DSS  administration, and among four
transcription factors examined, only KLF4 expression
was reduced in the colons of SRC-37/- mice at both
days 0 and 6 post-DSS administration compared with
wild-type mice, we speculated that reduced KLF4
most likely accounts for the reduced colonic goblet
cell number.
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Figure 3. SRC-3-- mice suffer a severe loss of mature colonic goblet cells. (A) Representative AB/PAS staining of the colon sections from SRC-3-- mice (n
= 6) and wild-type mice (n = 10) at days 0, 4, and 6 post-DSS administration (left panels). Quantification of AB/PAS positive cells (right panels). Arrow and arrowhead
denote AB-positive cells (blue) and PAS-positive cells (pink), respectively. (B) Representative MUC2 immunostaining of the colon sectins from SRC-3-- mcie (n = 5)
and wild-type mice (n = 5) at days 0, 4 and 6 post-DSS administration (left panels). Quantification of MUC2-positive cells (right panels). Arrow denotes MUC2-positive
cells (brown). (C) Representative AB/PAS staining of the colon sections from SRC-3-- mice and wild-type mice (left panels). Arrow represents inner mucus layer.
Quantification of thickness of inner mucus layer (right panels). Data are mean + SEM. *p<<0.05, *¥p<<0.01.
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SRC-3 promotes KLF4 expression through
cooperating with transcription factor c-Fos.

Since KLF4 expression was reduced in the colons
of SRC-3-/-mice and SRC-3 was mainly expressed in
colonic enterocytes, including goblet cells, of
wild-type mice without and with DSS administration
(Supplementary Fig. 1), we hypothesized that KLF4
expression may be regulated by SRC-3 in colonic
epithelial cells. To test this hypothesis, we determined
whether SRC-3 could regulate the expression of KLF4
in colonic goblet cell-like LS174T cells. We established
two SRC-3-knockdown stable LS174T cell lines using
two different short hairpin RNA against SRC-3
(shSRC-3-1 and shSRC-3-2), and then examined the
effects of SRC-3 knockdown on the expression of
KLF4. The mRNA levels of KLF4 in two
SRC-3-knockdown cell lines were significantly
reduced compared with control LS174T cells (Fig. 5A).
Consistently, the protein levels of KLF4 in
SRC-3-knockdown LS174T cell lines were also
markedly decreased (Fig. 5B). What's more, MUC2
protein levels in SRC-3-knockdown LS174T cells were
significantly reduced (Fig. 5B). SRC-3 knockdown
reduced the levels of PAS-staining (red color) of
LS174T cells (Fig. 5C). We next determined whether
KLF4 overexpression can rescue MUC2 expression
and SRC-3-knockdown-induced losses of PAS

staining. Western blot analysis showed that KLF4
overexpression could partly rescue MUC2 expression
in SRC-3-knockdown LS174T cells (Fig. 5D). KLF4
overexpression could also rescue SRC-3-knockdown-—
induced losses of PAS staining (Fig. 5E). These results
suggest that SRC-3 maintains goblet cell-like
phenotype of LS174T cells at least in part via
enhancing KLF4 expression.

Furthermore, we examined whether SRC-3 could
promote KLF4 transcription by transfecting KLF4
promoter reporter into control and SRC-3-knockdown
LS174T cells. KLF4 promoter activity was decreased
in SRC-3-knockdown LS174T cells (Fig. 5F),
suggesting that SRC-3 can promote KLF4 expression
at the transcriptional levels.

To determine which transcription factor SRC-3
can cooperate to promote KLF4 expression, the
sequence of human KLF4 promoter was screened in
three databases (PROMO, http://alggen.lsi.upc.es/
cgi-bin/promo_v3/promo/ promoinit.cgi?dirDB=TF_
8.3; Jaspar, http://jaspar.genereg.net/; signal scan,
https:/ /www-bimas.cit.nih.gov/molbio/ signal/ ) to
look for the potential transcription factor binding
sites. We found a transcription factor c-Fos binding
site (YTGAGTCA-13) at the KLF4 promoter,
implicating that c-Fos may bind to this site to induce
KLF4 expression. To assess whether SRC-3 could
enhance c-Fos-induced KLF4 expression, LS174T cells
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were transfected with KLF4 promoter reporter and  1.16-fold and 1.2-fold, respectively, cotransfection of
the expression vectors of SRC-3, c-Fos, and SRC-3 plus ~ SRC-3 and c-Fos markedly induced KLF4 promoter
c-Fos, respectively. Although transfection of SRC-3  activity 2.58-fold (Fig.5G), indicating that SRC-3 can
and c-Fos only induced KLF4 promoter activity = cooperate with c-Fos to induce KLF4 expression.
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Figure 5. SRC-3 promotes KLF4 expression through cooperating with transcription factor c-Fos. (A) KLF4 mRNA expression was reduced in two
SRC-3-knockdown stable LS174T cell lines (shSRC-3-1 and shSRC-3-2). Data are mean + SD (n = 3). (B) The expression of KLF4 and MUC2 proteins was reduced
in two SRC-3—knockdown LS174T cell lines. (C) SRC-3 knockdown inhibited goblet cell differentiation of LS174T cells. Goblet cell differentiation was assessed by
PAS staining. (D) KLF4 overexpression partly rescued MUC2 expression in SRC-3-knockdown LS174T cells. (E) KLF4 overexpression rescued
SRC-3-knockdown—induced losses of PAS staining. (F) KLF4 promoter activity was decreased in shSRC-3-1 and shSRC-3-2 LS174T cells. Data are mean + SD (n =
3). (G) SRC-3 cooperated with c-Fos to enhance the activity of the KLF4 promoter. (H) Mutation analysis of the role of c-Fos binding site in c-Fos/SRC-3—-mediated
activation of the KLF4 promoter. LS174T cells were transfected with wild-type KLF4 promoter reporter (pKLF4-Fos-WT) and c-Fos binding site mutated KLF4
promoter reporter (pKLF4-Fos-Mut) together with SRC-3 expression plasmid and c-Fos expression plasmid, respectively. KLF4 promoter activity was assayed at 24
h post-transfection. Data are mean + SD (n = 3). (I) KLF4 protein was reduced in c-Fos—knockdown LS174T cells. (J) KLF4 mRNA expression was decreased in
c-Fos—knockdown LS174T cells. Data are mean + SD (n = 3). (K) KLF4 promoter activity was decreased in c-Fos—knockdown LS174T cells. Data are mean + SD (n
=3). ¥<<0.05, *p<<0.01.
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We next performed mutation analysis to
determine the role of c-Fos binding site in
c-Fos/SRC-3-meditated activation of KLF4 promoter.
Cotransfection of SRC-3 and c-Fos expression
plasmids could synergistically induce the activity of
wild-type KLF4 promoter (pKLF4-Fos-WT) 3.27-fold
(Fig. 5H), while it failed to induce the activity of KLF4
promoter carrying mutated c-Fos binding site
(pKLF4-Fos-Mut)  (Fig. 5H). What's  more,
si-c-Fos—mediated knockdown of c-Fos in LS174T
cells reduced the expression of KLF4 protein and
mRNA (Fig. 5I and J). KLF4 promoter activity was
also decreased in c-Fos—knockdown LS174T cells (Fig.
5K). These results suggest that c-Fos binding site at
the KLF4 promoter plays an important role in
c-Fos/SRC-3—-mediated activation of KLF4 promoter.

Both c-Fos and SRC-3 are recruited to c-Fos
binding site at the KLF4 promoter

To determine whether c-Fos and SRC-3 can be
recruited to c-Fos binding site at the KLF4 promoter in
LS174T cells, ChIP assays were performed. Results
showed that both c-Fos and SRC-3 could be recruited
to KLF4 promoter, and the recruitment was increased
after overexpressing c-Fos (Fig. 6A and B), indicating
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that SRC-3 is recruited to KLF4 promoter in a
c-Fos—dependent manner. Interestingly, SRC-3
knockdown not only reduced SRC-3 recruitment to
KLF4 promoter (Fig. 6C), but also reduced c-Fos
recruitment to KLF4 promoter (Fig. 6D), suggesting
that SRC-3 can also affect c-Fos recruitment to KLF4
promoter. These results implicate that both SRC-3 and
c-Fos are recruited to KLF4 promoter to cooperatively
enhance KLF4 promoter activity.

SRC-3 interacts with c-Fos through the S/T
and HAT domains of SRC-3

To determine whether SRC-3 could interact with
c-Fos to conduct its coactivating function, we
transfected 293T cells with SRC-3 and c-Fos
expression plasmids and then performed Co-IP
assays. As shown in Fig. 7A, SRC-3 antibodies could
immunoprecipitate c-Fos from cell lysates and c-Fos
antibodies could immunoprecipitate SRC-3 from cell
lysates. Additionally, the interaction of endogenous
SRC-3 and c-Fos in LS174T cells could also be detected
by Co-IP assays using SRC-3 antibodies and c-Fos
antibodies, respectively (Fig. 7B).
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Figure 6. Both c-Fos and SRC-3 are recruited to c-Fos binding site at the KLF4 promoter. (A) c-Fos could be recruited to KLF4 promoter, and the
recruitment was increased after c-Fos overexpression. (B) SRC-3 could also be recruited to KLF4 promoter, and the recruitment was increased after c-Fos
overexpression. (C) SRC-3 knockdown reduced SRC-3 recruitment to KLF4 promoter. (K) SRC-3 knockdown reduced c-Fos recruitment to KLF4 promoter. Data

are mean +SD (n = 3). *p<<0.05, ***»<C0.001.
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SRC-3 contains bHLH domain,
serine/threonine-rich  (S5/T) domain, receptor
interaction domain (RID), CBP interaction domain
(CID), and histone acetyltransferas (HAT) domain
(Fig. 7C, upper panel). To identify which domain
within SRC-3 can interact with c-Fos, c-Fos were
coexpressed with full-length SRC-3, bHLH domain,
S/T domain, RID domain, CID domain, and HAT
domain in 293T cells, and then Co-IP assays were
performed. The results showed that SRC-3 interacted
with c-Fos through its S/T and HAT domains (Fig.
7C, lower panel).

Discussion

The critical role of innate inflammatory cells in
IBD is reflected by the underlying proinflammantory
effects of their secreted cytokines, especially TNF-a
and IL-6, which have implicated in the pathogenesis
of IBD [31]. Anti-TNF-a antibody [33,34] or blockade
of IL-6 signaling [35] can ameliorate colitis in mice
and/or human IBD models, suggesting that these
inflammatory cytokines play an important role in
intestinal inflammation. In this study, we have
showed that SRC-3-/- mice are more susceptible to the
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lethality caused by DSS-induced colitis and produce
more proinflammatory cytokines compared with
wild-type mice. Therefore, the increased sensitivity of
SRC-3+/- mice to DSS-induced colitis is, at least in part,
due to the elevated proinflammatory cytokines. Our
previous study has shown that SRC-3 can regulate
proinflammatory cytokines (e.g. TNF-a, IL-6, and
IL-1P) translation via cooperating with translational
repressors TIA-1 and TIAR [24].

UC is characterized by goblet cells loss, which
leads to a reduced mucus secretion. As protective
mucins, trefoil factors and other proteins secreted by
goblet cells, are necessary for the integrity of barrier
function and for inhibiting microflora-driven
intestinal inflammation, therefore the mucus layer has
a critical role in intestinal homeostasis [31]. The inner
mucus with its barrier function is a crucial factor in
limiting bacteria to get to the epithelium and its defect
can initiate the inflammation [10]. Once barrier
integrity is broken down, luminal bacteria and toxins
can be recognized by innate immune cells residing in
lamina  propria, producing proinflammatory
cytokines [36,37]. These proinflammantory cytokines
trigger inflammatory cascades, leading to colonic
tissue damage and chronic inflammation [38]. In this
study, we found that SRC-3 was expressed in colonic
goblet cell and SRC-3/- mice displayed less mature
goblet cells in the colons at days 0, 4, and 6 post-DSS
administration compared with wild-type mice.
Furthermore, SRC-3-/- mice has a thinner mucus layer
than wild-type mice, lining with the results of lower
number of goblet cells. These results suggest that
colonic goblet cell dysfunction in SRC-3-/- mouse is
one of the causes of severe DSS-induced colitis.
Therefore, we focused on goblet cells but no other
colonic cells for further study although we could not
exclude the possible contributions of other colonic
cells to the protection of intestine from DSS-induced
colitis.

Several transcription factors essential for goblet
cell differentiation and maturation have been
identified, including HES5, GFI1, SPDEF, and KLF4
[32]. Notch signaling can drive progenitor cells to
specifically differentiate into enterocytes [39], whereas
inhibiting Notch signaling can induce progenitor cells
to become secretory lineages in the intestine [40].
Notch mutant promotes HES5 expression in
post-mitotic intestinal epithelium, resulting in an
increase of differentiated goblet cells [41], suggesting
HES5 can directly regulate goblet cell differentiation.
GIF1 governs intestinal secretory cell differentiation
and is necessary for the normal development of goblet
cells [42,43]. SPDEF can promote goblet cell
maturation [44,45]. The transcription factor KLF4 is
required for goblet cell differentiation [46,47].

Moreover, deletion of GFI1, KLF4, or SPDEF, which
are constitutively expressed in mature goblet cells,
can lead to the loss of mature goblet cells [42,44,46]. In
this study, our results showed that the expression of
transcription factors SPDEF, HES5, GFI1, and KLF4 in
the colons of SRC-37/- mice at day 6 post-DSS
administration was dramatically decreased compared
with wild-type mice, implicating that SRC-3 may
regulate goblet cell differentiation and maturation

during intestinal inflammation by directly or
indirectly regulating the expression of these
transcription factors.

Before DSS administration, SRC-3-/- mice already
exhibited colonic goblet «cell dysfunction as
demonstrated by a reduction of mature goblet cells
and a thinner mucus layer as compared with
wild-type mice, implying that goblet cell dysfunction
is the cause of more severe colitis after DSS
administration. = Among  four  goblet  cell
differentiation-related transcription factors examined,
only KLF4 expression in the colon of SRC-3-/- mice
was markedly reduced at both days 0 and 6 post-DSS
administration compared with wild-type mice,
implicating that reduced KLF4 is the primary
transcription factor responsible for goblet cell
dysfunction in the colons of SRC-3~/- mice. In light of
these results, we focused on studying how SRC-3
regulates KLF4 expression. Previous study has shown
that SRC-3 can directly regulate KLF4 expression in
embryonic stem cells [48], and SRC-3 can serve as a
coactivator for AP-1 (including c-Fos and c-Jun) to
enhance its transcriptional activity  [49,50].
Consistently, our results showed that SRC-3 could
interact with c-Fos, and both SRC-3 and c-Fos could
be recruited to c-Fos binding site at the KLF4
promoter in a mutually dependent manner to enhance
KLF4 transcription, suggesting that SRC-3 promotes
goblet cell differentiation and maturation through
cooperating with c-Fos to promote KLF4 expression.

It has been reported that IL-18 enhanced
DSS-induced colitis and mucosal damage by
downregulating the expression of transcriptional
factors GFI1, SPDEF, and KLF4 to inhibit goblet cell
maturation [19], demonstrating that goblet cell
maturation plays a critical role in DSS-induced colitis.
Our results are in agreement with this notion.
Intriguingly, Ghaleb et al showed that deletion of
KLF4 in mouse intestinal epithelium protected
intestine from DSS-induced colitis by repressing
NF-xB pathway inflammatory response [51]. We
found that the expression of p-p65 and IxBa was
comparable in the colonic epithelial cells of wild-type
and SRC-3/- mice without or with DSS administration
(Supplementary Fig. 2), indicating that deletion of
SRC-3 does not repress NF-xB pathway inflammatory
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response in mouse intestinal epithelium, although it
reduces the expression of KLF4. This may explain the
discrepancy between our study and Ghaleb’s study.

We previously reported that SRC-3 protected
against enteric  bacteria-induced  colitis by
upregulaing CXCL2 expression to recruit neutrophils
for enteric bacteria clearance [25]. In this study, we
showed that SRC-3 protected against DSS-induce
colitis by governing goblet cell differentiation via
upregulating KLF4 expression. Therefore, our studies
demonstrate that SRC-3 plays its protective role via
different mechanisms in dealing with different types
of colitis, highlighting the important protective
function of SRC-3 against colitis.
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