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Colonic epithelial mTORC1 promotes ulcerative colitis
through COX-2-mediated Th17 responses
Xiaojun Lin1, Qiuyi Sun1, Ling Zhou2, Minhong He2, Xiaoying Dong2, Mingqiang Lai1, Miao Liu1, Yongchun Su1, Chunhong Jia1,
Zelong Han3, Side Liu3, Hang Zheng2, Yu Jiang4, Hui Ling5, Mangmang Li1, Juan Chen1, Zhipeng Zou1 and Xiaochun Bai1

The functional role of colonic epithelium in the pathogenesis of ulcerative colitis (UC) remains unclear. Here, we reveal a novel
mechanism by which colonic epithelia recruit T helper-17 (Th17) cells during the onset of UC. mTOR complex 1 (mTORC1) was
hyper-activated in colonic epithelia of UC mice. While colonic epithelial TSC1 (mTORC1 negative regulator) disruption induced
constitutive mTORC1 activation in the colon epithelia and aggravated UC, RPTOR (essential mTORC1 component) depletion
inactivated mTORC1 and ameliorated UC. TSC1 deficiency enhanced, whereas RPTOR ablation reduced the expression of
cyclooxygenase 2 (COX-2), interleukin-1 (IL-1), IL-6, and IL-23, as well as Th17 infiltration in the colon. Importantly, inhibition of COX-
2 reversed the elevation in the expression of these proinflammatory mediators induced by TSC1 deficiency, and subsequently
reduced the symptoms and pathological characteristics of UC in mouse models. Mechanistically, mTORC1 activates COX-2
transcription via phosphorylating STAT3 and enhancing it’s binding to the COX-2 promoter. Consistently, enhanced mTORC1
activity and COX2 expression, as well as strong positive correlation between each other, were observed in colonic epithelial tissues
of UC patients. Collectively, our study demonstrates an essential role of epithelial mTORC1 in UC pathogenesis and establishes a
novel link between colonic epithelium, Th17 responses, and UC development.
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INTRODUCTION
Inflammatory bowel disease (IBD), which mainly comprises
ulcerative colitis (UC) and Crohn’s disease (CD), is a global disease
with increasing prevalence.1 Although its pathogenesis remains
unclear, IBD is believed to primarily result from a failure in the
homeostasis of innate and adaptive immune responses including
Th2 and Th17 cells.2 It was reported that the inflammatory
intestine of UC patients was characterized by massive Th17
cells infiltration and resulting amplification of cytokine release and
inflammatory processes.3,4 In humans, Th17 cells are initially
induced by the synergism between TGF-β and IL-6,5 followed by
an expansion stage directed by IL-21 activation6 and a
stabilization phase driven by the pro-inflammatory cytokines IL-1
and IL-23.7,8 However, the cell types and upstream pathways
initiating this cytokines-synergized Th17 response in UC remain
unclear.
The mechanistic target of rapamycin (mTOR) is a serine/

threonine kinase that exists as the catalytic subunit of two
biochemically distinct complexes called mTOR complex 1
(mTORC1) and mTORC2. Classically, mTORC1 controls cell
autonomous growth in response to nutrient availability and
growth factors. Recent evidence revealed the involvement of
immune cell-specific mTORC1 in various inflammatory dis-
eases.9–11 It has also been shown that whole body mTORC1

inhibition reduces inflammation and consequent severity of
experimental UC.12–14 However, the functional role and the
underlying mechanism of mTORC1 activation in the develop-
ment of UC are currently unknown. Particularly, experimental
evidence on the contribution of cell type-specific mTORC1 to
the initiation of Th17 responses and pathogenesis of UC is
lacking.
Colonic epithelial cells are the cell boundary between the

external environment and tissues of the gastrointestinal tract. Prior
to the recruitment of inflammatory cells including macrophages,
lymphocytes and neutrophils, innate signaling within the colonic
epithelial cells is crucial for initiating the early inflammatory
responses during the onset of UC. To explore the potential
importance of colonic epithelial mTORC1 signaling in UC
development, we constructed two reciprocal gene knockout
mouse models: (1) colonic epithelium—deletion of TSC1, a key
negative upstream regulator of mTORC1, leading to constitutive
mTORC1 activation, and (2) colonic epithelium—deletion of
RPTOR, leading to permanent mTORC1 deactivation.15 Together
with clinical samples, we demonstrated high activity and essential
role of colonic epithelial mTORC1 in the development of UC.
Importantly, we established a novel link between colonic
epithelium and Th17 cells recruitment during UC through the
mTORC1–STAT3–COX2 pathway.
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RESULTS
mTORC1 is hyper-activated in the colonic epithelium of UC
patients and UC mouse model and essential for UC development
To test the functional importance of mTORC1 in UC, we mimicked
the disease of human UC using the well-established mouse model
with DSS induction and examined the activity of mTORC1 in
colonic epithelium of the model. To study the relevance of
mTORC1 in DSS-induced UC, we isolated colonic epithelia and
measured the activities of mTORC1 by western blotting and
immunohistochemistry. The level of phosphorylated S6 (S235/
236), one of the best characterized substrates of mTORC1, but not
that of phosphorylated Akt (S473), the well-characterized target of
mTORC2, was significantly increased in colon tissues from DSS-
treated mice in comparison with the control group (Fig. 1a, left
and right). Flow cytometry assay for CD326 confirmed the purity of
the colonic epithelia (92.5%) (Figure S1). Consistently, oral
administration of rapamycin markedly alleviated the colonic
inflammatory response of DSS-induced UC, as reflected by the
recovery of body weight (Fig. 1b) and colon length (Fig. 1c), as
well as reduced histopathological impairments (Fig. 1d) and
disease activity index (DAI) score (Fig. 1e). The efficacy of oral
rapamycin administration in specific mTORC1 inhibition was
confirmed by the dramatic reduction of S6 (S235/236) phosphor-
ylation, but not Akt phosphorylation (S473), in colon epithelia
following the rapamycin treatment (Fig. 1a). Concordant with the
above findings, higher S6 phosphorylation was observed in colon
epithelia of human UC patients (n= 17) comparing with that of
the control human subjects (n= 7) (Fig. 1f). In addition, S6
phosphorylation was positively correlated with clinical activity
index (Spearman R= 0.6827; P= 0.0002) (Fig. 1g). Taken together,
these results demonstrate that colonic epithelial mTORC1
becomes activated in UC of both human and mice and is
correlated with disease activity. Reversely, rapamycin inhibits
mTORC1 and consequently reduces the severity of experimental
UC.

Generation of colon epithelia-specific TSC1 or RPTOR knockout
mice
To investigate the functional role of colonic epithelial mTORC1 in
UC, we generated mice with specific knockout of TSC1 or RPTOR
gene in colonic epithelium by crossing homozygous TSC1FL/FL or
RPTORFL/FL mice with transgenic mice expressing Cre recombinase
under the control of the colonic epithelial cell(CEC)-specific
carbonic anhydrase 1(CA1) promoter (see Figure S2A for schematic
diagram of the knockout mouse generation).16 Immunoblot
analysis (Figure S2B) of epithelial extracts confirmed the depletion
of targeted genes, and the consequent alterations of S6
phosphorylation in TSC1 knockout or RPTOR knockout mice,
respectively. The observed residual TSC1 or Raptor protein
expression in colonic epithelia in the knockout mice might reflect
incomplete recombination mediated by the Cre recombinase.

mTORC1 in the colonic epithelium is dispensable for normal colon
function and development
To examine whether the absence of colonic epithelial TSC1 or
RPTOR results in defective colonic function, we analyzed colon
length, histological structure and proliferative activity in colon
tissue, as well as the numbers and distribution of secretory cells in
colonic epithelium-specific TSC1 knockout (KO) mice or RPTOR KO
mice. No significant difference in colon length was observed
between both types of KO mice and their control littermates
(Figure S2A). Additionally, hematoxylin-eosin (HE) staining
revealed no significant differences in histological structure (Figure
S3B), numbers of colonic epithelial cells and mucous cells, and the
thickness of the colonic mucosa (Figure S3C) between KO mice
and their littermates. Periodic Acid-Schiff (PAS) and ki67 staining
further showed that both numbers and distribution pattern of
secretory cells and proliferating cells were similar between these

KO mice and their control littermates (Figure S3B). Collectively,
these results suggest that mTORC1 activity in the colonic
epithelium is not essential for normal colonic function and
development.

Colonic epithelium-specific mTORC1 alterations affect the
pathogenesis of UC
We next tested the role of mTORC1 activity in DSS-induced UC
with the generated knockout mouse models. In the experimental
condition of DSS stimulation, colonic epithelium-specific TSC1
depletion resulted in more weight loss (Fig. 2a), colon shortening
(Fig. 2b), histopathological impairment (Fig. 2c), as well as
reduction in secretory (Figure S4A) and proliferating cells (Figure
S4B) comparing with the control littermates. In addition, a
significant enhancement of S6 phosphorylation (S235/236), but
not Akt phosphorylation (S473), was observed in TSC1 KO mice
compared to that of control mice (Figure S5A left, Figure S5B). This
suggests that mTORC1 but not mTORC2 was activated in the
epithelia of TSC1 KO mice. By contrast, colonic epithelium-specific
mTORC1 disruption (RPTOR depletion) led to a reduction of weight
loss (Fig. 2e), restored colon length (Fig. 2f), alleviated the
histopathological impairment (Fig. 2g), as well as restored
secretory (Figure S4A) and proliferating cells (Figure S4B) in the
experimental condition of DSS induction, comparing with the
control mice. In addition, S6 phosphorylation (S235/236), but not
Akt phosphorylation (S473), was significantly reduced in the
colonic epithelium of RPTOR KO mice compared to that of control
mice (Figure S5A right, Figure S5B). Taken together, these results
from two opposite genetic mice models, namely, colonic
epithelium-specific TSC1 and RPTORKO mice, suggest that the
severity of experimental UC is dependent on colonic epithelial
mTORC1 activity.

mTORC1 activates inflammatory pathways that leads to Th17
infiltration
To clarify the underlying mechanism of mTORC1 involvement
in UC, the colonic epithelial mRNA expression profiles of
TSC1 KO mice were compared to those of their littermates
after DSS stimulation (Fig. 3a). The expression of 951 mRNAs
was significantly enhanced, whereas that of 858 mRNAs
was reduced (≥3-fold), in the TSC1 KO mice. These mRNAs were
functionally categorized into multiple classes by KEGG Pathway
mapping, including the Toll-like receptor signaling pathway,
cytokine–cytokine receptor interaction, the chemokine signaling
pathway, the Jak-STAT signaling pathway, and arachidonic acid
metabolism. The expression of several critical genes in develop-
ment of UC was dramatically upregulated in the colonic
epithelium of mice with TSC1 ablation. Of particular interest, IL-6
(23.8-fold), IL-1A (20.8-fold), IL-12B (11.9-fold), IL-23A (7.4-fold), IL-
22 (5.2-fold) and Cyclooxygenase 2 (COX-2) (25.8-fold) (Fig. 3b)
were closely linked to each other and may constitute a critical
signaling axis. For instance, COX-2 can be induced by IL-1 and IL-
6,17–19 and conversely, IL-6 secretion can be induced by COX-2/
Prostaglandin E2 (PGE2).20,21 Furthermore, secretion of IL-23
(made up of IL-12B and IL-23A)22 can be significantly promoted
by IL-1/IL-6, and the IL-23/Th17 axis can be stabilized and
potentiated by PGE2.23,24 Thus, based on previous knowledge
that the Th17 response is induced, expanded, and stabilized by
the synergistic action of IL-1, IL-6, IL-22, and IL-23, we focused our
subsequent functional studies on this critical axis. The induction or
reduction of cytokines, including IL-1A, IL-6, and IL-23A at the
mRNA level in the TSC1 or RPTOR ablated colonic epithelium,
respectively, was confirmed by quantitative reverse transcription
PCR (RT-qPCR) (Fig. 3c). COX-2 expression at the protein level was
nearly undetectable in colon tissues from normal mice, moder-
ately increased in the colonic epithelium of mice with experi-
mental UC, and dramatically enhanced or reduced in the colonic
epithelium of TSC1 or RPTOR KO mice, respectively (Fig. 3d). To test
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whether COX-2, IL-1, IL-6, and IL-23 modulated by mTORC1 were
associated with enhanced Th17 cell infiltration in the colon, we
labeled lamina propria Lymphocytes with both anti-CD4 and anti-
RORγt antibodies, and labeled colon sections with anti-CD4 and
anti-IL-17 antibodies. The resultant RORγt+ CD4+ cells and IL-17
producing CD4+ cells (both representing Th17 cells) were
visualized using both flow cytometry (Fig. 3e) and confocal

microscopy (Figure S6), respectively. Consistent with our hypoth-
esis, TSC1 KO triggered a marked influx of Th17 cells, whereas
RPTOR KO led to a significant reduction of such cells in lamina
propria of colon tissues of mice with UC. Finally, no significant
difference in segmented filamentous bacteria (SFB) copy number
was observed in colon tissue of these mice (Figure S7), suggesting
equally colonization of them by SFB and excluding the possibility

Fig. 1 mTORC1 is activated in human UC and DSS-induced experimental UC and essential for UC development. a Phosphorylated S6 (S235/
236) in colonic epithelial cells and colonic sections of control, DSS-treated mice, and DSS-treated mice with rapamycin administration was
monitored using western blotting (left) and immunohistochemical staining (right), respectively. b Changes in body weight (percentage of
original body weight) over time (days) in control, DSS-treated mice, and DSS-treated mice with rapamycin administration (n= 6–8).
c Comparison of colon length between these mice. **P < 0.01; ***P < 0.0001 (n= 6–8). d Histopathological score and e disease activity index
score of these mice. ***P < 0.0001 (n= 6–8). f S6 phosphorylation (S235/236) in colon biopsies from control subjects or patients with ulcerative
colitis (UC) was observed via immunohistochemical staining. **P < 0.01. g Correlation between S6 phosphorylation (S235/236) in colon
biopsies and clinical activity index. Scale bar, 50 μm
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that mTORC1-mediated Th17 induction is through SFB, as
reported recently.25

mTORC1 activates inflammatory response by upregulation of
COX-2 expression
Based on previous findings that both IL-6 secretion and the IL-
23/Th17 axis can be induced by PGE2, one of the most important
products of COX-2,20,23 we hypothesized that mTORC1 activity in
the colonic epithelium promotes experimental UC via COX-2. In
accordance with this hypothesis, oral administration of the COX-
2 specific inhibitor celecoxib markedly ameliorated UC in mice
with TSC1 ablation, but not in mice without TSC1 ablation, as
evidenced by the prevention from loss of body weight (Fig. 4a),
inhibition of the shortening of the colon (Fig. 4b), and reduction

in histopathological damage (Fig. 4c). Accordingly, celecoxib
administration reversed the upregulation of IL-1, IL-6, and IL-23
in the colonic epithelium (Fig. 4d) and the corresponding Th17
influx in mice with TSC1 ablation (Fig. 4e and S1). Since a recent
report suggested an important role for colonic epithelial
SAA in regulating intestinal Th17 recruitment,25 SAA mRNA
level in colonic epithelia from control, TSC1 KO, or RPTOR KO
mice with UC were analyzed by RT-QPCR and no significant
difference was observed (Figure S9), suggesting different
mechanism may be involved in Th17 response mediated by
SFB colonization or mTORC1 activity. Collectively, these results
suggest that colonic epithelial mTORC1 promotes the upregula-
tion of IL-1/IL-6/IL-23 and Th17 infiltration via COX-2, at least
partially.

Fig. 2 Colonic epithelium-specific mTORC1 activation exacerbates, whereas mTORC1 disruption alleviates DSS-induced UC. a, d Changes in
body weight (percentage of original body weight) over time (days) in mice with colonic epithelium-specific TSC1 (a) or RPTOR (d) ablation
treated with DSS for 7 days. **P < 0.01; ***P < 0.0001(n= 6–8). b, e Gross morphology (left) and statistical analysis of the length (right) of the
large intestine in the indicated mice (n= 6–8). c, f Left, Hemotoxyline-Eosin (HE) staining of colon sections from the indicated mice. Original
magnification, ×40. Scale bar, 50 μm. Right, histopathological score of these mice (n= 6–8). CEC-TSC1 KO or CEC-RPTOR KO, TSC1 or RPTOR
knockout in colonic epithelial cells; WT, control
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mTORC1 upregulates COX-2 expression via a STAT3-dependent
mechanism
We next moved on to determine the mechanism underlying
mTORC1-induced upregulation of COX-2. Based on previous
findings that STAT3 activates COX-2 transcription,26 and mTORC1
directly phosphorylate STAT3 at S727,27 we hypothesized that

STAT3 might be the factor bridging mTORC1 activity and COX2
expression. We first evaluated phosphorylation of STAT3 at S727
on colonic sections by immunohistochemistry. As expected,
STAT3 S727 phosphorylation was activated in the epithelia
of DSS treated mice, which was further enhanced with
TSC1 ablation (Fig. 5a). Consistently, with in vitro cell model

Fig. 3 mTORC1 activity in the colonic epithelium is critical for the regulation of the IL-23-Th17 axis. a Control mice (WT) or mice with TSC1
knockout in colonic epithelial cells (CEC-TSC1 KO) were treated with DSS, and after 7 days, total RNAs from colonic epithelial cells (CEC) were
analyzed by microarray. Differential expression patterns of mRNAs between these groups are shown using a matrix plot. b Comparison of the
relative expression level of multiple inflammatory factors essential for the IL-23-Th17 axis in CEC between control or CEC-TSC1 KO mice. c
Verification of IL-1A, IL-6, IL-23A, and COX-2 upregulation or downregulation at mRNA level in CEC from mice with TSC1 or RPTOR ablation in
colonic epithelial cells (CEC-TSC1 KO or CEC-RPTOR KO), respectively, using quantitative reverse transcription PCR (RT-qPCR). *P < 0.05; **P <
0.01; ***P < 0.0001(n= 6–8). d Verification of COX-2 protein upregulation or downregulation at the tissue level in CEC from CEC-TSC1 KO or
CEC-RPTOR KO mice, respectively, using immunohistochemical assays. Original magnification, ×20 and ×40 as indicated by the scale bars.
Scale bar, 50 μm. e control mice (WT) and mice with RPTOR deletion in colonic epithelial cells (CEC-RPTOR KO) were treated with DSS. 7 days
post-treatment, mice were sacrificed and mononuclear cells of LP were isolated and labeled with anti-CD4 and anti-RORγt sequentially,
followed by visualization of CD4 and RORγt labeling via flow cytometry. CD4+ lymphocytes were further checked for RORγt labeling
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we found that TSC1 depletion enhanced STAT3 S727
phosphorylation in NCM460 colonic epithelial cells, both in
the presence and absence of lipopolysaccharide (LPS), a key
factor in colitis inducing COX-2 expression (Fig. 5b). The
induction of COX-2 expression by TSC1 depletion was abrogated

by simultaneous STAT3 depletion (Fig. 5c). Additionally, the
binding of STAT3 to COX-2 promoter induced by LPS was
dramatically reduced upon mTORC1 inhibition by rapamycin
treatment (Fig. 5d). Collectively, these results suggest that STAT3
is required for mTORC1-directed COX-2 expression, possibly
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through its binding to COX-2 promoter after being phosphory-
lated by mTORC1.

mTORC1 activity is positively correlated with COX-2 expression in
clinical UC samples
To verify the relevance of mTORC1-COX2 signaling axis in human
UC, we analyzed by immunohistochemistry colonic biopsies from
7 normal subjects and 17 UC patients for S6 phosphorylation and
COX2 expression. Both S6 phosphorylation and COX2 expression
were markedly enhanced in colon tissues (including colonic
epithelium) of human UC patients compared to those in normal
subjects (Figs. 6a, b, Table S2). Additionally, S6 phosphorylation
and COX2 expression were strongly positively correlated (Spear-
man R= 0.6572; P= 0.0005; Pearson R= 0.6166; P= 0.0013) in all
of the enrolled subjects including both healthy people and UC
patients (Fig. 6c). Taken together, these results highlight the
indispensable role of the mTORC1-COX2 signaling axis in the
etiology of human UC.

DISCUSSION
In the present study, with two opposite genetic mice models
leading to constitutive mTORC1 activation or deactivation,
respectively, we proved the essential role of mTORC1 activity in
colonic epithelium in UC pathogenesis. Colonic epithelium-
specific mTORC1 activity is not essential for mouse development
and normal colon function, but is critical for DSS-induced UC,
providing a new rationale for targeting colonic-epithelial mTORC1
as a highly effective and safe strategy to prevent and/or treat UC.
Our study also revealed a novel mechanism of activation of Th17
cell recruitment in colon tissue during the onset of UC by colonic
epithelium-specific mTORC1-STAT3-COX-2 signaling.
While mTORC1 inhibitors such as rapamycin, P2281, and mTOR

kinase inhibitor AZD8055 have been shown to be potentially
effective in alleviating experimental UC by reducing leukocyte
sticking and extravasation, or by balancing Th1/Th17/Treg
Profile,12–14 evidence on the functional importance of colonic
epithelial-specific mTORC1 in the development of UC is currently
lacking. Since mTORC1 inhibitors act globally without tissue-
selectivity, deciphering the function of mTORC1 in specific tissue
types using these inhibitors is difficult. Hence, a genetic mice
model with tissue-specific disruption of mTORC1 is essential to
elucidate the role of this molecule in UC in vivo. Combining the
results from epithelium-specific ablation of both TSC1 and RPTOR,
we reciprocally substantiated that colonic-epithelial mTORC1
activity is both sufficient and essential for DSS-induced Th17
recruitment and UC development.
COX-2, an inducible COX in response to inflammatory initiators

such as interleukin-1 and tumor necrosis factor,28,29 has been
suggested to be involved in UC development based on the
findings that COX-2 inhibition reduces inflammation and the
severity of experimental UC by suppressing PGE2, IL-1 β, and NOS
activity, and by reducing neutrophil infiltration.30 However, the
signaling networks that govern COX2 activity and its downstream
effects in pathogenesis of UC are not clear. Our study indicates
that the pathway by which colonic epithelium-specific activation

of mTORC1 promotes UC may include the STAT3-dependent
activation of COX-2 transcription. Although mTORC1 directly
phosphorylates STAT3 in vitro, as shown by our previous study,27

possibility of feedback activation of STAT3 by mTORC1 via IL-2225

cannot be excluded, since our microarray data demonstrated
markedly induction of colonic epithelial IL-22 in response to
mTORC1 over-activation (Fig. 3b). The functional role of COX-2
in UC is ultimately dependent on its products - prostanoids.
Prostanoids produced via COX-2 contribute positively to
inflammation, pain, and fever.31 Consistently, the COX-2
inhibitors celecoxib and rofecoxib demonstrated beneficial effects
for the treatment of UC patients in a clinical trial32 and
experimental UC rodents.30,33 PGE2, a major product of COX2,
can actually act, depending on its level, as a proinflammatory
mediator in IBD. High levels of PGE2 may activate EP2/EP4
receptors and worsen IBD by shifting the IL-12/IL-23 balance in
favor of IL-23 on dendritic cells (DCs), which promotes Th17 cell
differentiation and further exacerbates the inflammatory
response.23,24 Consistent with these findings, our results showed
that in vivo administration of celecoxib leads to a substantial
downregulation of IL-1, IL-6, and IL-23 in the colonic epithelium
and a prominent reduction of Th17 cell infiltration in colon tissues
of TSC1 KO mice, suggesting the proinflammatory effects of COX-2
abnormally activated by mTORC1 in UC may be through
recruitment of Th17 cells, at least partially. The contradict role of
COX-2 in the protection of intestinal barrier34 may be ascribed to
the binding of PGD2, another major product of COX-2, to different
types of receptors. While activation of the D-type prostanoid (DP)
receptor (now named DP1 receptor) mediates the protective
effect of prostaglandin D2 (PGD2),35 a chemoattractant receptor
homologous molecule expressed on Th2 cells (CRTH2, now also
termed DP2) promotes inflammation by facilitating chemotaxis of
CRTH2-positive leukocytes to inflamed colon tissues.36 While
immunohistochemical staining of DP1 remains constant,
DP2 staining is strongly increased in colon tissues (mainly
infiltrated leukocytes in lamina propria of the colonic mucosa
and colon epithelia) of UC patients compared to those of healthy
subjects.36 This finding together with our finding that COX-2
expression in the colonic epithelium is dramatically induced by
mTORC1 activation, collectively suggest that besides Th17 cells
recruitment, the proinflammatory effects of mTORC1-COX-2 in
human UC and experimental UC may be also attributed to
induction of the chemotaxis of leukocytes via preferential binding
of overproduced PGD2 to the outnumbered DP2 receptor at the
UC loci.
In summary, by combining data from two opposite mice

genetic models and biopsies of UC patients, the current study
suggests that colonic epithelial mTORC1 activity is critical for the
pathogenesis of UC and establishes a novel communication link
between colonic epithelium and immune cells during UC
development (illustrated in Fig. 7). Furthermore, while colonic
epithelial mTORC1 is not essential for normal colonic function, it
promotes UC via COX-2-dependent activation and recruitment of
the Th17 cells. Thus, the present study provides a new rationale for
targeting colonic epithelial mTORC1 as a potential strategy to
prevent or treat UC, effectively and safely.

Fig. 4 mTORC1 activity in the colonic epithelium promotes UC via COX-2. Control mice (WT) or mice with TSC1 ablation in colonic epithelial
cells (CEC-TSC1 KO) were treated with DSS and celecoxib as described in the materials and methods section. a Changes in body weight
(percentage of the original body weight) over time (days) of the indicated mice. b Comparison of colon length between the indicated mice.
Left, representative image showing the gross morphology of the large intestine from the indicated mice. Right, statistical analysis of colon
length. ***P < 0.0001 (n= 6–8). c Left, Hemotoxyline-Eosin (HE) staining of colon sections from the indicated mice. Right, histopathological
score of these mice. ***P < 0.0001 (n= 6–8). d Analysis of IL-1, IL-6 and IL-23 expression at the mRNA level in colonic epithelial cells (CEC) of the
indicated mice. *, P < 0.05; **P < 0.01 (n= 6–8). e The indicated mice were sacrificed and mononuclear cells of LP were isolated and labeled
with anti-CD4 and anti-RORγt sequentially, followed by visualization of CD4 and RORγt labeling via flow cytometry. CD4+ lymphocytes were
further checked for RORγt labeling
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MATERIALS AND METHODS
Human biopsies
Patients with UC and non-UC control subjects were recruited with
written informed consent for this study at the Digestive Division,
Nanfang Hospital, Southern Medical University. The non-UC
controls were patients who underwent screening colonoscopies
without active gastrointestinal pathology. The diagnosis of UC was
based on a standard combination of clinical, endoscopic, and
histological criteria. The severity of macroscopic inflammation of
the colonic mucosa at colonoscopy was graded according to the
Mayo score for UC.37 The disease activity was evaluated according
to the Rachmilewitz Clinical Activity Index.38

Generation of CA1-Cre;TSC1FL/FL and CA1-Cre;RPTORFL/FL mice
Female floxed TSC1 mice (TSC1FL/FL) containing LoxP sites
flanking exons 17 and 18 of the TSC1 gene or floxed RPTOR

mice (RPTORFL/FL) containing LoxP sites flanking alternate exon 1
and common exon 2 of the RPTOR gene were crossed with male
carbonic anhydrase 1 (CA1)-Cre mice, whose expression of Cre
recombinase is under control of the CA1 promoter and limited
to the epithelial cells of the cecum and colon. The resulting CA1-
Cre; TSC1FL/FL (CEC-TSC1 KO) or CA1-Cre; RPTORFL/FL (CEC-RPTOR
KO) mice are hemizygous for the CA1-Cre transgene and
homozygous for the floxed TSC1 or RPTOR allele. TSC1FL/FL or
RPTORFL/FL cohoused littermates lacking the Cre gene were used
as control (marked as WT in all experiments for convenience but
were not exactly wild-type). All animals were backcrossed for 8
generations onto the C57BL/6 background. Experiments invol-
ving mice were performed in compliance with the Guide for the
Care and Use of Laboratory Animals and protocols were
approved by the Animal Care and Use Committee of Southern
Medical University.

Fig. 5 mTORC1-mediated COX-2 transactivation is dependent on STAT3. a Control mice (WT) or mice with TSC1 ablation in colonic epithelial
cells (CEC-TSC1 KO) were treated with or without DSS. STAT3 S727 phosphorylation in colonic epithelia was analyzed by
immunohistochemical staining (upper) and western blotting (lower). Representative images from 6 to 8 mice were shown. b NCM460 cells
transfected with control or TSC1 siRNA were treated with or without LPS for 24 h, followed by observation of STAT3 phosphorylation (S727)
using Western Blotting. c NCM460 cells transfected with a combination of TSC1 (or control) and STAT3 (or control) siRNA were treated as
above, with expression of COX-2 protein assayed via Western Blotting. d NCM460 cells treated with a combination of LPS (or medium) and
rapamycin (or medium) were analyzed for binding of STAT3 to COX-2 promoter, via a Streptavidin-Agarose DNA Pulldown assay. For
competition, 20-fold excess non-labeled probe were used in the presence of biotin-labeled probe. NP nuclear protein, TP total protein. For
Western Blotting and Streptavidin-Agarose DNA Pulldown assay, representative images from at least three independent experiments were
shown
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Construction of the DSS-induced experimental colitis mice model
and treatment
CA1-Cre; TSC1FL/FL and CA1-Cre; RPTORFL/FL mice and their control
littermates (5–6 mice in each group) were weighed and mice
17–20 g were administered 3% DSS dissolved in drinking water for
7 days. The DSS solution was renewed every 2 days. For rapamycin
administration, mice were treated each day with vehicle control or
rapamycin (1 mg/kg, Sigma, St Louis, MO) dissolved in water
containing 5% 1-methyl-2-pyrrolidinone (Sigma) and 15% poly-
vinylpyrrolidone (Sigma) by gavage from the first day of DSS
treatment to sacrifice. For celecoxib administration, mice were
treated daily with vehicle control or celecoxib (Selleck Chemicals,
Houston, TX) dissolved in water containing 0.5% methylcellulose
(Sigma) from the first day of DSS treatment till final sacrifice. The
dose used was 5mg/kg for TSC1 KO mice and 2.5 mg/kg for WT
mice. Body weight and GI bleeding were monitored daily as
described elsewhere.39 Disease activity index (DAI) and colonic
damage scores were estimated as detailed previously.40 Histo-
pathological scores were graded according to a previously
published system.41

Isolation of colonic epithelial cells and LP lymphocytes
Colonic epithelial cells were isolated from freshly harvested colons
using Percoll gradient centrifugation according to the procedure
described previously.42 Briefly, colons were cut into 0.2 × 0.2 cm
segments and incubated in HBSS containing 5% FBS, 1 mM DTT,
and 0.5 mM EDTA (pH 8.0) at 4 °C for 1 h in an orbital shaker. The
supernatant was filtered through a 250 μm sieve, and epithelial
cells were purified by centrifugation through a 25/40% discontin-
uous Percoll gradient. Predominantly epithelial cells were
collected from the interface between the two layers and
resuspended in 100% FCS. Typically, epithelial cells were >95%
pure. LP lymphocytes were isolated as described previously.43

Fig. 6 mTORC1 activity and COX-2 expression are dramatically upregulated and positively correlated in patients with UC Colon biopsies from
7 healthy subjects and 17 patients with UC were first stained with hematoxylin, followed by staining for phosphorylated S6 (S235/236) or COX-
2, respectively. a Representative images of phosphorylated S6 (S235/236) staining (upper panel) or COX-2 staining (lower panel). Original
magnification, ×20 and ×40 as indicated by the scale bars. Scale bars, 50 μm. b Statistical analysis of mean intensity % of S6 staining (upper
panel) or IHC score of COX-2 staining (lower panel) of colon biopsies from these healthy subjects and UC patients. **P < 0.01. c Correlation of
S6 phosphorylation (S235/236) status with COX-2 expression in colon biopsies from these healthy subjects and UC patients

Fig. 7 Schematic diagram of the crosstalk between colonic
epithelial cells and Th17 cells
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Briefly, the colons were in Hank’s Balanced Salt Solution (HBSS)
supplemented with 4% FBS and 5mM EDTA (Sigma) at 37 °C for
25min to remove epithelial cells and intraepithelial lymphocytes.
The colon fragments were then incubated with RPMI 1640 supple-
mented with 4% FBS and 1mg/ml collagenase type IV (R&D) and
Dnase I (Sigma) at 37 °C for 25 min with stirring. The digested
tissues were pooled together and separated on a 40/80%
discontinuous Percoll gradient (GE Healthcare). After centrifuga-
tion at 2500 rpm for 25 min, LP mononuclear cells were collected
at the interface of the Percoll gradient, washed, and suspended in
RPMI 1640 containing 4% FBS.

mRNA expression array
Total RNA was extracted from colonic epithelial cells pooled from
3 mice using TRIzol reagent and submitted to Shanghai
Biotechnology Corporation for hybridization on a Whole Mouse
Genome 4 × 44 K Microarray (014868, Agilent technologies, Santa
Clara, CA). For RNA amplification and labeling, total RNA was
amplified and labeled using a Low Input Quick Amp Labeling Kit,
One-Color (Cat#5190-2305, Agilent technologies, Santa Clara, CA,
US), following the manufacturer’s instructions. Labeled cRNA were
purified with an RNeasy mini kit (Cat#74106, QIAGEN, GmBH,
Germany). For hybridization, each slide was hybridized with 1.65
μg Cy3-labeled cRNA using a Gene Expression Hybridization Kit
(Cat#5188-5242, Agilent) in a Hybridization Oven (Cat#G2545A,
Agilent), according to the manufacturer’s instructions. After 17 h of
hybridization, slides were washed in staining dishes (Cat#121,
Thermo Shandon, Waltham, MA, US) with a Gene Expression Wash
Buffer Kit (Cat#5188–5327, Agilent), following the manufacturer’s
instructions. Slides were scanned by an Agilent Microarray
Scanner (Cat#G2565CA, Agilent) with the following default
settings: dye channel, green; scan resolution, 5 μm; PMT 100%,
10%, 16 bit. For data acquisition, data were extracted with
Feature Extraction software 10.7 (Agilent). Raw data were
normalized by the Quantile algorithm, Gene Spring Software
11.0 (Agilent). All the raw data and metadata are available at
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=yjohsywyr
dsdhor&acc=GSE74674.

Histology and immunohistochemical staining
Colon biopsies were fixed overnight with 4% formaldehyde in PBS
(pH 7.2), processed, and embedded in paraffin wax. Tissues were
cut into 4-μm sections. Colonic morphology was examined by H&E
staining. To localize phosphorylated S6 (S235/S236) and COX2
expression, sections were stained with anti-phosphorylated S6
(1:200, Cell Signaling, Danvers, MA) or anti-COX2 (1:100, Cell
Signaling) antibodies as primary antibodies overnight at 4 °C,
followed by staining with rabbit horseradish peroxidase-
conjugated anti-IgG as second antibody at room temperature
for 1 h. Antigens were then visualized with 3,3′-diaminobenzidine
substrate (Sigma) and observed and photographed on an
Olympus BX51 microscope. Quantitative analysis of the immu-
nostained images of human biopsies was performed by positive
cell number counting and computerized optical density (OD)
measurements with Image Pro Plus 6.0 software (Media Cyber-
netics, MD, USA). Positively stained regions of phosphorylated S6
(S235/S236) in the image were selected by HSI (hue, saturation
and lightness) with S from 0 to 255, I from 0 to 230 and H from 0
to 30, and the brown color was then converted into a grayscale
signal. The grayscale signal was measured as mean optical
intensity of staining (mean density) within the tissue masks. Each
image was assigned a score calculated by multiplying the staining
intensity by the area of positively stained cells.

Flow cytometry
To detect Th17 cells, isolated lamina propria cells were first stained
with anti-CD4 (eBioscience, San Diego, CA). After fixation and
permeabilization, cells were further stained intracellularly with

anti-RORγt (eBioscience). Flow cytometric analysis was performed
on a CytoFLEX (Beckman). The results were evaluated with
CytExpert 1.2.8.0 software.

Indirect immunofluorescence
Tissue samples were fixed and the slides were incubated with 1%
BSA for 1 h, followed by incubation with unconjugated rabbit anti-
IL-17 (1:100, Abcam, Cambridge, MA) and mouse anti-CD4 (1:100,
Boster, Wuhan, China) antibodies overnight at 4 °C. The slides
were then incubated with Alexa 594-conjugated anti-rabbit and
Alexa 488-conjugated anti-mouse secondary antibodies (Invitro-
gen) for an additional hour. After incubation, the sections were
covered with ProLong® Gold antifade reagent with 4′,6-diamidino-
2-phenylindole (DAPI, Invitrogen) and analyzed using an Olympus
FV1000 confocal fluorescence microscope, equipped with a
Hamamatsu camera. Red filters (range 575–615 nm) and green
filters (range 500–550 nm) were used for Alexa 594 and Alexa
488 staining, respectively.

Polymerase chain reaction (PCR)
Total RNA was extracted using the TRIzol reagent (Invitrogen,
Grand Island, NY). For genotyping, conventional PCR was carried
out in a BioRad DNA Engine. For quantitative reverse transcription
PCR (RT-qPCR), first-strand cDNAs were synthesized using a
PrimeScript® 1st Strand cDNA Synthesis Kit (TaKaRa, Shiga, Japan).
Quantitative PCR was performed in a LightCycler® Nano SW
1.1 system (Roche) using SYBR green PCR reagent kits (TaKaRa).
The relative amount of transcripts was calculated using the 2−ΔΔCt

formula. PCR primers are provided in Table S1.

Western blotting
Cells and tissues were lysed by 2% sodium dodecyl sulfate with
10% glycerol, 10 mM Tris-HCl (pH 6.8), 10 mM dithiothreitol and 1
mM phenylmethylsulfonyl fluoride. The lysates were centrifuged
and the supernatants were separated by SDS-PAGE and blotted
onto a nitrocellulose (NC) membrane (Bio-Rad Laboratories,
Hercules, CA). Membranes were blocked in 5% non-fat milk in
TBS for 1 h at room temperature, and then incubated with primary
antibodies overnight at 4 °C, followed by washing in TBS contain-
ing 0.1% Tween 20 and incubation with an HRP-conjugated
secondary antibody for 1 h at room temperature. Bands were
visualized by enhanced chemiluminescence (ECL Kit, Amersham
Biosciences, Piscataway, NJ).

Streptavidin-agarose DNA pulldown assay
The biotinylated primers listed in S1 Table were synthesized and
purified through HPLC by Life Technologies (Shanghai, China).
These primers were used to prepare a 479-bp double-stranded
biotinylated COX-2 promoter probes. None-labeled primers were
also used to prepare a probe of equal length for competition
control. The whole pulldown procedure was strictly following the
protocols suggested by the literature.44

Statistical analysis
All statistical analyses were performed using SPSS 13.0 software.
Data are presented as mean values ± s.e.m. of at least three
independent experiments, and analyzed using the two-tailed t-
test or one-way ANOVA with multiple comparisons, followed by
Bonferroni post-hoc test for significance. A p-value <0.05 was
considered statistically significant.
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