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Abstract: The present study aimed to explore the role of CXCR4 and protein C system (PCS) in the experimental 
ulcerative colitis (UC). The expression of CXCR3, CCR10, and CXCR4 in dextran sulfate sodium (DSS)-induced coli-
tis mouse model was measured by immunohistochemistry and western blot analysis. In vitro studies with micro-
vascular endothelial cells (MVECs) were performed. The expression of endothelial protein C receptor (EPCR) and 
thrombomodulin (TM) were detected by RT-PCR and western blot analysis. Activities of protein C (PC), protein S (PS), 
activated PC (APC) were evaluated in cells pre-treated with JNK inhibitor SP600125 and c-Jun silencing. DSS mice 
showed up-regulated expression of CXCR4, higher macroscopic score and histological score (P<0.05), as well as 
elevated levels of SDF-1α (P<0.05) compared with wild type, CXCR4-/-, or CXCR4-/- +DSS mice. In DSS mice, EPCR 
expression was down-regulated (P<0.05), accompanied by decreased activity of PC and PS (P<0.05 or P<0.01) with 
an up-regulated expression of pJNK MAPK and pc-Jun (P<0.05). Moreover, the macroscopic score and histological 
score index, SDF-1α levels, EPCR expression, PC activity, pJNK, and pc-Jun were reversed in CXCR4-/- +DSS mice 
(P<0.05). In vitro, SDF-1α-induced inhibition of the PCS was blunted by SP600125 (P<0.05). Meanwhile, down-
regulation of c-Jun rescued the inhibition of PCS (P<0.05). MVECs with retrovirus-mediated transfection of c-Jun 
demonstrated a strong trans-inactivation effect on the EPCR promoter (P<0.05). These findings suggest that CXCR4 
is involved in UC pathogenesis and could be a promising therapeutic target for UC treatment.
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Introduction

Ulcerative colitis (UC) is the main type of inflam-
matory bowel disease (IBD) and an unexplained 
chronic, relapsing inflammation of the digestive 
tract that alternate with periods of exacerba-
tions and remissions [1]. It is characterized by 
persistent diarrhea, pain, abdominal cramps, 
rectal bleeding, loss of weight, but these symp-
toms vary from one patient to another [1]. The 
pathogenesis of UC involves a combination of 
genetic, microbial, immunological, and environ-
mental factors [2], though the underlying mech-
anisms are not yet fully elucidated. 

Recent studies have highlighted that IBD patho-
genesis is not mediated by immune cells alone, 
but also involves microvascular endothelial 
cells (MVECs) in the process [3-5]. As the patho-
physiology of UC involves inflammation and 
coagulation, a hypercoagulative state is often 
manifested for micro thrombus formation and 
microcirculation disturbance in UC patients 
[6-8]. Endothelial cell damage plays an impor-
tant role in activating coagulation through pro-
tein C system (PCS) [9]. PCS is a complex and 
effective physiological mechanism of anticoag-
ulation. It is composed of protein C (PC), protein 
S (PS), endothelial protein C receptor (EPCR), 
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protein C inhibitor (PCI), and thrombomodulin 
(TM) [10]. PCS plays an important role in regu-
lating intestinal homeostasis, both in human  
intestinal MVECs and colitis animal models [11-
13]. Therefore, PCS might be one of the factors 
that mediate the pathogenesis of UC, indicating 
the importance of it to delineate the exact 
mechanisms underlying in UC pathology and to 
further identify novel drug targets.

A recent study revealed the inhibitory activity of 
PCS in dextran sulfate sodium (DSS)-induced 
UC mice, suggesting a possible mechanism of 
UC [14]. Furthermore, in DSS-induced mouse 
colitis, colonic CD14+CD64+ macrophages pro-
duced inflammatory cytokines and chemokines 
in response to immune complex stimulation, 
resulting in the inhibition of PC pathway via 
MVECs [14]. This indicated that PCS inhibition 
in UC involved the interaction between macro-
phages and MVECs. But how chemokines exert 
their effects through MVEC is not yet fully 
elucidated. 

Chemokine receptors are a class of G protein-
coupled receptors, which play an important 
role in the inflammatory cells of injured or 
infected organs. The expression of chemokine 
receptors was up-regulated in the active stage 
of UC [15-19]. Uo et al. reported that CXCR4+ 
IgG plasma cells mediated the activation of 
CD14+ macrophages via Fcγ receptor, which 
might lead to UC [20]. CXCR4 expression was 
significantly up-regulated in patients with UC 
compared to controls [21]. Animal experiments 
also showed that CXCR4 antagonist, AMD- 
3100, reduced colon injury in mice [22], and 
blocking of CXCL12/CXCR4 was beneficial in 
improving experimental colitis in rodent mo- 
dels [23]. Moreover, a recent study have point-
ed out that CXCR4 overexpression leads to 
mobilization and implantation of bone marrow 
mesenchymal stem cells in the inflammatory 
colon in rats with TNBS, and acts as a compo-
nent of anti-inflammatory and immune regula-
tion [24]. Nevertheless, the exact role of CXCR4 
in UC is still not yet defined.

Previous studies have revealed that over-acti-
vation of mitogen-activated protein kinases 
(MAPKs) and cascade pathways are involved in 
numerous physiological and pathological sig-
naling processes. Moreover, MAPKs respond to 
cellular proliferation and apoptosis regulation 
and play an important role in the inflammatory 

process of IBD and progression of UC [25]. The 
extracellular signal-regulated kinases (ERKs), 
c-Jun N-terminal kinases (JNKs), and p38 kinas-
es showed extensive cross-talks with other in- 
flammatory and signaling pathways [26]. Hen- 
ce, these inflammatory mediators are present-
ed as new targets for treating anti-inflamma- 
tion in inflammatory clinical conditions.

Therefore, the objective of the present study 
was to explore the role of CXCR4 in PCS chang-
es in UC.

Material and method

Animals

Six-to-eight-week old C57BL/6J mice (specific 
pathogen-free, 22-24 g, n=78) were obtained 
from the Animal Center Laboratory of Henan 
Province. Mice were housed for 1 week under 
standard conditions (temperature, 23±2°C; 
humidity, 60%) with free access to water and 
food. Mice were fasted for 12 hours with free 
access to water before use. All experimental 
procedures were performed in accordance with 
international guidelines for the care and use of 
laboratory animals and approved by the Ani- 
mal Ethics Committee of the Henan University 
School of Medicine, Kaifeng, China. The CXCR4-

/- mice was constructed by inserting two loxP 
sites along with a neomycin cassette into the 
CXCR4 locus to flank exon 2 (CXCR4fl/wt), and 
crossed with Tie2-promoted Cre recombinase 
expression in transgenic mice (Tie2-Cre). Hete- 
rozygous mice carrying CXCR4 allele were then 
bred to CXCR4fl/wt-Cre+ mice.

Induction of experimental mouse colitis model 
and sampling

Experimental colitis was induced by adminis-
trating 4% DSS (Sigma, St Louis, MO, USA) in 
drinking water for 7 consecutive days (DSS 
group) according to Schicho et al. [27]. Physical 
condition, weight, and the presence of gross 
and occult blood in excreta and at the anus of 
the mice were examined daily. 

At the end of the 7-day period, all the animals 
were sacrificed by decapitation under anesthe-
sia with inhaled isoflurane. Blood specimens 
were collected and plasma was prepared by 
centrifugation at 12,000 g for 10 min at 4°C. 
Supernatants were collected and stored at 
-80°C. The colon (starting from 0.5 cm above 
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the anus to the top of the cecum) segment was 
opened longitudinally, gently cleared of stool, 
rinsed with normal saline, and put on a 
Whatman paper for length measurement and 
macroscopic scoring. The colon was then divid-
ed into several portions. One of them was fixed 
in 10% neutrally-buffered formalin immediate-
ly, while the others were flash-frozen in liquid 
nitrogen and stored at -80°C before use.

Macroscopic scoring 

The macroscopic score was documented based 
on the evaluation system described by Hart- 
mann et al. [28]. In brief, the score consists of: 
1) body weight loss from baseline (0% weight 
loss was scored as 0 point, 1-5% as 1 point, 
5-10% as 2 points, 10-20% as 3 points, and 
>20% as 4 points); 2) stool consistency (0 point 
was for well formed pellets, 2 points for pasty 
stools, 3 points for semi-formed stools that did 
not stick to the anus, and 4 points for liquid 
stools that remained adhesive to the anus); and 
3) bleeding (0 point for negative stool occult 
blood test, 2 points for positive occult blood 
test, and 4 points for gross bleeding from the 
rectum). These scores were summed up and 
divided by 3, resulting in a total clinical score 
ranging from 0 (healthy) to 4 (maximal score for 
DSS-induced colitis).

Histology evaluation

The colon portion fixed in 10% neutral buffered 
formalin was paraffin-embedded and tissue 
sections (5 μm) were stained with hematoxylin 
and eosin (H&E). Five sections at 50 μm apart 
per colon sample were evaluated in a blinded 
manner and scored according to Siegmund et 
al. [29]: 1) cell infiltration of inflammatory cells 
(0 point for no or rare inflammatory cells in the 
lamina-propria, 1 point for increased numbers 
of inflammatory cells, including neutrophils in 
the lamina propria, 2 points for confluence of 
inflammatory cells extending into the submu-
cosa, and 3 points for transmural extension of 
the inflammatory cell infiltrate); and 2) epitheli-
al damage (0 point for no mucosal damage, 1 
point for discrete focal epithelial lesions, 2 
points for mucosal erosion/ulceration, and 3 
points for extensive mucosal damage and/or 
extension through deeper structures of the 
bowel wall). The two sub-scores were summed 
up and the combined histological score ranged 
from 0 (no changes) to 6 (highest score with 
extensive cell infiltration and tissue damage).

Immunohistochemistry 

De-waxed and hydrated paraffin sections were 
blocked for endogenous peroxidase ablation by 
treating with 3% H2O2. After antigen retrieval by 
microwave, the expression and localization of 
EPCR and TM in the colon of mice were deter-
mined by adding primary antibodies against 
CXCR4, CXCR3, or CCR10 (Santa Cruz Biotech- 
nology, Santa Cruz, CA, USA; 1:25, 1:50, and 
1:50 dilution, respectively). DAB was used for 
staining. Image analysis of semi-quantitative 
data from five sections for each specimen was 
accomplished using the digital Motic Med 6.0 
system (Motic, Wetzlar, Germany).

Western blot 

Colon tissues were homogenized in lysis buffer 
containing protease inhibitors (250 μl/20 mg; 
Beyotime Institute of Biotechnology, Haimen, 
China) as previously described [30]. The protein 
concentration was assessed using BCA kit 
(Pierce Chemical, Dallas, TX, USA), and then 
were subjected to SDS-PAGE (10-12%) and 
then transferred onto nitrocellulose membra- 
nes. The primary rabbit anti-CXCR3 (1:1000; 
Abcam, Cambridge, MA, USA), anti-CCR10 (1: 
1000; Abcam, Cambridge, MA, USA), anti-CX- 
CR4 (1:1000; Abcam, Cambridge, MA, USA), 
anti-EPCR (1:25; Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), anti-TM (1:50; Santa Cruz 
Biotechnology, Santa Cruz, CA, USA), anti-pJNK 
(1:400; Santa Cruz Biotechnology, Santa Cruz, 
CA, USA), anti-pP38 (1:400; Santa Cruz Bio-
technology, Santa Cruz, CA, USA), anti-pERK 
(1:400; Santa Cruz Biotechnology, Santa Cruz, 
CA, USA), and anti-pc-Jun antibody (1:1000; 
Abcam, Cambridge, MA, USA) were used along 
with the loading control of β-actin antibody 
(1:1000; Abcam, Cambridge, MA, USA). The 
appropriate secondary antibody HRP-conjuga- 
ted affinity purified goat anti-rabbit, or rabbit 
anti-goat, or rabbit anti-mouse lgG was applied 
at 1:5000 dilution and incubated for 1.5 hours 
at room temperature. Images were taken with 
Bio-Rad imaging system (Bio-Rad, Hercules, 
CA, USA) and analyzed by image analysis sys-
tem for the optical density of the protein bands. 

Enzyme-linked immunosorbent assay 

Plasma levels of SDF-1α were determined by 
commercially available mouse-specific enzyme-
linked immunosorbent assay (ELISA) kits (R&D 
Systems, Minneapolis, MN, USA) according to 
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the manufacturer’s protocols. Each sample 
was measured in duplicate using a microplate 
reader, and data were presented as pg/ml 
plasma.

Immunoturbidimetry

STAGO automatic blood coagulation analyzer 
microtubes were used to test the activity of PC 
and PS by immunoturbidimetry according to the 
manufacturer’s instructions.

Isolation and culture of colon mucosa MVECs 

Colon mucosa MVECs were isolated according 
to Scaldaferri et al. [31] study. In brief, mice 
colon tissues were digested by using 0.25% of 
trypsin, and then cultured in the MCDB131 
medium supplemented with 20% FBS, 1×105 
IU/L of penicillin, 0.1 g/L of streptomycin, hepa-
rin, endothelial cell growth factor, and 0.584 
g/L of glutamine for 96 h. After trypsin diges-
tion, the cell suspension was collected and cul-
tured in fresh medium for 72 h. Pure cells were 
obtained, digested using a cell dissociation 
buffer, and cultured in fresh medium through 
the determination of coagulation factor VIII.  
The third generation cells were used for the 
subsequent experiments.

siRNA interference

Three pairs of c-Jun gene hairpin oligonucle-
otide sequences were designed using the web-
based siRNA Target Designer-Version 1.51 soft-
ware (http://www.invitrogen.com), and synthe-
sized by Invitrogen Inc. (Carlsbad, CA, USA). 
c-Jun knockdown was performed by transfect-
ing MVECs with nonspecific or c-Jun-speci- 
fic siRNA according to the transfection kit 
LipofectamineTM 2000 instructions (Invitrogen 
Inc., Carlsbad, CA, USA). The control and blank 
groups were performed at the same time. The 
interference efficiency of the three stealth 
siRNA to c-Jun was detected and compared. 
Subsequent experiments were performed using 
siRNA with the highest interference efficiency. 
Each index was averaged with parallel wells, 
and the experiments were repeated at least 5 
times in order to explore the survival and func-
tional change of colon MVECs under the inter-
ference of the c-Jun gene. 

Cells were grouped as normal MVECs as con-
trol, SDF-1α-treated cells, cells pretreated with 
JNK inhibitor, SP600125, and cells treated with 
c-Jun-siRNA for silencing c-Jun expression.

Transfection and luciferase assay

An upstream fragment (approximately 1100 bp) 
of EPCR proximal promoters was generated 
(Table 1) by polymerase chain reaction (PCR) 
and was subsequently cloned into pGL3.0 fire-
fly luciferase reporter (Promega, Madison, WI, 
USA) using human genomic DNA as a template 
in accordance with the manufacturer’s instruc-
tions. Cells were infected with c-Jun-expressing 
retroviruses (Addgene, Cambridge, MA, USA; 
#40348) or control retroviral vector, pMIEG3, 
and were sorted for GFP expression as previ-
ously described [32]. Transfections and lucifer-
ase experiments were performed as described 
by Zhang et al. [33]. The experiments were per-
formed at least three times in triplicate.

Flow cytometry

About 100 μl of colon mucosal MVECs (1×106/
ml) from both control and DSS mice were sub-
jected to flow cytometry analysis. After diges-
tion by trypsin, the cell debris were used for 
testing the expression of CXCR4, CXCR3, and 
CCR10 (eBioscience, San Diego, CA, USA) by 

Table 1. Primers for luciferase assay
Sequences

EPCR
    Forward 5’-agcgcaaggagaacgtgt-3’
    Reverse 5’-gggttcagagccctcctc-3’
GAPDH
    Forward 5’-tgtgtccgtcgtggatctga-3’
    Reverse 5’-cctgcttcaccaccttcttga-3’

Table 2. Primers for RT-PCR
Sequences

EPCR
    Forward 5’-agcgcaaggagaacgtgt-3’
    Reverse 5’-gggttcagagccctcctc-3’
TM
    Forward 5’-atgcgtggagcatgagtg-3’
    Reverse 5’-ctggcatcgaggaaggtc-3’
GAPDH
    Forward 5’-accacagtccatgccatcac-3’
    Reverse 5’-tccaccaccctgttgctgta-3’
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flow cytometry (Bricyte E6; Mindray Medical, 
Shenzhen, China).

Real time-PCR (RT-PCR)

Total RNA was extracted from mouse colon 
mucosal MVECs with TRIZOL reagent (Invitrogen 
Inc., Carlsbad, CA, USA). RNA was converted to 
cDNA, and cDNA reaction mixture was ampli-
fied in an ABI7500 system (Applied Biosystems, 
Foster City, CA, USA) according to the instruc-
tions of the SYBR Primix Ex TaqTM kit (Takara 
Bio, Otsu, Japan). The parameters were as fol-
lows: 1) 95°C for 30 s; and 2) 40 cycles of 95°C 

for 5 s and 60°C for 31 s. The primers are 
shown in Table 2.

Chromogenic substrate assay

According to Zhang et al. [33], colon mucosal 
MVECs were incubated with SDF-1α for 24 h 
and washed with TBS (50 mmol/L Tris-HCl, 120 
mmol/L NaCl, 2.7 mmol/L KCl, 3 mg/mL BSA) 
thrice. Then, 200 nmol/L PC (Enzyme Research 
Laboratories, South Bend, IN, USA) and 0.6 U/
mL of TM were added and incubated for 1 h at 
37°C. The chromogenic substrate (S-2366; Ch- 
romogenix, Instrumentation Laboratory, Bed- 

Figure 1. CXCR4, not CXCR3 and CCR10, was highly 
expressed in DSS-induced ulcerative colitis (UC) mice. 
A. The expression of CXCR3, CXCR4, and CCR10 were 
measured by immunohistochemistry 7 days after 
DSS-induced UC and control mice. B. Protein expres-
sion levels of CXCR3, CXCR4, and CCR10 were de-
tected by western blot in DSS-induced UC and control 
mice. C. Densitometric quantification of protein levels 
of CXCR3, CXCR4, and CCR10 was performed and 
normalized to β-actin. **P<0.01 vs. control.
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ford, MA, USA) was applied by microplate read-
er to test the activity of the activated PC (APC) 
protein.

Statistical analysis

Data were expressed as mean ± standard error 
of the mean (SEM). All data were analyzed by 
one-way ANOVA followed by SNK post hoc  
test. SPSS 13.0 software (SPSS, Chicago, IL, 
USA) was used for statistical analysis. Two-
sided P-values <0.05 were considered statisti-
cally significant.

Results

CXCR4 was significantly up-regulated in UC 
and CXCR4 deletion could partly delay the pro-
gression of DSS-induced colitis

The expression levels of CXCR3 and CCR10 
were similar in both control as well as DSS 
mice, while a strong positive immunostaining 
was observed for CXCR4 in DSS mice, and was 
mainly located at the vascellum (Figure 1A). In 
addition, the expression of CXCR4 was signifi-

cantly up-regulated in DSS mice (P<0.01, Fig- 
ure 1B and 1C), while no changes were obser- 
ved for CXCR3 and CCR10 compared to control 
mice (P>0.05, Figure 1B and 1C). These data 
suggested that CXCR4 was significantly up-reg-
ulated after the establishment of UC. To deter-
mine whether CXCR4 was involved in the mice 
with UC, CXCR4 knockout mice were generated. 
After intake of 4% DSS as drinking water  
for several days, mice developed severe colitis, 
and suffered weight loss (P<0.01, Figure 2A), 
shortened colon length (P<0.05, Figure 2B), 
and increased spleen weight (P<0.05, Figure 
2C). There was an obvious increase in the mac-
roscopic scores (P<0.05, Figure 2D) with bloody 
stools, which typically started on day 3-4 and 
continued till the end of the experimental peri-
od (data not shown). This severe colitis was 
alleviated in CXCR4-/- mice treated with DSS, 
mainly manifesting as higher weight, longer 
colon, lower spleen weight (P<0.05), and lower 
macroscopic score compared with DSS mice 
(P<0.05). These data suggested that CXCR4 
was significantly up-regulated in UC and that 
CXCR4 deletion could partly delay the progres-
sion of DSS-induced colitis.

Figure 2. CXCR4 knock-down delayed the progression of DSS-induced colitis. (A) Body weight, (B) colon length, (C) 
spleen weight, and (D) macroscopic scores in wild type (WT), DSS-induced (DSS), CXCR4 knockout (CXCR4-/-), and 
DSS-induced CXCR4 knockout (CXCR4-/- +DSS) mice were measured. *P<0.05, **P<0.01 vs. WT. #P<0.05 vs. DSS.
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Histological examinations revealed that both 
wild type and CXCR4-/- mice showed no signs  
of colitis (Figure 3A and 3C), while DSS mice 
showed obvious colitis with characteristic ul- 
cers, open sores, multiple erosive lesions, and 
dropouts of entire crypts in the colon, as well  
as a marked infiltration of inflammatory cells 
into the colonic sub-mucosa (Figure 3B). Hen- 
ce, a significant higher histological score was 
observed compared with the wild type group 
(P<0.05, Figure 3E). In CXCR4-/- mice, treat-
ment with DSS induced an attenuated degree 
of inflammation compared to wild-type mice 
induced with DSS (P<0.05, Figure 3D and 3E). 
To further evaluate the degree of systemic 
inflammation, the plasma levels of SDF-1α, a 
marker of inflammatory infiltration, were asse- 
ssed. SDF-1α levels increased significantly 
when the mice were challenged with DSS (P< 
0.05), while the SDF-1α levels of CXCR4-/- +DSS 
mice were lower compared to DSS mice (P< 
0.05, Figure 3F). These data suggested that 
CXCR4 silencing could attenuate DSS-induced 
inflammation.

CXCR4 deletion reversed the activity of PCS 
inhibited by UC

EPCR is the main receptor of PC, and TM com-
bines with thrombin (to form the thrombin-TM-
PC complex with the help of Ca2+) to inactivate 

the coagulation factor [34, 35]. Western blot 
results indicated that EPCR was significantly 
decreased in the colon of DSS mice compared 
to the wild type controls (P<0.05, Figure 4A  
and 4B). EPCR expression was up-regulated in 
CXCR4-/- +DSS mice when compared to DSS 
mice (P<0.05, Figure 4A and 4B). TM was not 
changed either in DSS or CXCR4-/- +DSS mice 
(P>0.05, Figure 4C and 4D). DSS mice showed 
significantly decreased PC (P<0.01) and PS 
(P<0.05) activities, which are another two in- 
dexes of PCS, while in CXCR4-/- +DSS mice, this 
inhibition effect was reversed for PC activity 
(P<0.05, Figure 4E and 4F). These data sug-
gested that PCS activity was inhibited by UC, 
and deletion of CXCR4 reversed the inhibition 
of PCS activity.

CXCR4 deletion could reverse the expression 
of pJNK and pc-Jun

Inflammation was determined by the activation 
of intracellular signaling pathway. Studies re- 
vealed that over-activation of MAPK was relat-
ed to UC progression, suggesting new targets 
for treating inflammation [36, 37]. Results 
showed that pP38 and pERK MAPKs were not 
influenced by DSS or CXCR4-/- +DSS, while in 
UC mice, pJNK and pc-Jun were up-regulated 
(P<0.05, Figure 5A-D). These enhancements 
were decreased in the CXCR4-/- +DSS group 

Figure 3. CXCR4 deletion attenuated colitis and inflammatory signs in DSS induced ulcerative colitis (UC) mice. 
A. Wild type (WT) mice showed no signs of colitis and inflammation. B. DSS-induced UC mice (DSS) showed signs 
of colitis with marked infiltration of inflammatory cells into the submucosa of the colon. C. CXCR4 knockout mice 
(CXCR4-/-) showed no signs of colitis and inflammation. D. CXCR4-/- mice treated with DSS (CXCR4-/- +DSS) showed 
attenuated degree of infiltration of inflammatory cells and signs of colitis. E. Histological scores. F. Plasma levels of 
SDF-1α. *P<0.05 vs. WT. #P<0.05 vs. DSS.
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(P<0.05). These data suggested that CXCR4 
deletion could reverse the expression of pJNK/
MAPK pathway in UC. 

CXCR4 was significantly up-regulated in SDF-
1α-treated colonic mucosal MVECs

To further determine the role of CXCR4 in UC, 
SDF-1α was used in vitro to mimic the effects of 
chemokines on MVECs. Normal colon mucosal 
MVECs showed cobblestone-like changes, and 
the positive expression of factor VIII implied the 
success of cell culture (Figure 6A). Flow cytom-
etry results showed that after stimulation with 

SDF-1α, CXCR3 and CCR10 expression levels in 
MVECs were not changed, but CXCR4 was sig-
nificantly up-regulated (P<0.01, Figure 6B). 
These data suggested that in vitro CXCR4 was 
also up-regulated when MVECs were treated 
with SDF-1α.

Inhibition of JNK MAPK pathway reversed the 
inhibited activity of PCS by SDF-1α in colon 
mucosal MVECs 

When the cells were pretreated with SDF-1α, 
the expression of EPCR in normal colon muco-
sal MVECs was significantly down-regulated 

Figure 4. CXCR4 deletion reversed the activity of PCS inhibited by UC. (A) EPCR expression in the colon mucosal 
cells of WT, DSS, CXCR4-/-, and CXCR4-/- +DSS mice. (B) Protein levels of EPCR were densitometrically quantified and 
normalized to β-actin. (C) The expression of TM in the colon mucosal cells of WT, DSS, CXCR4-/-, and CXCR4-/- +DSS 
mice. (D) Protein levels of TM were quantified densitometrically and normalized to β-actin. (E) PC activity and (F) PS 
activity in WT, DSS, CXCR4-/-, and CXCR4-/- +DSS mice. *P<0.05, **P<0.01 vs. WT. #P<0.05 vs. DSS.
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(P<0.05 or P<0.01, Figure 7A and 7C), and 
there was no significant change in TM expres-
sion at the mRNA and protein levels (Figure 7B 
and 7D). To verify whether c-Jun was involved in 
SDF-1α-induced inhibition of EPCR expression, 
colon mucosal MVECs were pretreated with 50 
nM SP600125 (JNK inhibitor) or SDF-1α-treated 
c-Jun siRNA cells. Interestingly, SDF-1α-induc- 
ed inhibition of EPCR expression was blunted 
by JNK inhibitor and c-Jun siRNA both at the 
mRNA (P<0.05, Figure 7A) and protein (P<0.05, 
Figure 7C) levels. These findings suggested 
that SDF-1α-induced inhibition of EPCR expres-
sion was mediated by activation of JNK/c-Jun 

signaling pathway. Meanwhile, the activity of 
PC, PS, and APC was also inhibited by SDF-1α 
(P<0.05, Figure 7F-H), which was reversed by  
SP600125 or c-Jun siRNA (P<0.05, Figure 
7F-H). These data suggested that inhibition of 
JNK MAPK pathway reversed the inhibited 
activity of PCS by SDF-1α in colon mucosal 
MVECs.

c-Jun regulated EPCR by binding to its pro-
moter 

In order to understand how c-Jun regulates 
EPCR, we detected its effects on the promoter 

Figure 5. CXCR4 deletion reversed the expression of pJNK and pc-Jun. The protein expression levels of pP38 (A), 
pJNK (B), pcJun (C), and pERK (D) in WT, DSS, CXCR4-/-, and CXCR4-/- +DSS mice. Protein levels were densitometri-
cally quantified and normalized to β-actin. *P<0.05 vs. WT. #P<0.05 vs. DSS.



Role of CXCR4 in ulcerative colitis

4830	 Am J Transl Res 2017;9(11):4821-4835

Figure 6. CXCR4 was significantly up-regulated in SDF-1α-treated colonic mucosal MVECs. A. Normal colon mucosal MVECs showed cobblestone-like changes, and 
positive expression of factor VIII implied the success of cell culture. B. Flow cytometry analysis was performed for the expression levels of CXCR3, CCR10 and CXCR4 
after the stimulation of MVECs with SDF-1α. **P<0.01 vs. controls.
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activity of EPCR. Results revealed a strong 
trans-inactivation effect on the EPCR promo- 
ter that took place after cells were infected  
with retroviruses containing c-Jun (P<0.05, 
Figure 7E). These data suggested that c-Jun re- 
gulated EPCR by binding to its promoter.

Discussion

In the present study, we found that CXCR4 was 
significantly up-regulated and was involved in 
the pathogenesis of UC. Moreover, deletion of 
CXCR4 could partly delay the progression of 
DSS-induced colitis. These results implied that 
CXCR4 might serve as a novel target for UC 
treatment.

Previous studies have shown that abnormal 
coagulation function was closely related to UC 
activity [34-36]. Generally, PCS serves as the 
most complex and the most effective physio-
logical mechanism of anticoagulation. Since 
PCS is an important mediator of vascular endo-
thelial function, and MVECs are the most impor-
tant non-immune cells in UC, it can be specu-
lated that the PCS plays an important role in 
the pathological process of UC. A previous 
study by our team has confirmed that in DSS-
induced UC mice, plasma cells and macroph- 
ages of colon tissue act upon the mucosal 
MVECs by secreting inflammatory cytokines 
and chemokines, and further inhibit the PCS 
[14]. But the mechanism of how chemokines 
act on mucosal microvascular endothelial func-
tions and affect the PCS is still unknown. 

Uo et al. recently demonstrated that CXCR4 
could play a role in UC [20]. Therefore, in order 
to explore the involvement of CXCR4 in the reg-
ulation of PCS in UC, we used both gene knock-
out mice and ShRNA cells. Results showed that 
deletion of CXCR4 could partly delay the pro-

gression of DSS-induced colitis. These results 
are supported by a previous study which sh- 
owed that a CXCR4 antagonist reduced colon 
injury in mice [22], while another study showed 
that blocking CXCL12/CXCR4 pathway was 
beneficial in UC rodents [23]. In addition, our 
research revealed that deletion of CXCR4 re- 
versed the inhibition of PCS in UC. CXCR4 over-
expression leads to increased mobilization of 
mesenchymal stem cells into the colon, where 
these cells play a role in inflammatory process-
es [24]. Taken together, these results suggest-
ed that CXCR4 was involved in the pathogene-
sis of UC, and it may serve as a novel target for 
UC treatment. 

Recently, it has been shown that the JNK MAPK-
c-Jun pathway was involved in IBD and UC [25]. 
Furthermore, ERK, JNK, and p38 are key play-
ers in inflammatory processes [26, 37-39]. To 
investigate the mechanism of signal transduc-
tion of CXCR4 on MVECs, we examined the 
activities of pP38, pJNK, pERK, and pc-Jun in 
mice. Results suggested that pP38 and pERK 
are probably not involved in UC (at least in the 
DSS model), but pJNK expression was up-regu-
lated, and this enhancement was inhibited to 
some extent in the CXCR4 knockout DSS model. 
As expected, pc-Jun also showed similar results. 
Furthermore, in the present study, SDF-1α-me- 
diated inhibition of PCS activity was mainly 
manifested by the down-regulation of EPCR 
expression, and reduction of PC, PS, and APC 
activities. All these inhibitions were reversed by 
JNK MAPK inhibitor, SP600125, and blunted by 
c-Jun knockdown. Taken together, these results 
strongly suggested that induction of JNK/c-Jun 
pathway was involved in the inhibitory effects 
of SDF-1α on the activity of PCS, and the effects 
of CXCR4 could be mediated by JNK MAPK-c-
Jun pathway. 

Figure 7. Inhibition of JNK MAPK pathway reversed 
the inhibited activity of PCS by SDF-1α in colon mu-
cosal MVECs. (A) The mRNA expression levels of En-
dothelial protein C receptor (EPCR) and (B) thrombo-
modulin (TM). (C) Protein expression of EPCR and (D) 
TM. (E) Luciferase assays revealed that c-Jun regu-
lated EPCR by binding to its promoter. The activity of 
(F) protein C (PC), (G) protein S (PS) and (H) activated 
PC (APC). *P<0.05 vs. controls. #P<0.05 vs. SDF-1α. 
Results were obtained from at least three indepen-
dent experiments performed in triplicate.
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As the promoter region of EPCR contains a 
c-Jun-binding TGAGTCA motif, it was speculated 
that activated c-Jun induced by SDF-1α could 
act as a transcriptional factor and bind to the 
promoter region of EPCR to trans-inactivate the 
expression of EPCR [33]. This hypothesis was 
confirmed by the luciferase activity, and verified 
by the indication that JNK-specific inhibitor, 
SP600125, and c-Jun silencing rescued the 
reduction of EPCR. These results are supported 
by a recent study, which showed that free fatty 
acids could inhibit EPCR expression through 
JNK pathway in human umbilical vein endothe-
lial cells (HUVECs) [40]. Similarly, another study 
by Zhang et al. [33] also showed that c-Jun 
silencing or the use of a JNK inhibitor could 
attenuate the effects of Aβ1-42 on the activa-
tion of PC in mouse brain primary endothelial 
cells.

Despite of these interesting results, the pres-
ent study still has some limitations. Only a few 
mechanisms and inflammatory cytokines were 
examined, and further comprehensive studies 
are necessary to get a better grasp on the 
mechanisms involved in UC. In addition, these 
results were obtained in mouse models, and 
further research should be carried out before 
entering into the clinical trials. Further investi-
gation on specific characterization of these 
chemokines with their regulatory roles on the 
mediators of immune response provides a 
more complete picture regarding the underlying 
mechanisms involved in UC and other IBDs.

In conclusion, the present study suggested that 
CXCR4 may influence the function of MVECs in 
the course of UC, and further inhibit PCS. The 
mechanism involves JNK MAPK-c-Jun pathway, 
and acts as a potential therapeutic target for 
UC treatment. 
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