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FKBP11 protects intestinal epithelial cells
against inflammation-induced apoptosis via the
JNK-caspase pathway in Crohn's disease
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Abstract. Endoplasmic reticulum (ER) stress in intestinal
epithelial cells (IECs) has animportantrole in the pathogenesis
of Crohn's disease (CD). FK506 binding protein 11 (FKBP11),
a member of the peptidyl-prolyl cis-trans isomerase family, is
involved in the unfolded protein response (UPR) and is closely
associated with inflammation. Previous bioinformatics
analysis revealed a potential association between FKBP11
and human CD. Thus, the present study aimed to investigate
the potential significance of FKBP11 in IEC homeostasis and
CD. In the present study, increased expression of FKBP11
was detected in the intestinal inflammatory tissues of patients
with CD. Furthermore, the results of the present study
revealed that overexpression of FKBP11 was accompanied
by increased expression levels of the ER stress marker
78 kDa glucose-regulated protein in the colon tissues of a
2, 4, 6-trinitrobenzenesulphonic acid-induced mouse colitis
model. Using interferon-y (IFN-y)/tumor necrosis factor-a
(TNF-a)-stimulated IECs as an ER stress and apoptosis
cell model, the associated of FKBP11 with ER stress and
apoptosis levels was confirmed in IECs. Overexpression of
FKBP11 was revealed to significantly attenuate the elevated
expression of pro-apoptotic proteins (Bcl2 associated X
apoptosis regulator, caspase-12 and active caspase-3),
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suppress the phosphorylation of c-Jun N-terminal kinase
(JNK), and decrease apoptosis of IFN-y/TNF-a stimulated
IECs. Knockdown of FKBPI11 by transfection with small
interfering RNA further validated the aforementioned
results. In conclusion, these results suggest that the UPR
protein FKBP11 may protect IECs against IFN-y/TNF-a
induced apoptosis by inhibiting the ER stress-associated
JNK/caspase apoptotic pathway in CD.

Introduction

Inflammatory bowel disease (IBD) refers to chronic
inflammatory disorders of the digestive tract, primarily
including Crohn's disease (CD) and ulcerative colitis (1).
CD is characterized by patchy mucosal and sub-mucosal
inflammation, the presence of granulomas in 20% of
patients, and the formation of fissures, fistulae and strictures
that occur throughout the gastrointestinal tract (2,3). CD
has been estimated to affect 322 per 100,000 individuals
in Europe (2,4), and the prevalence of CD in Asia has been
steadily increasing (5). Despite being widely studied, CD
has no cure and its etiology remains largely unknown (6).
Numerous factors have been suggested to contribute to CD
pathogenesis, such as genetic predisposition, immunological
dysregulation and environmental factors (7). The intestinal
barrier is considered to represent the frontline against adverse
challenges, such as smoking, infection or a high sugar diet (7).
The balance between cellular apoptosis and proliferation is
important for maintaining the integrity of intestinal epithelial
cells (IECs). Excessive epithelial apoptosis disrupts the barrier
functions of the intestinal epithelium, allowing the invasion
of bacteria into the sub-mucosa and subsequently activating
host inflammatory responses (7,8). Increased apoptosis of
IECs resulting in epithelial barrier defects has recently been
suggested to directly contribute to CD development (9).
However, the molecular mechanisms underlying IEC apoptosis
in CD remain unclear.
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In eukaryotic cells, the accumulation of unfolded and
misfolded proteins in the endoplasmic reticulum (ER) lumen,
known as ER stress, triggers the unfolded protein response
(UPR), which aims to resolve the protein folding defect
and restore ER homeostasis (10). Three classical ER sensor
proteins, inositol-requiring kinase la (IREla), pancreatic ER
elF2a kinase (PERK) and activating transcription factor 6a
(ATF60), are involved in three main UPR pathways (11). If ER
stress is severe or chronic, or the UPR is compromised and
unable to restore ER protein-folding homeostasis, numerous
apoptotic signaling pathways are activated (12,13). Several
intestinal cell populations, including Paneth and goblet cells,
require robust ER function for protein folding, maturation and
secretion (6). Accumulating preclinical and clinical studies
suggest that ER stress and the UPR have a significant impact
on the pathogenesis of IBD (9,14). For example, increased
expression of ER stress markers has been observed in the ileal
and colonic mucosa of patients with IBD (15). Furthermore,
genetic deletion of X-box-binding protein lin IECs, an
important transcription factor of ER stress, has been revealed
to result in spontaneous enteritis in mice (14). In addition,
genetic deletion of IRElain IECs has been demonstrated
to lead to spontaneous colitis and increased sensitivity to
chemical reagent-induced colitis in mice (16). Furthermore,
interleukin-10, an anti-inflammatory cytokine, maintains
intestinal homeostasis by promoting correct protein folding
under adverse conditions in goblet cells (17,18).

FK506 binding protein (FKBP11) belongs to the FK506
binding protein family, which possess peptidyl-prolyl cis-trans
isomerase (PPIase) activity and are notable for their capacity
to bind immunosuppressive drugs, including FK506 and
rapamycin (19). FKBP11 mRNA is abundant in numerous
secretory tissues, including the pancreas, stomach and salivary
glands (19). FKBP11 protein contains a cleavable N-terminal
signal sequence followed by a putative PPlase domain with
homology to FKBP12 (19). PPlases catalyze the slow cis-trans
isomerization of peptidyl-prolyl bonds to facilitate the protein
folding process, and FKBP11 has been suggested to be involved
in ER stress and UPR (19,20). Highly expressed FKBP11 is
involved in the pathogenesis of numerous ER stress-associated
inflammatory diseases, including type 2 diabetes (21),
systemic lupus erythematosus (SLE) (22) and hepatitis (23).
Furthermore, a progressively elevated expression of FKBP11
has been previously detected during the development of hepa-
tocellular carcinoma (HCC), which suggests that FKBP11 may
be a potential early marker for HCC (23). In ER stress induced
hepatic steatosis in mice, FKBP11 is a downstream molecule
of the classical UPR transducer IREla that promotes viable
protein folding (24). Notably, previous bioinformatics analysis
investigating IBD suggested that the FKBPII gene might be
exclusively highly expressed in human CD, thus suggesting
that FKPB11 may be involved in the pathogenesis of CD (25).
However, the exact expression pattern and biological role of
FKBP11 in CD remains unclear.

In the present study, the protein expression of FKBP11
in human CD colon tissues and a 2, 4, 6-trinitrobenzene-
sulphonic acid (TNBS)-induced mice colitis model was
investigated. Using interferon-y (IFN-y)/tumor necrosis
factor-a (TNF-a)-treated IEC models, the effect of FKBP11
on IECs apoptosis and its potential association with the ER
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stress-associated c-Jun-N-terminal kinase (JNK)-caspase
apoptotic pathway was investigated in inflammation-injured
1ECs.

Materials and methods

Human tissues. Following approval from the Ethics Committee
of the Affiliated Hospital of Nantong University (Nantong,
China), samples were selected between September 2013 and
June 2015. Prior to sample collection, all patients provided
written informed consent. Patients with CD had been
diagnosed according to standard clinical manifestations,
endoscopy examination and histological criteria (26). The
inclusion criteria included focal inflammation, irregular crypts
and granuloma (27). Inflamed intestinal biopsy samples were
obtained from patients with CD (n=20; 11 males and 9 females;
age, 24-45). Control intestinal biopsy samples were obtained
from noninflamed areas of patients with CD (n=20; 10 males
and 10 females; age, 28-44).

Animals and induction of colitis. All animal care and surgical
procedures were performed based on the Guide for the Care
and Use of Laboratory Animals produced by the National
Research Council in 1996 (28), and supported by the Chinese
National Committee to Use of Experimental Animals for
Medical Purposes, Jiangsu Branch (Nantong, China). Following
the approval from the Ethics Committee of the Affiliated
Hospital of Nantong University (permit no. 2014-L087),
female BALB/c mice (aged 8-10 weeks; weight, 18-20 g; n=60)
were obtained from the Animal Center of Nantong University
(Nantong, China), randomized into 2 groups and kept in the
laboratory of Animal Center (22-24°C; humidity, 40+5% and a
12 h light/dark cycle) with free access to food and water. Mice
were fasted for 24 h prior to further experimentation.

The animal colitis model was established using TNBS
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Based
on a previously published method (29), mice were injected
intraperitoneally with pentobarbital sodium to induce anes-
thesia (0.3% solution; 75 mg/kg). In the experimental group,
mice were administered 0.1 ml TNBS (2.5% (weight/volume)
TNBS solution in 50% ethanol). In the control group, mice
were administered 0.1 ml of 50% ethanol alone (ETOH
group) (30). A 1 ml syringe containing a 3.5 F catheter was
used to administer either TNBS or ethanol via gentle inser-
tion from the anus into the colon. The depth of the catheter
was ~4 cm from the anus. The solution was slowly delivered
into the intestine, and mice were held vertically for 1 min to
improve the success rate of the enema.

Evaluation of TNBS-induced colitis. To investigate the severity
of colitis, changes in body weight, piloerection, fecal traits and
bloody stools were recorded daily, and mice colon tissues were
obtained for histology and protein analyses. The mice from
the experimental and control group were sacrificed by cervical
dislocation at 0, 1, 2, 3, 4 and 5 days' time intervals (n=5 per
time interval). The mice colonic tissues were removed quickly
and washed gently in PBS. Following this, colonic tissues
were fixed in 4% paraformaldehyde (4°C for 48 h), embedded
in paraffin, sectioned (4 uym thickness) and stained with
5% hematoxylin (10 min at room temperature) and 0.5% eosin
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(5 min at room temperature). The pathological slices were
observed under a light microscope at a magnification of
x200. According to a well-established scoring system (31), the
degree of inflammation on microscopic colon sections was
graded from 0 to 4 (0, no signs of inflammation; 1, very low
levels of inflammation; 2, low levels of leukocytic infiltration;
3, high levels of thickening of the colon wall, high vascular
density and leukocytic infiltration; 4, transmural infiltration,
high vascular density, loss of goblet cells and thickening of the
colon wall).

Cell culture and stimulation. HT-29 cells (a human colon
epithelial cell line) were purchased from the Cell Library,
China Academy of Science (Shanghai, China). HT-29 cells
were cultured in complete medium consisting of RPMI-1640
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham,
MA, USA), containing 10% fetal bovine serum (FBS;
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) with
100 U/ml penicillin and 100 pg/ml streptomycin at 37°C in a
95% air and 5% CO, atmosphere. The medium was replaced
with fresh medium every 2 days. The cells were passaged
every 3-4 days. Prior to subsequent experiments, HT-29 cells
were incubated with IFN-y (2.5 ng/ml) and TNF-a (50 ng/ml;
Sigma-Aldrich; Merck KGaA) for 24 h.

Western blot analysis. In order to perform western blot
analysis, colon tissues were washed with PBS and then
frozen at -80°C. The colon tissues were cut using scissors
on ice to prepare lysates, and then homogenized in lysis
buffer (1% NP-40, 50 mmol/l Tris, pH=7.5, 5 mmol/l EDTA,
1% sodium deoxycholate, 1% sodium dodecyl sulfate (SDS),
1% Triton X-100, 1 mmol/l PMSF, 1 ug/ml leupeptin and
10 pg/ml aprotinin) and then centrifuged at 4°C for 20 min
at 48,000 x g to collect the supernatant. Cell cultures were
lysed with sodium lauryl sulfate loading buffer and then
stored at -80°C until further use. Following this, the protein
concentration within the samples was determined using a
Bradford assay (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). Proteins from cell lysates (30 pg/lane) were separated
by 10% SDS-PAGE analysis and then transferred to polyvi-
nylidene difluoride membranes (EMD Millipore, Billerica,
MA, USA). The membranes were blocked with 5% non-fat
milk for 1 h at room temperature and incubated overnight at
4°C with the following primary antibodies: FK506 binding
protein 11 (FKBPI11, goat; 1:500; cat. no. AP6790a; Abgent,
Inc., San Diego, CA, USA), 78 kDa glucose-regulated protein
(GRP78, mouse; 1:500; cat. no. sc-13539), Bcl2 associated X
apoptosis regulator (Bax, rabbit; 1:500; cat. no. sc-20067),
proliferating cell nuclear antigen (PCNA, mouse; 1:500; cat.
no. sc-25280; all Santa Cruz Biotechnology, Inc., Dallas,
TX, USA), active caspase-3 (rabbit; 1:500; cat. no. AP3725a;
Abgent, Inc.), c-Jun N-terminal kinase (JNK, mouse; 1:500;
cat. no. sc-7345), phosphorylated JINK (p-JNK, mouse; 1:500),
caspase-4 (human; 1:500; cat. no. sc-56056), caspase-12
(human; 1:500; sc56056), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, rabbit; 1:1,000; cat. no. sc-32233; all
Santa Cruz Biotechnology, Inc.). Finally, the membranes were
incubated with horseradish peroxidase-conjugated anti-goat,
anti-mouse, anti-rabbit (1:5,000; cat. nos. sc-2347, sc-516102,
sc-2357; Santa Cruz Biotechnology, Inc.) and anti-human
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(1:5,000; cat. no. ab200699; Abcam, Cambridge, MA, USA)
secondary antibodies for 2 h at room temperature and visual-
ized using an enhanced chemiluminescence system (Pierce;
Thermo Fisher Scientific, Inc., Waltham, MA, USA).

Immunohistochemistry studies. Mice colon tissues were
fixed in 10% formalin (4°C for 24 h) and then incubated with
20% sucrose (4°C, 2-3 days), followed by 30% sucrose (4°C,
2-3 days). The samples were embedded in optimal cutting
temperature compound (Taihe Huamei Pharmaceutical
Technology Co., Ltd., Shanghai, China) and then cut into 4 ym
sections using a cryostat. Specimens from patients with CD
were fixed in formalin (4°C for 24 h), dehydrated, embedded
in paraffin and cut into 5 ym sections, deparaffinized and
rehydrated via descending alcohol series. All sections were
processed in 10 mM citrate buffer (pH 6.0) and heated
to 121°C in an autoclave for 20 min to retrieve the antigen.
Following this, the sections were soaked in 3% hydrogen
peroxide to block the endogenous peroxidase activity for
40 min at room temperature. Following rinsing with PBS
(pH=7.2), the sections were incubated with antibodies against
FKBP11 (goat; 1:500; cat. no. AP6790a; Abgent, Inc.), GRP78
(mouse, 1:500; cat. no. sc-13539; Santa Cruz Biotechnology,
Inc.) for 2 h at room temperature. All slides were processed
using the peroxidase-anti-peroxidase method for secondary
antibodies (anti-goat and anti-mouse; both 1:5,000; cat.
nos. sc-2347 and sc-516102; Santa Cruz Biotechnology, Inc.)
at room temperature for 30 min (Dako; Agilent Technologies,
Inc., Santa Clara, CA, USA). Following rinsing with PBS,
sections were incubated with diaminobenzidine mixture
(0.1% PBS, 0.02% diaminobenzidine tetrahydrochloride and
3% H,0,) for 5 min at room temperature to investigate the
peroxidase reaction. Following rinsing with water, sections
were counterstained with hematoxylin and subsequently
dehydrated. Images were captured using a light microscope
at a magnification of x50 and analyzed using Image-Pro Plus
7.0 (Media Cybernetics, Inc., Rockville, MD, USA) with the
Olympus microscope (BX53; Olympus Corporation, Tokyo,
Japan).

Cell apoptosis. A flow cytometry assay was performed to inves-
tigate the cell apoptosis and necrosis rates using an ApoScreen
Annexin V kit (Southern Biotech, Birmingham, AL, USA),
according to the manufacturer's protocol. Briefly, HT-29 cells
were digested using 0.1% trypsin and then resuspended in
cold binding buffer (10 mM HEPES, pH 7.4, 140 mM NaCl,
2.5 mM CaCl, and 0.1% BSA) at concentrations between 10°
and 10°cells/ml. Following this, labeled Annexin V (10 pl) was
added to 100 ul of the cell suspension. Propidium iodide (PI)
solution (10 pl) and binding buffer (380 ul) were then added
to the cell suspension following incubation for 15 min on ice.
Subsequently, the number of stained cells was investigated
using a BD FACSAriall flow cytometer (CXP software,
version 2.2; FC500 flow cytometer; Beckman Coulter, Inc.,
Brea, CA, USA) (32).

FKBPII and FKBPII small interfering RNA (siRNA)
transfection. FKBP11siRNA and control siRNA were obtained
from Biomics Biopharma Limited (Nantong, China). The
sequences of FKBP11siRNA used were as follows: siRNA#1:
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Figure 1. Expression of FKBP11 and GRP78 are increased in intestinal tissues of patients with CD. Western blot analyses of (A) FKBP11 and GRP78
expressions levels, and (B) active caspase-3 expression levels in the intestinal tissues of patients with active CD and control tissues. GAPDH was used as
a loading control. Bar graphs demonstrate the semi-quantitative analysis of FKBP11, GRP78 and active caspase-3 protein expression levels vs. GAPDH.
(C) Immunohistochemistry analysis of FKBP11 and GRP78 expressions in mucosal biopsies tissues obtained from inflamed tissues with active CD and control
tissues. Scale bar, 50 ym. Data are presented as mean + standard error (n=3). "P<0.05 vs. control. CD, Crohn's Disease; FKBP11, FK506 binding protein 11;

GRP78, 78 kDa glucose-regulated protein.

5'-CACUAAUCCGAGCCAACUA-3', siRNA#2: 5-UGGAGC
UGAUUGCACUAAU-3', siRNA#3: 5-UGGUAGAUGGAC
GUAUUAU-3' and siRNA#4: 5'-GAGCCAACUACUGGC
UAAA-3" The control siRNA sequence was 5'-UUCUCCGAA
CGUGUCACGU-3". The pCMV-HA-FKBP11 plasmid with
hemagglutinin (HA) tag and control plasmid (pCMV-HA)
were obtained from the Plasmid Library of Jikai (Shanghai
GeneChem Co., Ltd., Shanghai, China). HT-29 cells were
seeded 1 day prior to transfection using RPMI-1640 medium
containing 10% FBS. Transient transfection was performed
using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.),
according to the manufacturer's instructions (33), 2 ml
Lipofectamine 2000 and 1 g FKBPI11 plasmid were added
individually into the 1.5 ml tubes and mixed with OPTI-MEM
medium for 20 min. Then cells were incubated for 6 h at 37°C
in RPMI-1640 medium in the absence of serum and antibiotics.
Following this, the transfection mixtures were replaced with
10% FBS containing RPMI-1640 medium, and cells were
cultured for a further 48 h prior to further experimentation.

Statistical analysis. SPSS software (version 19.0; IBM
Corp., Armonk, NY, USA) was used for data analysis. Data
are expressed as the mean =+ standard error of the mean.
Statistical analyses between two groups were performed using
the Student's t test, and statistical analyses between multiple
groups were performed using one-way analysis of variance.
One-way analysis of variance followed by Dunnett's post hoc
test was performed for multiple comparisons. Each experiment
consisted of a minimum of three replicates per condition.
P<0.05 was considered to indicate a statistically significant
result.

Results

FKBPII and GRP78 expression levels are increased in the
inflamed intestinal mucosal tissues of patients with CD. To
investigate the potential contribution of FKBPII in CD,
western blot analysis was performed to determine the expres-
sion levels of FKBP11 in the colon biopsies from patients
with CD. As shown in Fig. 1A, FKBP11 and GRP78 protein
expression levels were significantly increased in the inflamed
colon tissues of patients with active CD compared with the
control. In addition, the protein expression level of active
caspase-3 was significantly increased in the inflamed colon
tissues of patients with active CD compared with the control
(Fig. 1B). Immunohistochemistry analysis further verified the
upregulated expression of FKBP11 and GRP78 in the inflamed
intestinal mucosal tissues of patients with CD compared with
the control (Fig. 1C and D). These results suggested that
FKBP11 may be involved in the process of human CD.

TNBS-induced experimental colitis in mice. A TNBS induced
mice colitis model was established to further investigate the
role of FKBP11 in CD. This is a well-established model of
colonic inflammation, resembling numerous primary clinical
and morphological features of human CD (34). Compared
with the ETOH control group, the body weight of the TNBS
group began to decrease by day 1 of the model and reached
a minimum body weight at day 3 (Fig. 2A). The histological
scores reflecting inflammation levels of mice were signifi-
cantly increased in the TNBS group compared with the control
group, and reached a maximum score on day 3 (Fig. 2B).
H&E staining revealed some CD-like pathological changes in
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Figure 2. Indicators confirm success of the TNBS-induced colitis model. (A) Mice body weight changes following administration of TNBS or ETOH at 0, 1, 2,
3,4 and 5 days time intervals post-treatment. (B) Histological scoring of the H&E staining results at 0, 1,2, 3, 4 and 5 days time intervals post-treatment with
either TNBS or ETOH. (C) Representative light microscopy images of H&E stained colonic tissues from mice following administration of TNBS or ETOH
(scale bar, 200 ym). Arrows indicate areas of inflammatory cell infiltration and epithelial cell depletion. Data are presented as mean + standard error (n=3).
“P<0.05 vs. ETOH. H&E, hematoxylin and eosin; ETOH, ethanol; TNBS, 2, 4, 6-trinitrobenzenesulphonic acid.
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Figure 3. FKBP11 and GRP78 expression levels are increased in TNBS-induced colitis. Western blot analyses revealed that the expression levels of (A) FKBP11
and GRP78, and (B) active caspase-3 in TNBS induced colitis are significantly enhanced 3 days post-treatment compared with the ETOH group. Bar graphs
demonstrate the quantitative analysis of FKBP11, GRP78 and active caspase-3 vs. GAPDH. (C) Immunohistochemistry analysis of FKBP11 and GRP78
expression in colonic mucosa of mice treated with TNBS for 3 days (scale bar, 50 pm). Data are presented as mean + standard error (n=3). ‘P<0.05 vs. ETOH.
ETOH, ethanol; TNBS, 2, 4, 6-trinitrobenzenesulphonic acid; FKBP11, FK506 binding protein 11; GRP78, 78 kDa glucose-regulated protein.

TNBS-treated colons, including inflammatory cell infiltration
within the lamina propria, formation of ulceration, depletion
of epithelial cells, edema and thickened colon wall (Fig. 2C),
which was consistent with previous studies (31,35). These
results suggest that the TNBS-induced colitis model was well
established in the present study. Furthermore, the results of
the present study demonstrated that 3 days post-treatment with
TNBS was the optimum time interval of acute inflammation,
and therefore this tissue was retained for use in subsequent
experiments.

Expression levels of FKBPII and GRP78 are increased in
TNBS-induced colitis in mice. Western blot analysis demon-
strated that FKBP11, GRP78 and active caspase-3 protein
expression levels were significantly increased in the mice

colon tissues of the TNBS group compared with the ETOH
group (Fig. 3A and B), which was consistent with the results
obtained from the biopsies of patients with CD. Furthermore,
immunohistochemistry analysis was performed to investigate
the expression levels and distributions of FKBP11 and GRP78
proteins in the TNBS group. The TNBS group revealed mark-
edly increased levels of FKBP11 and GRP78 expression,
predominantly in the cytoplasm of IECs, compared with the
ETOH group (Fig. 3C).

FKBPII regulates ER stress in IFN-y/TNF-a treated IECs.
Previous studies have revealed that ER stress is involved
in the pathogenesis and progression of IBD (36,37). The
expression levels of ER stress markers, such as GRP78 and
DNA damage-inducible transcript 3 protein (CHOP), have
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Figure 4. Association of FKBP11 expression levels with ER stress in IFN-y/TNF-a-treated HT-29 cells. (A) HT-29 cells were treated with IFN-y (2.5 ng/ml)
and TNF-o (50 ng/ml) for different time intervals (0, 6, 12 and 24 h) to construct a cell model of ER stress. Western blot analyses revealed a significant
upregulation of FKBP11 and GRP78 protein levels in IFN-y/TNF-o-treated cells in a time-dependent manner. (B) FKBP11 expression following transfec-
tion with FKBP11 siRNA in HT-29 cells was revealed by western blot analyses, and transfection with FKBP11siRNA#3 was revealed to exhibit the most
significant downregulation of FKBP11 expression. (C) HT-29 cells were transfected with control siRNA or FKBP11siRNA for 48 h, and then treated with
IFN-y/TNF-a for 24 h. Western blot analyses revealed that FKBP11 and GRP78 expression levels increased following IFN-y/TNF-a treated cells compared
with the untreated control, and GRP78 expression was significantly increased following transfection of FKBP11siRNA compared with control siRNA. Bar
graphs reveal the densities of FKBP11 or GRP78 protein levels vs. GAPDH. Data are presented as mean + standard error (n=3). "P<0.05 vs. control siRNA;
#P<0.05 vs. IFN-y/TNF-a untreated control. IFN-y, interferon-y; TNF-a, tumor necrosis factor-a; FKBP11, FK506 binding protein 11; GRP78, 78 kDa

glucose-regulated protein; siRNA, small interfering RNA.

been previously demonstrated to be upregulated in inflamed
intestines of IBD (38). To investigate the association between
FKBP11 and ER stress in CD, HT-29 cells were treated with
IFN-v (2.5 ng/ml) and TNF-a (50 ng/ml). FKBP11 protein
levels significantly increased in a time-dependent manner
following IFN-y/TNF-a stimulation compared with the
control, which suggests that an IFN-y/TNF-a induced ER
stress cell model had been successfully established (Fig. 4A).
Following this, cells were transfected with control siRNA
and FKBP11siRNAs, and the expression of FKBP11 was
subsequently determined. Western blot analysis revealed
that FKBP11-siRNA#3 demonstrated the most efficient
knockdown of FKBPI11 expression (Fig. 4B), and therefore
was subsequently chosen for use in further experiments. To
investigate the association between FKBP11 and ER stress,

the protein expression of FKBP11 was knocked down via
RNA interference. Compared with the control siRNA group,
suppression of FKBP11 expression with siRNA significantly
enhanced the expression of GRP78 in IFN-y/TNF-a-induced
HT-29 cells (Fig. 4C). These results suggest that FKBP11 may
regulate IFN-y/TNF-o-induced ER stress in HT-29 cells.

FKBPII protects HT-29 cells against IFN-y/TNF-a-induced
apoptosis. It has been previously reported that increased apop-
tosis of IECs disrupts the integrity of the epithelial barrier and
contributes to CD development (8). In the present study, it was
demonstrated that combined IFN-y/TNF-a stimulation signifi-
cantly enhanced the expression levels of pro-apoptotic proteins
BAX and active caspase-3 compared with the control, which
suggests that an inflammation-triggered IEC apoptosis model
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had been successfully established (Fig. 5A). To investigate the
function of FKBP11 in IFN-y/TNF-a-induced IEC apoptosis,
the pPCMV-HA-FKBPI11 plasmid was transfected into HT-29
cells to overexpress FKBP11 and the cells were then treated
with IFN-y/TNF-a. The results of the western blot analyses
suggested that the expression of the pro-apoptotic markers
BAX and active caspase-3 were significantly decreased
when FKBP11 was overexpressed compared with the empty
control plasmid group (Fig. 5A). In addition, in cell treated
with IFN-y/TNF-a, knockdown of FKBP11 using siRNA
significantly increased the expression levels of BAX and active
caspase-3 compared with the control siRNA group (Fig. 5B).
These results suggested that FKBP11 may have an important
role in IFN-y/TNF-a stimulated IEC apoptosis.

FKBPII suppresses IFN-y/TNF-a-induced IEC apoptosis
by inhibiting the JNK-caspase signaling pathway. To
further investigate the importance of FKBPI1 in apoptosis,
the effect of FKBP11 overexpression in IECs following
IFN-y/TNF-a-induced cellular apoptosis was investigated
using an Annexin V/PI staining assay. As shown in Fig. 6A,
following IFN-y/TNF-a administration, the Annexin V*/PI*
double positive cell ratio was notably increased compared
with the control, suggesting that a cellular apoptosis model
had been successfully established. Furthermore, FKBP11

overexpression markedly attenuated the IFN-y/TNF-a
induced apoptosis of cells compared with the control
plasmid group (Fig. 6A). A previous study demonstrated
that excessive or prolonged ER stress leads to the induc-
tion of apoptotic processes via CHOP, JNK and/or caspase
dependent pathways (39). Human caspase-12 has no role
in apoptotic pathways (40) and it is still controversial that
human caspase-12 acts as a functional counterpart of mouse
caspase-12. Of note, the amino acid sequence of mouse
caspase-12 has a 61% identity with human caspase-4,
which is involved in apoptosis induced by ER stress (41).
Therefore, the phosphorylation levels of JNK and expres-
sion levels of caspase-4 in IECs subjected to IFN-y and
TNF-a administration were investigated. As shown in
Fig. 6B, HT-29 cells exhibited significantly increased
levels of phosphorylated (p)-JNK following IFN-y/TNF-a
administration compared with the control, thus suggesting
activation of the JNK signaling pathway. Overexpression of
FKBPI11 significantly suppressed the levels of phospho-JNK
in IFN-y/TNF-a-treated cells compared with control cells
treated with IFN-y/TNF-a (Fig. 6B). In addition, cells
treated with IFN-y/TNF-a and overexpressing FKBP11
significantly suppressed caspase-4 expression compared
with control cells treated with IFN-y/TNF-a. In conclusion,
these results suggest that FKBP11 may protect IECs against
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IFN-y/TNF-a-induced apoptosis via negative regulation of
the JNK-caspase signaling pathway.

Discussion

Accumulating evidence has demonstrated that disrupted ER
homeostasis in IECs contributes to the pathogenesis of IBD.
Prolonged ER stress and impaired UPR signaling results in
excessive IEC apoptosis, defects in intestinal mucosal barrier
function and augmentation of the intestinal inflammatory
reaction, which together promote IBD progression (11,42 .43).
Previous bioinformatics analysis investigating IBD revealed
that FKBP11, a novel UPR protein, is highly expressed
exclusively in the intestinal tissues of human CD (25). Thus,
the present study aimed to investigate the possible role of
FKBPI1 in the intestinal epithelium homeostasis of CD. In
the present study, increased expression of FKBP11 protein
was detected in inflamed intestinal tissues from patients with
active CD and mice with TNBS-induced colitis. Using an ER

stress and apoptosis cellular model in IECs in vitro, the results
of the present study suggested that highly expressed FKBP11
attenuates IFN-y/TNF-a-induced apoptosis via regulation
of ER stress and inhibiting the detrimental JNK-caspase
apoptosis signaling pathway in IECs.

FKBP11 is a member of the PPlase family, which catalyzes
the folding of proline-containing polypeptides, and thus, is
important for the regulation of UPR (19). Previous studies have
suggested that FKBP11 is closely associated with numerous
inflammatory disorders and digestive tumors. For example, a
quantitative proteomics analysis revealed a close association
between highly expressed FKBP11 and insulin resistance, as
well as type 2 diabetes (21). The expression of FKBPI1 and
other ER stress genes (activating transcription factor 4 and
endoplasmin) were significantly increased by treatment with
palmitate in pancreatic islet f-cells (20). Thus, FKBP11 may
regulate UPR in B-cells when exposed to abnormally high
levels of circulating free fatty acids, and thus participate in
the pathogenesis of type 2 diabetes. In addition, enhanced
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expression of FKBPII was demonstrated in the B cell tran-
scriptome of patients with quiescent SLE (44). Furthermore,
overexpression of FKBP11 was revealed to disrupt B cell
tolerance against DNA and initiate plasma cell differentia-
tion by acting upstream of the paired box 5 master regulator
gene, which may synergistically contribute to B cell gene
abnormalities in SLE immunopathology (22,44). In addition,
progressively elevated expression of FKBP11 during the
development of HCC has been previously demonstrated, which
suggests that FKBP11 may represent a novel early marker for
HCC (23).

In the present study, western blot analyses and immuno-
histochemistry assays revealed that the expression of FKBP11
is significantly enhanced in the inflamed intestinal tissues
of patients with active CD compared with healthy controls.
Furthermore, using a murine model of TNBS-induced colitis,
which mimics human CD, it was revealed that the expression
of FKBP11 and GRP78 were significantly upregulated in IECs
compared with the control group. The results of the present
study supported the previous findings of a bioinformatics
analysis investigating human IBD (25), and suggested that
FKBP11 may be involved in CD pathogenesis. Following this,
an IFN-y/TNF-a induced ER stress cell model was established
to induce ER stress in human colon epithelial cell line HT-29,
and it was demonstrated that FKBP11 and GRP78 protein
expression levels were increased in IFN-y/TNF-a induced
HT-29 cells. Furthermore, knockdown of FKBP11 using siRNA
significantly enhanced the upregulation of GRP78, suggesting
that FKBP11 is important for inflammation-induced ER stress
in IECs. The results of the present study did not determine the
exact molecular mechanisms underlying the effect of FKBP11
upregulation in CD, however, previous studies may provide
some potential suggestions. In a genetic mouse model of ER
stress-induced hepatic steatosis, FKBPII gene expression was
revealed to be regulated by IREla, a conserved UPR sensor
in hepatocytes (24). Notably, as a major sensor of ER stress,
genetic ablation of /RE/a in IECs has been demonstrated to
result in a spontaneous colitis in mice, thus suggesting that
IREla functions as an important defense molecule against
IBD (16). In conclusion, it can be suggested that IREla posi-
tively regulates FKBP11 expression in IECs under adverse
inflammatory conditions, and that the IREla-FKBP11 UPR
mechanism may promote proper protein folding, attenuate ER
stress and regulate intestinal epithelial homeostasis.

Three UPR pathways (IREla, PERK and ATF6a) promote
cell survival by reducing misfolded protein levels, however,
UPR signaling also promotes apoptotic cell death if ER
stress is not attenuated (1). For example, under persistent ER
stress, PERK signaling induces the expression of CHOP, a key
regulator of ER stress associated apoptosis (45). In addition,
decreased IREla levels have been revealed to induce IEC
apoptosis via activation of the PERK-CHOP pro-apoptotic
pathway, which contributes to spontaneous colitis in IREla
knockout mice (16). Furthermore, the pro-apoptotic IRE1-TNF
receptor associated factor 2 (TRAF2)-JNK pathway can be
activated by prolonged ER stress (46). Signal transduction
between IREI-TRAF2 and phosphorylation of JNK may
be regulated in certain contexts by MAP kinase kinase
kinase apoptotic signal-regulating kinase 1 and its activator
kinase (46). INK-induced apoptosis may involve pro-apoptotic
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Bcl-2 family members, BAX and Bcl-2 antagonist/killer 1,
which can amplify the IREI signal (46). Cysteine proteases
(or caspases) are important mediators of apoptosis. Different
from other caspase members that are activated by membrane-
or mitochondrial-targeted apoptotic signals, caspase-12
is localized to the ER and is activated by ER stress via
disruption of ER calcium homeostasis and accumulation of
excess proteins in the ER (13). Caspase-12 activity can result
in selective apoptosis in response to ER stress via cleavage
of pro-caspase-3 into activated caspase-3 (13). Caspase-12,
a member of the cysteine protease family, serves a role in
promoting apoptosis in mice, whereas caspase-12 in humans
had lost its apoptotic regulatory function due to genetic
mutations, and the homeotic caspase-4 may have the same
function (47). In the present study, caspase-4 was used instead
of caspase-12, as human colon cancer cells HT-29 were
used. Two major pro-apoptotic pathways were revealed to be
associated with ER stress: The caspase-12/caspase-3 pathway
and the JNK/BAX pathway, which were significantly activated
in IECs following treatment with IFN-y/TNF-a. Notably,
the results of the present study demonstrated that FKBP11
overexpression attenuates ER stress-related pro-apoptotic
signal transduction, which suppresses IFN-y/TNF-a induced
apoptosis in IECs.

In conclusion, the results of the present study demon-
strated that FKBP11 and GRP78 expression levels are
significantly upregulated in the inflamed intestinal mucosa of
CD. Furthermore, the results revealed that overexpression of
FKBP11 could attenuate IFN-y/TNF-a-induced cellular apop-
tosis in IECs. These results are compatible with the hypothesis
that increased FKBP11 expression attenuates IFN-y/TNF-a
induced ER stress associated with the JNK-caspase apoptotic
pathway in IECs. However, further studies are required to
further validate the results of the present study and to investi-
gate the exact molecular mechanisms of FKBP11 in intestinal
epithelial homeostasis and CD development.
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