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Abstract

Background and Objective: Increasing interest has developed in the therapeutic potential of bone marrow-derived mesen-
chymal stem cells (MSCs) for the treatment of inflammatory bowel disease (IBD) and IBD-induced cancer. However, whether
MSCs have the ability to suppress or promote tumor development remains controversial. The stromal cell-derived factor 1
(SDF-1)/C-X-C chemokine receptor type 4 (CXCR4) axis is well known to play a critical role in the homing of MSCs. In this
study, we aimed to evaluate the role of CXCR4-overexpressing MSCs on the tumorigenesis of IBD.
Methods: MSCs were transduced with lentiviral vector carrying either CXCR4 or green fluorescent protein (GFP). Chemotaxis
and invasion assays were used to detect CXCR4 expression. A mouse model of colitis-associated tumorigenesis was estab-
lished using azoxymethane and dextran sulfate sodium (DSS). The mice were divided into three groups and then injected
with phosphate buffer saline (PBS), MSC-GFP or MSC-CXCR4.
Results: Compared with the mice injected with MSC-GFP, the mice injected with MSC-CXCR4 showed relieved weight loss,
longer colons, lower tumor numbers and decreased tumor load; expression of pro-inflammatory cytokines decreased, and
signal transducer and activator of transcription 3 (STAT3) phosphorylation level in colon tissue was down-regulated.
Conclusion: CXCR4-overexpressing MSCs exhibited effective anti-tumor function, which may be associated with enhanced
homing to inflamed intestinal tissues.
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Introduction

Inflammatory bowel disease (IBD), which includes ulcerative co-
litis and Crohn’s disease, represents chronic and idiopathic in-
flammatory disorder of the gastrointestinal tract [1, 2]. Patients
with underlying IBD have been shown to be at risk for develop-
ing colorectal cancer (CRC), which is referred to as colitis-
associated cancer (CAC) [3]. CAC is one of the most serious
complications associated with IBD, and accounts for approxi-
mately 10–15% of all IBD patient deaths [4, 5]. In addition, it has
been demonstrated that CAC patients exhibit poorer survival
statistics compared with patients with sporadic CRC [6].
Recently, convincing data have demonstrated that the develop-
ment from inflammation to cancer is a multifactorial and com-
plicated process [7]. This, to some extent, results in limited
treatment options for CAC patients.

As more novel treatments emerge from the drug-develop-
ment pipeline and clinical research for both IBD and IBD-
associated complications [8], growing interest has emerged in
the use of cell therapy as a novel therapeutic approach.
Mesenchymal stromal cells (MSCs) have become the primary
candidate cell type studied due to their low immunogenicity
and immunoregulatory properties [9, 10]. MSCs are a type of
stem cells that can be derived from numerous different tissue
sources, including bone marrow and adipose tissue [11]. They
are currently used for the treatment of inflammatory diseases,
including myocarditis, multiple sclerosis and IBD [12–14]. While
questions remain surrounding the role of MSCs in tumorigene-
sis and tumor growth [15–17], the use of MSCs for the treatment
of IBD has demonstrated promising results in both animal mod-
els and human clinical trials [14, 18, 19]. In addition, our previ-
ous work has indicated anti-tumor properties of MSCs in the
tumorigenesis of IBD [20].

Nevertheless, an increasing number of studies have indi-
cated that the homing of systemically administered MSCs is
very low and transient [21–23], which could restrict the potential
curative efficacy of this treatment. Thus, it is of importance to
facilitate both the chemotaxis and retention of MSCs so as to ex-
pand the effectiveness of MSC-based cell therapy. Stromal cell-
derived factor 1 (SDF-1) has been identified as one of the most
crucial factors in the homing of stem cells to bone marrow and
other injured tissues [24, 25]. C-X-C chemokine receptor type 4
(CXCR4) is the receptor for SDF-1, and is located on the cell sur-
face of MSCs; however, its expression has been shown to be
greatly reduced throughout the in vitro amplification of MSCs
[26]. Emerging evidence has demonstrated that the SDF-1/
CXCR4 axis may play a critical role in MSC homing and survival
[27–30]. However, the effects of the SDF-1/CXCR4 axis in tumori-
genesis of IBD have yet to be clearly investigated.

In this study, we established a mouse model of colitis-
associated tumorigenesis in order to investigate the role of the
SDF-1/CXCR4 axis in tumorigenesis of IBD as well as the poten-
tial mechanisms.

Methods
Mice

All-female C57BL/6 mice were obtained from the Laboratory
Animal Center of Sun Yat-sen University, Guangzhou, China.
Mice used in these studies were 7–8 weeks of age, with body

weights between 18 and 20 g. These mice were maintained un-
der specific pathogen-free (SPF) conditions at the Laboratory
Animal Center of Sun Yat-sen University, Guangzhou, China.
Mice were quarantined for 7 days prior to being used in an ex-
periment and were provided with drinking water and fed a
pellet-based diet. All animal experiments were carried out in ac-
cordance with the detailed rules of the Institutional Animal
Care and Use Committee of Sun Yat-sen University. In addition,
the experimental protocol used for this study was approved by
the Ethical Committee of Sun Yat-sen University.

Isolation, culture and transduction of MSCs

MSCs were isolated from 3- to 4-week-old female C57BL/6 mice
as described previously [31]. Briefly, mice were sacrificed by cer-
vical dislocation. The bilateral femurs and tibias were then
aseptically excised and stripped of connective tissue. Once the
ends of the bones were trimmed, bone marrow was flushed
from the marrow cavity using complete culture medium com-
prising Dulbecco’s modified Eagle’s medium (DMEM; Gibco, New
York, USA) supplemented with 10% fetal bovine serum (FBS;
Gibco) and 1% penicillin/streptomycin (Gibco). The cell suspen-
sion was filtered through a 70-lm strainer (BD Biosciences;
Franklin Lakes, NJ, USA) and then centrifuged at 600� g for
3 min. Following removal of the supernatant, cells were re-
suspended and plated in plastic tissue culture flasks (Corning;
New York, NY, USA) at a density of 1� 106 cells/cm2 in the com-
plete culture medium described above. Medium was refreshed
every 2 days to remove non-adherent cells. When the culture
reached over 80% confluency, cells were digested using 0.25%
trypsin for 2 min at room temperature and sub-cultured. For all
experiments, cells were used at passage 3 or 4.

Stable CXCR4-overexpressing MSCs were generated by lenti-
viral transduction using a pWSLV-07-EF1a-Puro-GFPvector from
ViewSolid Biotech (Beijing, China). The empty pWSLV-07-EF1a-
Puro-GFPvector was used as a control. Both plasmids were
verified by sequencing. The pWSLV-07-EF1a-Puro-GFP and
pWSLV-07-EF1a-CXCR4-Puro-GFP plasmids were both co-
transfected into 293 T cells with Lipofectamine 3000
(InvitrogenTM; Life Tech, Shanghai, China) using a packaging
plasmid (psPAX2) and an enveloping plasmid (pMD2.G), respec-
tively. The transfection and lentiviral infection processes were
carried out as described previously by Yuan et al. [32].

Identification of MSCs

Cells were trypsinized, collected and washed with cold phos-
phate buffer saline (PBS). Cells were then incubated with phyco-
erythrin (PE)-conjugated anti-mouse CD105, allophycocyanin
(APC)-conjugated anti-mouse CD11b, CD44, CD45 or fluorescein
isothiocyanate (FITC)-conjugated anti-mouse CD29, CD31 (BD
Biosciences) in the dark at 4�C for 30 min. Following two washes
with PBS (Gibco), cells were re-suspended and analysed using
flow cytometry (BD FACSCantoTM; BD Biosciences). A total of
10 000 viable events were collected and analysed.

Multi-potential differentiation of MSCs

In order to characterize MSCs in accordance with the
International Society for Cellular Therapy statement [33], we
utilized two different experimental procedures as described by
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previous studies [34, 35]. Multi-lineage potential of MSCs was
assessed by incubating the cells under specific conditions in or-
der to induce differentiation into adipocytes and osteoblasts.
Briefly, adipocyte formation was assessed by staining of accu-
mulated lipid vacuoles with Oil Red O (Sigma; Springdale, AR,
USA). Osteoblast formation was assessed by measuring Alizarin
red staining (Sigma). Control cells were fed only with MSCs
complete culture medium.

Monitoring cell proliferation

MSC proliferation was analysed using real-time cell analysis
(RTCA) with the xCELLigence systemE-Plate (ACEA Biosciences
Inc.; San Diego, CA, USA). DMEM supplemented with 10% FBS
was added to the E-Plate, and the background cell index (CI) val-
ues were recorded. The MSCs suspension (4000 cells/well) was
then added to the medium and incubated. Cell proliferation was
observed at 15-min intervals using the RTCA analyser. CI values
were recorded, and cell proliferation was observed continuously
for 120 h. Cell growth rate was calculated based on the slope of
the line between two given time points [36].

Scratch assay

MSC-GFP or MSC-CXCR4 were seeded in six-well plates and cul-
tured until they reached confluency. Monolayers were then
gently scratched using a pipette tip to create a rectangular
scratch. Culture medium and detached cells were then re-
moved, and the monolayers were washed twice with PBS and
maintained in DMEM containing 0.5% BSA for 24 h. Cells were
stimulated by using 100 ng/mL SDF-1 over the next 24 h.
Thereafter, cells that migrated into the wound line and along
the wound line were imaged using a phase-contrast microscope
(DMI4000B; Leica, Wetzlar, Germany). Wound closure was quan-
tified as the percentage of the starting distance between the
wound edges after 24 h (analysed by Image-Pro Plus 5.02; Media
Cybernetics, Bethesda, MD, USA).

Cell-invasion assay

Invasion assays were carried out using Transwell plates
(Corning) with 8-lm pore-sized membranes with coated
Matrigel (BD Biosciences). For each Transwell plate, 8� 104 MSC-
GFP or MSC-CXCR4 cells were seeded on the upper chambers;
the lower chambers were filled with culture medium supple-
mented with chemoattractant (SDF, 100 ng/mL). Following 24 h
of incubation, cells that passed through the coated membrane
to the lower surface were fixed with 4% paraformaldehyde and
stained with hematoxylin. The cells were counted under a mi-
croscope (�100). Invading cells were quantified using ImageJTM

software (ImageJ 1.46r; Bethesda, MD, USA).

Animal-model induction and treatment

The model of colitis-associated tumorigenesis was induced by
using azoxymethane (AOM; Sigma-Aldrich, St. Louis, MO, USA)
and DSS (36–50 kDa; MP Biomedical; Santa Ana, CA, USA).
Briefly, female mice were injected intraperitoneally with a sin-
gle dose of AOM (10 mg/kg). Mice then received a course of 2%
DSS in sterile drinking water for 1 week followed by a course of
pure drinking water for 2 weeks. This was carried out for a total
of three cycles. The AOM/DSS-treated mice were assessed daily
to monitor general appearance, food uptake, body weight, stool
consistency and rectal bleeding.

Twenty-four female C57BL/6 mice were randomized into
four groups (six mice per group): two experimental groups
(MSC-GFP group and MSC-CXCR4 group), one control group (PBS
group) and one negative control group (NC group).

On Days 4, 14 and 24, mice in the experimental groups were
injected with MSC-GFP or MSC-CXCR4 (1� 106 cells in 0.3 mL of
PBS) via the tail vein. Mice in the PBS group received 0.3 mL of
PBS without MSCs. Mice in the NC group did not undergo the
treatment of AOM or DSS or the treatment of MSC or PBS.

At the end of Week 12, all mice were sacrificed by cervical
dislocation. Mouse colons were then isolated and slit longitudi-
nally to count the number of tumors and measure the tumor
size using a dissecting microscope. Segments of the distal colon
were fixed in 10% neutral buffered formalin for subsequent par-
affin embedding, or kept in RNA stabilization solution (RNA
later; Ambion, Thermo Fisher Scientific, St Peters, MO, USA) as
tissue samples for real-time polymerase chain reaction (RT-
PCR) analysis.

Histopathological analysis

For each mouse, four sections of distal colon were histopatho-
logically analysed. Colon samples were fixed in 10% neutral
buffered formalin, embedded in paraffin and sliced into
micrometer-thick sections prior to staining with hematoxylin
and eosin (HE). The stained tissues were histologically evalu-
ated in a double-blind fashion as previously reported, using a
combined score for tissue injury (score, 0–3) and infiltration of
inflammatory cells (score, 0–3) [37]. Briefly, for tissue injury, nor-
mal colonic mucosa, discrete lymphoepithelial lesions, surface
mucosal erosion or focal ulceration and extensive mucosal
damage and extension into deeper layers were scored as 0, 1, 2
and 3, respectively; in the case of infiltration of inflammatory
cells, occasional presentation of inflammatory cells in the lam-
ina propria, increasing number of inflammatory cells in the
lamina propria, inflammatory cells extending into the submu-
cosa and transmural extension of the infiltration were scored as
0, 1, 2 and 3, respectively. The histological score was defined as
the sum of the two parameters above (ranging from 0 to 6).

RNA extraction and RT-PCR

Total RNA was extracted from cells or tissue samples using the
TRIzol Reagent (Invitrogen; Carlsbad, CA, USA) according to the
manufacturer’s instructions. RNA concentration and purity
were determined using a NanoDrop ND-2000 spectrophotome-
ter (Thermo Fisher Scientific; St. Peters, MO, USA). For each sam-
ple, 1000 ng of total RNA was then reverse-transcribed using the
ReverTra Ace qPCR RT Kit (Toyobo Biochemicals; Kita-ku,
Osaka, Japan) according to the manufacturer’s instructions. RT-
PCR was carried out using the SYBR Green PCR Master Mix
(Applied Biosystems; Foster City, CA, USA) on the Applied
Biosystems 7500 Sequence Detection system utilizing the SYBR
Green detection protocol, as described by the manufacturer. All
PCR reactions were carried out in triplicate, and control reac-
tions without cDNA templates were also carried out. The house-
keeping gene, glyceraldehydephosphate dehydrogenase
(GAPDH), was used as an endogenous control in these studies.
The relative expression level of each gene was calculated and
normalized using the 2–DDCt method relative to GAPDH. All
primer sequences are listed in Table 1.
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Western blot analysis

Tissue samples or cells were lysed in radio-
immunoprecipitation assay lysis buffer containing 150 mmol/L
NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS,
50 mmol/L Tris (pH8) and a protease inhibitors cocktail
(Promega; Fitchburg, WI, USA). Proteins were separated by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to nitrocellulose membrane. Membranes were
blocked using 5% skimmed milk (BD Biosciences) in Tris-
buffered saline with Tween 20 and then probed with specific
primary antibodies against the following proteins: SDF-1 (1:
1000, ab9797; Abcam, Cambridge, MA, USA); GFP (1: 1000, ab290;
Abcam); CXCR4 (1: 1000, #2024; Cell Signaling, Danvers, MA,

USA); signal transducer and activator of transcription 3 (STAT3;
1: 2000, #4904; Cell Signaling, Danvers, MA, USA); p-STAT3 (1:
2000, #9145; Cell Signaling); GAPDH (1: 10000, #5632–1;
Epitomics, Burlingame, CA, USA). Membranes were then subse-
quently incubated with horseradish peroxidase-coupled anti-
rabbit or anti-mouse antibodies (both 1: 2500; Cell Signaling).
Specific bands were visualized using ECL Blotting Detection
Reagents (Amersham Biosciences; Little Chalfont,
Buckinghamshire, UK).

Immunohistochemistry

Formalin-fixed paraffin-embedded tissues were cut serially into
4-lm sections on silanized glass slides for immunohistochemi-
cal staining. Briefly, slides were deparaffinized with dimethyl-
benzene and rehydrated through graded alcohols prior to
retrieving the antigen by incubation in sodium citrate buffer.
Endogenous peroxidase activity was blocked using hydrogen
peroxide solution and the slides were then incubated with the
corresponding primary antibody (anti-CXCR4, anti-p-STAT3;
Cell Signaling) at 1:250 dilutions overnight at 4�C. After being
washed three times with PBS, sections were incubated with the
appropriate secondary antibodies at a 1:500 dilution for 30 min
at 37�C. Finally, sections were visualized by incubating in 3,3’-
diaminobenzidinewith 0.05% H2O2 for 3 min in order to induce
acolorimetric reaction.

Statistics analysis

All values are expressed as mean 6 standard error mean (SEM)
and were analysed using the Student’s t-test with SPSS version
22 (IBM; New York, NY, USA). A P-value of <0.05 was considered
statistically significant.

Results
Characteristics and genetic modification of MSCs

Cell surface characteristics of MSCs were analysed by using flow
cytometry, and the results demonstrated that MSCs were posi-
tive for CD105, CD44 and CD29 expressions, and were negative
for CD11b, CD31 and CD45 expressions (Figure 1). Following
transfection of MSCs with the sense-strand lentiviral vectors,
pWSLV-07-EF1a-Puro-GFP or pWSLV-07-EF1a-CXCR4-Puro-GFP,
CXCR4 expression was examined at both the mRNA and protein
levels. The results of RT-PCR and Western blot showed that
CXCR4 expression was significantly higher in MSC-CXCR4 than
in MSC-GFP in both gene level (Figure 2a) and protein level
(Figure 2b). MSCs were expanded under normal culture condi-
tions and exhibited a fusiform shape or uniform morphology
following several passages. Genetically modified MSCs were
then tested for their multi-lineage differentiation potential as
well. In in vitro experiments, after being cultured in the appro-
priate inductive culture condition, MSCs presented either adipo-
genic or osteogenic differentiation. No changes were noted in
this study between genetically modified MSCs and unmodified
MSCs in their ability to differentiate into either adipolineage
cells or osteocytes (Figure 2c).

Effects of CXCR4 expression on cellular proliferation,
chemotaxis and invasiveness toward SDF-1 of MSCs

In order to investigate whether CXCR4 altered the proliferation
of MSCs, the RTCA assay was adopted to generate growth
curves for MSC-GFP and MSC-CXCR4 in an effort to detect differ-
ences in the proliferation rates in vitro. No significant differen-
ces were observed in proliferation rates between the two cell
types (Figure 3a), indicating that CXCR4 expression does not af-
fect the proliferative capacity of MSCs. A scratch assay demon-
strated that MSC-CXCR4 stimulated with SDF-1 migrated
toward the free area to a much greater extent compared with
MSC-GFP, which failed to close the scratch following SDF-1
stimulation. Similarly to the results of the scratch assay, an in-
creased potential of MSC-CXCR4 to transmigrate through
Matrigel-coated membranes was observed in the invasion assay
(Figure 3b–e). These results indicated that CXCR4 overexpres-
sion enhanced the chemotaxis potential and invasiveness to-
ward SDF-1 of MSCs.

MSC-CXCR4 played a more effective role in attenuating
AOM/DSS-induced colitis-associated tumorigenesis

In order to determine the role of MSC-GFP or MSC-CXCR4 on the
colitis-associated tumorigenesis, C57BL/6 mice were adminis-
trated with AOM/DSS, followed by being injected with MSC-GFP
or MSC-CXCR4. A scheme of the treatment protocol used for
this study is depicted in Figure 4a.

All AOM/DSS-treated mice developed clinical signs, includ-
ing body-weight loss, bloody diarrhea and shortening of the co-
lon. Mice that received no AOM/DSS in their drinking water did
not exhibit any of these signs mentioned above, and gained
weight over time. The body-weight loss was significantly

Table 1. Primer sequences of real-time polymerase chain reaction

Gene Sequence (5’-3’)

SDF-1 Forward primer GAGAGCCACATCGCCAGAGC
Reverse primer GGATCCACTTTAATTTCGGGTCAA

CXCR4 Forward primer GACCGCCTTTACCCCGATAGC
Reverse primer ACCCCCAAAAGGATGAAGGAGTC

TNF-a Forward primer CCTCTCTCTAATCAGCCCTCTG
Reverse primer GAGGACCTGGGAGTAGATGAG

IL-1b Forward primer ACCTGCTGGTGTGTGACGTT
Reverse primer TCGTTGCTTGGTTCTCCTTG

IL-6 Forward primer GAGGATACCACTCCCAACAGACC
Reverse primer AAGTGCATCATCGTTGTTCATACA

IL-8 Forward primer AAATTTGGGGTGGAAAGGTT
Reverse primer TCCTGATTTCTGCAGCTCTGT

GAPDH Forward primer TCAATGAAGGGGTCGTTGAT
Reverse primer CGTCCCGTAGACAAAATGGT

SDF-1, stromal cell-derived factor 1; CXCR4, C-X-C chemokine receptor type 4;

TNF-a, tumor necrosis factor a; IL-1b, interleukin 1b; IL-6, interleukin 6; IL-8, in-

terleukin 8; GAPDH, glyceraldehydephosphate dehydrogenase.

130 | X.-B. Zheng et al.



relieved in the MSCs-treated group, and this effect was more
prominent when CXCR4 was up-regulated in MSCs (P< 0.001)
(Figure 4b). At the end of Week 12, all mice were sacrificed, and

the entire colon of each mouse was placed on cellulose without
tension in order to measure its length. The length of the colon
was shorter in the AOM/DSS group than in the NC group.

Figure 1. Flow cytometry analysis of C57BL/6 bone marrow MSCs. Fluorescent immunostaining results show that cultivated cells express CD29, CD44 and CD105, but

do not express CD11b, CD31 or CD45. MSCs, mesenchymal stem cells.

Figure 2. Transfection efficiency in MSCs and the capability of multi-potential differentiation. The results of RT-PCR (A) and Western blot analysis (B) show that CXCR4

mRNA and protein expressions are higher in MSCs infected with pWSLV-07-EF1a-CXCR4-Puro-GFP than in MSCs infected with pWSLV-07-EF1a-Puro-GFP. The results

of inductive experiment (C) indicate that MSC, MSC-GFP and MSC-CXCR4 present similar capability of multi-potential differentiation. Cells exhibit basic features as fi-

broblast-like morphology (a, b, c). MSC, MSC-GFP and MSC-CXCR4 are all able to differentiate into adipocytes (d, e, f) and osteocytes (g, h, i) (magnification, �200).

MSCs, mesenchymal stem cells; RT-PCR, real-time polymerase chain reaction; CXCR4, C-X-C chemokine receptor type 4; GFP, green fluorescent protein.
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However, infusion of MSCs (especially MSC-CXCR4) reduced the
extent of this colon shortening. Colons isolated from the mice
in the MSC-CXCR4 group were longer than those isolated from
mice in the MSC-GFP group (78.3 vs 74.9 mm, P¼ 0.005)
(Figure 4c and d).

Tumors were observed between the mid-colon and the distal
rectum in all mice treated with AOM/DSS, but not in any mice in
the NC group. Mice in the PBS group developed numerous con-
fluent tumor masses. The tumor multiplicity was reduced in
mice treated with MSCs, and the number of tumors was lower
in mice in the MSC-CXCR4 group than in mice in the MSC-GFP

group (1.8 vs 3.8 per mouse, P¼ 0.014) (Figure 4e and f).
Nevertheless, no difference was observed in tumor size among
mice in the PBS, MSC-GFP and MSC-CXCR4 groups (Figure 4g).

Figure 3. Regulation of CXCR4 expression affects the proliferation, chemotaxis

and invasiveness toward SDF-1 of MSCs. (A) RTCA assay results show no differ-

ences in proliferation rates of MSC-GFP and MSC-CXCR4. The results of scratch

assay (B) and invasion assay (C) indicate that CXCR4 overexpression enhanced

the chemotaxis potential and invasiveness toward SDF-1 of MSCs (magnifica-

tion,�200). Quantitative results of the scratch assay (D) and the invasion assay

(E) indicate that the wound-closure rate of MSC-CXCR4 is significantly higher

than that of MSC-GFP and more cells pass through the membrane in the MSC-

CXCR4 group than in the MSC-GFP group. MSCs, mesenchymal stem cells;

CXCR4, C-X-C chemokine receptor type 4; SDF-1, stromal cell-derived factor 1;

RTCA, real-time cell analysis; GFP, green fluorescent protein.

Figure 4. MSC-CXCR4 plays a more effective role in attenuating AOM/DSS-in-

duced colitis-associated tumorigenesis. (A) Schematic overview of MSCs admin-

istration during colitis-associated tumorigenesis induced by AOM/DSS. PBS,

MSC-GFP or MSC-CXCR4 was administered by injection via the tail vein on Days

4, 14 and 24. Mice were sacrificed on Day 84. (B) Changes in the body weight of

mice show that the body-weight loss was significantly relieved in the MSCs-

CXCR4 treated group. (C, D) DSS treatment shortened the length of the colon,

and the following MSC treatment reduced the extent of colon shortening. The

colons isolated from the mice are longer in the MSC-CXCR4 group than in the

MSC-GFP group. (E–H) The tumor number is less and tumor load (measured as

the sum of all tumor diameters in a given mouse) is smaller in the MSC-CXCR4

group than in the MSC-GFP group. However, the tumor size shows no significant

difference among three groups. Arrows in (E) indicate tumors. Values are

expressed as mean 6 standard error mean (n¼6 mice per group). *P<0.05,

**P< 0.01, ***P<0.001. MSCs, mesenchymal stem cells; CXCR4, C-X-C chemokine

receptor type 4; AOM, azoxymethane; DSS, dextran sulfate sodium; GFP, green

fluorescent protein; ns, no significant difference.
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The tumor load (measured as the sum of all tumor diameters in
a given mouse) was reduced after MSCs treatment. In addition,

the tumor load was smaller in the MSC-CXCR4 group compared
with that in the MSC-GFP group (the sum of all tumor diameters
in a given mouse, 8.50 vs 14.33, P¼ 0.008) (Figure 4h).

The SDF-1/CXCR4 pathway plays a crucial part in the
homing of MSCs to inflamed intestine in vivo

The SDF-1 expression in both mRNA and protein levels were
up-regulated in inflamed intestines of mice treated with AOM/
DSS (Figure 5a). In addition, the expressions of GFP and CXCR4
were significantly higher in mice in the MSC-CXCR4 group than
in those in the MSC-GFP group. CXCR4 expression levels in the

intestine were confirmed by immunohistochemistry (IHC)
(Figure 5b and c). GFP expression in gene level was also detected

in the intestine as well as the renal, liver, spleen and lung
(Figure 5d). These results suggested that overexpression of
CXCR4 improved the rate of homing to inflamed intestines of
mice.

MSC-CXCR4 reduced histological damage of colon tissue
more effectively

In an effort to further substantiate the role of MSC-CXCR4 in
AOM/DSS-induced colitis-associated tumorigenesis, the colon
tissue of mice was stained with HE, and histological scores
were evaluated. All tumors isolated from both the PBS and

Figure 5. The role of the SDF-1/CXCR4 pathway in the homing of MSCs to inflamed intestine in vivo. (A) The results of RT-PCR and Western blot show that SDF-1 mRNA

and protein levels were up-regulated in the intestinal tissue of mice after the treatment of AOM/DSS. (B, C) Homing of MSCs to inflamed intestine was measured by RT-

PCR, Western blot and immunohistochemistry, and the results indicate that levels of GFP and CXCR4 were both up-regulated in the MSC-CXCR4 group compared with

the MSC-GFP group. Recipients treated with MSC-GFP were used as control. *P<0.05 vs control. (D) RT-PCR results show that GFP expression was detected in the intes-

tine as well as the renal, liver, spleen and lung tissues. SDF-1, stromal cell-derived factor 1; CXCR4, C-X-C chemokine receptor type 4; MSCs, mesenchymal stem cells;

RT-PCR, real-time polymerase chain reaction; GFP, green fluorescent protein.
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MSCs-treated groups were confirmed to be adenomas with
high-grade dysplasia (Figure 6a). As expected, histological
scores of colon tissues from MSCs-treated mice were signifi-
cantly decreased compared with those of colon tissues from
PBS-treated mice. In addition, the infusion of MSCs-CXCR4
exhibited enhanced therapeutic effects compared with the ad-
ministration of MSC-GFP (histological scores, 1.5 vs 3.3,
P¼ 0.020) (Figure 6b and c).

MSC-CXCR4 more effectively reduced pro-inflammatory
cytokines and STAT3 phosphorylation in colon tissues

We also analysed the expression of numerous pro-
inflammatory cytokines in gene level, including tumor necrosis
factor a (TNF-a), interleukin 1b (IL-1b), interleukin 6 (IL-6) and in-
terleukin 8 (IL-8) in colon tissues. As shown in Figure 7a, mRNA
levels of these genes were down-regulated in colon tissues iso-
lated from MSCs-treated mice. In addition, the expression levels
of TNF-a, IL-1b, IL-6 and IL-8 were more dramatically reduced in
mice from the MSC-CXCR4 group than in those from the MSC-
GFP group. Furthermore, the results of Western blot showed
that p-STAT3 expression in colon tissues was decreased after
MSC treatment. CXCR4 overexpression further down-regulated
the phosphorylation level of STAT3, which was confirmed by
IHC (Figure 7b and c).

Discussion

The present study investigated the role of CXCR4-
overexpressing MSCs on the tumorigenesis of IBD in vitro and
in vivo, and the possible inflammatory cytokines involved in the
process. Our results indicated that overexpression of CXCR en-
hanced the chemotaxis potential and invasiveness toward SDF-
1 of MSCs. Results of the in vivo CAC model suggested that mice
injected with MSC-CXCR4, compared with MSC-GFP, more re-
markably showed relieved weight loss, longer colons, lower tu-
mor numbers and decreased tumor load with declined level of
pro-inflammatory cytokines and STAT3 phosphorylation in co-
lon tissues. Our findings indicated that CXCR4-overexpressing
MSCs exhibited effective anti-tumor function, which may be re-
lated to enhanced homing to inflamed intestinal tissues.

As is well known, MSCs are distinguished by their low im-
munogenicity and enhanced immunoregulation abilities, and
can be isolated from the connective tissue of the majority of
organs, including bone marrow and adipose tissue [11]. These
advantageous properties have enabled MSCs to gain popular us-
age in both basic research and clinical trials [38, 39]. Recent
studies have suggested that MSCs selectively proliferate to form
tumors, contributing to the formation of tumor-associated
stroma [40, 41]. However, the role of MSCs in tumorigenesis
remains a controversial issue within the field. For example,
Cuiffo et al. [17] demonstrated that MSCs have the ability to
cause aberrant expression of microRNAs, including microRNA-
199a and reduce FOXP2 expression, resulting in poor survival of
breast cancer patients. Instead, Shahrokhi et al. [42] demon-
strated that concomitant genetic modification of MSCs with
TNF-a and CD40 ligand could contribute to the optimization of
the anti-tumor immunity response in the presence of dendritic
cells, resulting in an enhanced lifespan in mice. It should be
noted that the tumor models used in these studies were gener-
ated through the injection of cancer cells into immunodeficient
nude mice. In this regard, these models may be inappropriate,
or at least defective, as tumors could also be induced by chronic
inflammation—a remarkable characteristic of IBD-associated
cancer [43]. In our study, we conducted an AOM/DSS-induced
CAC model, which could better simulate the procedures in-
volved in the progress of IBD-associated cancer.

IBD are multifactorial chronic relapsing diseases that are
characterized by an abnormal, systemic dysregulation of the
mucosal immune response [1, 2]. Carcinogenesis that is associ-
ated with IBD is thought to follow a sequence, which is distinct
from that observed in the case of sporadic cancers. Prior work
has shown that inflammation invokes a cascade within the ab-
normal epithelial proliferative zone, progressing through dys-
plasia, adenoma and finally carcinoma [44]. Given the crucial
role that persistent inflammation plays in the process of CAC
and the immune-regulatory properties of MSCs, we hypothe-
sized that MSCs could potentially ameliorate carcinogenesis in
IBD through the regulation of the pathways closely tied to in-
flammation and immunity. Towards this end, a mouse model
of colitis-associated tumorigenesis was induced by AOM/DSS. In
line with our previous work [18], we observed tumors in all mice

Figure 6. MSC-CXCR4 reduced histological damage of the colon tissue more effectively. (A) Representative HE staining of tumor tissues from PBS-, MSC-GFP- and

MSC-CXCR4-treated mice. All tumors are characterized as adenomas with high-grade dysplasia. Representative HE staining (B) and histological score (C) of inflamma-

tory tissue from the mice treated with PBS, MSC-GFP and MSC-CXCR4 show that histological scores of colon tissues from MSCs-treated mice were significantly

decreased compared with those of colon tissues from PBS-treated mice. The infusion of MSCs-CXCR4 exhibited enhanced therapeutic effects compared with the

administration of MSC-GFP. Values are expressed as the mean 6 standard error mean (n¼4 mice per group). *P<0.05. MSCs, mesenchymal stem cells; CXCR4, C-X-C

chemokine receptor type 4; HE, hematoxylin and eosin; GFP, green fluorescent protein.
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that were treated with AOM/DSS in the present study, and these
tumors were verified to be adenomas with high-grade dysplasia.
We also found that MSCs contributed to the attenuation of
AOM/DSS-induced colitis that is associated with tumorigenesis,
with reduced histological damage of the colon tissue.

The in vivo administration of MSCs is conditioned by their
ability to localize to and be retained within the appropriate tis-
sue. Many studies have demonstrated the ability of MSCs to mi-
grate to various sites of tissue injury and inflammation [45–47].
However, others within the field hold the opposite view. For ex-
ample, it has been indicated that intraperitoneal injections
failed to allow MSCs migration to the inflamed colon, and thus
failed to attenuate colitis [48]. According to another study [49],
the homing process relies on three different stages: chemo-
taxis/traffic, rolling and trans-endothelial migration, and finally
integration into the parenchyma. MSCs express a broad range of
chemokine receptors that are known to be involved in the first
stage of homing, including CXCR4 [49, 50]. To investigate the re-
lationship between MSC migration and its effect on

tumorigenesis, we utilized a lentiviral system in order to stably
overexpress functional CXCR4 in MSCs isolated from C57BL/6
mice. We then examined the chemotaxis and invasiveness
properties toward SDF-1 of MSCs in vitro, in addition to its
effects on tumorigenesis in vivo. Our results demonstrated that
CXCR4 overexpression did not affect the ability of MSCs to dif-
ferentiate into adipolineage cells or osteocytes. In addition, our
results showed that CXCR4 overexpression did not affect the
proliferative capacity of MSCs, but rather enhanced their poten-
tial of chemotaxis and invasiveness toward SDF-1. In accor-
dance with the results of the in vitro experiment, we observed
increased levels of GFP and CXCR4 in colon tissue isolated from
mice obtained from the MSC-CXCR4 group in comparison to co-
lon tissue isolated from mice of the MSC-GFP group. These
results indicated that a greater number of MSCs were recruited
to the inflamed intestinal tissue with CXCR4 up-regulation. In
addition, MSC-CXCR4 was found to play a more effective role in
the attenuation of AOM/DSS-induced colitis-associated tumori-
genesis. This was demonstrated by a prolonged colon length, a

Figure 7. MSC-CXCR4 more effectively reduced pro-inflammatory cytokines and STAT3 phosphorylation in colon tissue. (A) Real-time quantitative polymerase chain

reaction results show mRNA expressions of inflammatory cytokines were down-regulated in colon tissues isolated from MSCs-treated mice, which could be more obvi-

ously observed in mice from the MSC-CXCR4 group than in mice from the MSC-GFP group. Values are expressed as the mean 6 standard error mean (n¼4 mice per

group). *P< 0.05, **P<0.01. Both Western blot (B) and immunohistochemistry (C) results show that the level of STAT3 phosphorylation in colon tissues decreased after

the treatment of MSC and the overexpression of CXCR4 further down-regulated the level of STAT3 phosphorylation. Arrows indicate positively stained areas. MSCs,

mesenchymal stem cells; CXCR4, C-X-C chemokine receptor type 4; TNF-a, tumor necrosis factor a; IL-1b, interleukin 1b; IL-6, interleukin 6; IL-8, interleukin 8; GFP,

green fluorescent protein; STAT3, signal transducer and activator of transcription 3.
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reduced tumor load and an alleviated histological damage of
the colon tissue. Taken together, these results suggested that
overexpression of CXCR4 enabled the homing of MSCs to in-
flamed intestinal tissues more effectively, and allowed a more
pronounced anti-tumor function.

Interestingly, we observed a significant decrease in the aver-
age number of tumors per mouse in the MSCs-treated group
compared with that in the PBS group. However, we observed no
differences in tumor size between the PBS, MSC-GFP and MSC-
CXCR4 groups. Similar results were showed in the study by
Nasuno et al. [51]. Given that differences in the average number
of tumors per mouse typically provides evidence of factors in-
volved in tumor initiation, and differences in the average tumor
size provide evidence of factors that influence tumor progres-
sion [52], we hypothesized that MSCs could function to partially
protect against AOM/DSS-induced tumor initiation, rather than
repress tumor progression. In addition, in both the MSC-GFP
group and the MSC-CXCR4 group, GFP expression was detected
in the renal, liver, spleen as well as the lung of mice. This indi-
cated that MSCs redistributed to not only the intestine, but also
the renal, liver, spleen and lung. There were no differences ob-
served in GFP levels between these two groups, suggesting that
there may be other factors that could affect MSCs homing,
which has also been suggested by other studies [53–56].

Prior work has demonstrated that inflammatory mediators
play an important role in the development of CAC [57, 58]. The
pro-inflammatory cytokines, including TNF-a, IL-1b, IL-6 and
IL-8, are thought to promote tumor cell proliferation, and
thereby promote carcinogenesis in CAC [59–61]. IL-6 is thought
to be one of the most critical pro-inflammatory cytokines, and
is produced primarily by myeloid cells [62]. This cytokine has
been identified as a key promoter of carcinogenesis. STAT3 is
known to function in the downstream of IL-6, with its role well
documented in recent studies on the development of IBD-
associated cancer [63].The IL-6/STAT3 signaling cascade has
been shown to function as an important promoter of tumori-
genesis [64, 65]. In addition, both IL-6 and TNF-a are known to be
pro-inflammatory cytokines that are secreted by Th17, one of
sunsets of T-cell dysregulation in IBD and IBD-associated cancer
[66–68]. Importantly, MSCs have been demonstrated to exhibit
immuno-depression and have been shown to have the ability to
suppress T-cell proliferation and activation [69, 70]. In the pre-
sent study, we observed decreased levels of pro-inflammatory
cytokines, including TNF-a, IL-1b, IL-6 and IL-8, as well as p-
STAT3 in the MSCs-treated group compared with the PBS group.
A more obvious reduction in expression levels of the indicators
described above was detected in the mice from the MSC-CXCR4
group compared with those from the MSC-GFP group.
Collectively, these results indicated that CXCR4-overexpressing
MSCs could exert a more pronounced anti-tumor function. This
could be at least partially due to the fact that CXCR4-
overexpressing MSCs can more effectively ameliorate the dysre-
gulation of T-cell sunset as well as pro-inflammatory cytokine
levels and the IL-6/STAT3 signaling cascade.

One of the limitations of the current study is a failure to
study the effect of MSCs-GFP/MSCs-CXCR4 on long-term sur-
vival in our CAC model. In our next study, we will examine
whether the overexpression of CXCR4 can also enhance the
long-term survival of mice with IBD-associated CRC and deter-
mine the molecular mechanisms involved in it. We will also try
to investigate the factors that might impact the relationship be-
tween MSCs and the immune systems.

In summary, CXCR4-overexpressing MSCs could ameliorate
CAC more effectively than MSCs in a mouse model, which could

be associated with enhanced homing to inflamed intestinal
tissues. This could contribute to the increased efficacy of
MSCs-based therapy in CAC treatment, and could accelerate
the process of translation of experimental evidence from basic
research to daily clinical practice.
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