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ABSTRACT
Background: Tumor microenvironment (TME) is a crucial part of tumor hallmarks. Mesenchymal stem
cells (MSCs), important components of TME, are the main source of Carcinoma-associated fibroblasts
(CAFs), but the mechanism of transformation regulation is still unclear. Transforming growth factor-β1
(TGF-β1), chemokine Stromal cell-derived factor-1 (SDF-1) and its endogenous receptor CXCR4 may play
important roles during this process.
Methods: Co-culture technique was used to explore the effects of MSCs on the proliferation, migration
and invasion of colorectal carcinoma (CRC) cells and how they induced MSCs to differentiate into CAFs.
The expression of α-SMA, Vimentin, S100A4 and FAP were detected as CAFs markers. Inhibitors
AMD3100 and cyclophosphamide (Cy) were pre-treated in MSCs to verify the functions of CXCR4/TGF-
β1. Finally, the xenograft models in nude mice were generated to further verify this process in vivo.
Results: MSCs promoted the CRCs proliferation, invasion and migration, and induced SDF-1 expression
and secretion, which dramatically up-regulated CXCR4 and TGF-β1 expression in MSCs. The levels of
CAFs markers elevated in MSCs, indicating CAFs differentiation occurred in MSCs. AMD3100 and Cy
treatment significantly blocked this differentiation process of MSCs by suppressing CXCR4 expression
and TGF-β1 secretion. In vivo xenograft experiments also demonstrated that MSCs promoted differentia-
tion into CAFs through CXCR4/TGF-β1 signaling in either primary tumor tissues or hepatic metastatic
tissues of CRC.
Conclusion: Our studies have revealed the essential role of CXCR4/TGF-β1 axis playing in the transfor-
mation of tumor microenvironment by mediating MSCs differentiation into CAFs, promoting CRCs
growth and metastasis.
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Introduction

Tumor microenvironment (TME), as the name implies, refers
to the external environment of tumor cells for growth. TME is
mainly composed of immune cells, tumor stromal cells, extra-
cellular matrix (ECM) and other related factors. As the study
progressing, medical researchers are beginning to realize that
TME may be related to tumorigenesis and development.1

Tumor cells participate in the formation of TME by secreting
cytokines, which provide conditions for tumor cells growth
and metastasis.2 Colorectal cancer is a common high-risk and
metastatic malignant tumor. Recent studies have found that
TME plays an important role in promoting colorectal cancer
development and metastasis,1 but the underlying specific
molecular mechanisms are still unclear.

Tumor stroma cells, a primary constituent of TME, mainly
originate from bone marrow, including mesenchymal stem
cells (MSCs) and hemangioblasts. Actually, MSCs are multi-
potent stromal cells that are capable of self-renewing and have
the potential to differentiate into a variety of cell types,
including osteoblasts, adipocytes and chondrocytes.3 MSCs
have multiple therapeutic potentials for regenerative, anti-
inflammatory and immunomodulatory purposes due to its

stem cell properties and the secreted growth factors.
Moreover, MSCs is a promising option to treat tumor-
induced osteolysis due to the osteogenic potential and
the capability of delivering anti-cancer reagents.4

Unfortunately, MSCs are also a source of Carcinoma-
associated fibroblasts (CAFs),5,6 which promote growth and
metastasis of cancer cells by secreting pro-tumor factors and
inhibiting anti-tumor immunity.7,8 Therefore, to some extent,
these characteristics suggest the dual properties of MCSs on
either promoting or suppressing tumorgenesis.

Differentiation of MSCs into CAFs can be induced by
tumor-conditioned medium (TCM), suggesting the important
roles of secreted factors in CAF differentiation.5 Numerous
studies demonstrated that transforming growth factor-β
(TGF-β) signaling pathway might be essential for CAFs dif-
ferentiation of MSCs. The key factor TGF-β1 can induce
expression of some CAF markers2 such as α-smooth muscle
actin (α-SMA), Vimentin, fibroblast surface protein 1 (FSP1,
also called S100A4) and fibroblast activated protein (FAP) in
MSCs,9 which promote growth and metastasis of cancer cells.
Furthermore, CXCR4 is an endogenous receptor for the che-
mokine CXCL12 (also known as SDF-1),10,11 which increases
the secretion of TGF-β1 and thus promotes tumor cell
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proliferation, migration and invasion.12 Additionally, it has
been identified that CXCL12/CXCR4 is an important signal-
ing pathway for the metastasis of CRCs to the liver.13

Moreover, CXCR4 is also expressed on MSCs and modulates
MSCs migration and apoptosis.14 Based on these researches,
we proposed that CXCR4/TGF-β1 may play an important role
in the MSCs by promoting CRCs proliferation and metastasis
in TME.

In the present study, we used transwell co-culture technol-
ogy to investigate the intercellular interaction between MSCs
and CRC cells. The effects on CRC cells proliferation, migra-
tion and invasion, and the markers of CAFs differentiation
from MSCs after co-culture were evaluated. Treatment with
AMD3100, a selective CXCR4 antagonist, or cyclophospha-
mide (Cy), a chemotherapy drug suppressing TGF-β1, further
verified the essential role of CXCR4/TGF-β1 axis in the
transformation of tumor microenvironment by mediating
MSCs differentiation into CAFs in vivo and in vitro.

Materials and methods

Cell culture and drug treatment

The human bone marrow MSCs and human colorectal cancer
cell lines HCT116 and HT29 were obtained from the American
Type Culture Collection (ATCC, USA). HCT116 and HT29
were cultured in RPMI 1640 medium (Gibco, USA) supple-
mented with 10% fetal bovine serum (FBS) and 100 U/ml
penicillin and streptomycin (Gibco, USA) at 37°C in a 5%
CO2 humidified atmosphere, but the MSCs were cultured
with α-minimum essential medium (α-MEM, Gibco, USA)
and 10% FBS.

To study the intercellular interaction between MSCs and
CRC cells, a Transwell co-culture method was performed.
Briefly, HCT116/HT29 cells were seeded in the upper cham-
ber (0.45 μm pores, Corning, USA) with MSCs lawns in the
lower chambers (24-well or 6-well plates), and then these cells
were cultured for 24, 48 and 72 h. The control group was
added medium in the lower chambers only.

Inhibitors AMD3100 and Cy were purchased from Sigma
(USA) and dissolved in 1% dimethylsulfoxide (DMSO) to
made up 10 mM stock solutions.

Colony formation assay

Colony formation assay were performed as reported previously.14

HCT116/HT29 cells (1 × 103) were seeded in a 60-mm dish and
cultured with medium collected from the co-cultured system of
MSCs with HCT116/HT29 for 14 days to allow colony formation.
The surviving colonies were fixed with paraformaldehyde
(4.0% v/v) and then stained with crystal violet (0.4% w/v) to be
visible and counted.

Migration and invasion assay

The migration and invasion assay was performed in Transwell
24-well plates with 8.0 μm pore-size transwell inserts
(Corning, USA). The upper side of the membrane was coated
with Matrigel (20 μg/well, Sigma, USA) for invasion assay and

without materiel coating for migration assay. The CRC cells
HCT116/HT29 (1 × 104) were placed in the upper chamber
and MSCs (1 × 105) were seeded in the lower chamber. After
incubation at 37°C for 48 hours, the cells remaining on the
upper surface of the membrane were removed gently with
a cotton swab. The membranes were fixed with 4% (w/v)
paraformaldehyde and stained with 0.1% crystal violet. Then
migrated or invased cells were counted under an optical
microscope (Olympus, Japan).

Immunofluorescence

After culture and treatment, cells were fixed with 4% (w/v)
paraformaldehyde at room temperature for 20 min, washed
with Phosphate-Buffered Saline (PBS) and then permeabilized
with 0.1% (v/v) Triton X-100 for 10 min. After blocked with
10% FBS at room temperature for 30 min, the cells were
incubated overnight at 4°C in the presence of primary anti-
bodies against α-SMA (1:250, Abcam, England) and Vimentin
(1:200, Abcam, England). After washing with PBS, cells were
incubated for 1 hour at room temperature with secondary
antibodies conjugated with Alexa Fluor 488 (green) or Alexa
Fluor 647 (red). Following three washes with PBS, DAPI
(ThermoFisher Scientific, USA) was used for nuclear counter-
staining. In the end, images of stained cells were captured by
a fluorescence microscope (Olympus, Japan).

Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR)

Total RNA was extracted from the cell or tissue samples using
TRIzol reagent (Invitrogen, USA) following conventional pro-
cesses. Subsequently, cDNA was synthesized using a TaqMan
Reverse Transcription Reagents Kit (ThermoFisher Scientific,
USA). The relative expression levels of mRNA were deter-
mined using a SYBR Green PCR Master Mix kit (Takara,
Japan) on a thermocycler (7500, Applied Biosystems, USA),
and the data were analyzaed by a 2−ΔΔCt method normalized
to GAPDH.

Western Blot and ELISA

The total proteins were extracted by a RIPA Lysis buffer
(ThermoFisher Scientific, USA) and then quantified using
a BCA assay kit (ThermoFisher Scientific, USA). Equal amounts
of the total protein (30 μg) were separated by SDS polyacryla-
mide gel electrophoresis (SDS-PAGE). Afterward, the separated
protein bands were transferred to a PVDFmembrane (Millipore,
USA), which were then blocked by 5% skimmilk for one hour at
room temperature. Primary antibodies diluted in 5% skim milk
(1:1000) were used to incubate the membranes at 4°C overnight,
followed by horseradish peroxidase (HRP)-conjugated second-
ary antibody incubation for 1 hour at room temperature. The
protein bands were visualized by ECL reagent (ThermoFisher
Scientific, USA) under a chemiluminescence system (Bio-Rad,
USA). The primary antibodies for α-SMA, Vimentin, FAP,
S100A4, TGF-β1 and CXCR4 were purchased from Abcam
(England) but the anti-E-cadherin antibody, anti-N-cadherin
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antibody and the β-actin antibody were purchased from Cell
Signaling Technology (USA).

The SDF-1 and TGF-β1 concentrations in the cell super-
natants were quantitatively measured using commercial kits
(Abcam, England) following the manufacturer’s instruction.

Xenograft model

Animal experiments were performed under a protocol
approved by the Laboratory Animal Welfare and Ethics
Committee of Chinese Association for Laboratory Animal
Sciences (CALAS) and the Medical Ethics Committee of
Hunan Provincial People’s Hospital. Five- to six-week-old
BALB/C mice (Jackson Labs) were housed under pathogen-
free conditions and were given autoclaved food and water ad
libitum. 1 × 106 HCT116 cells were subcutaneously injected in
the right flank to generate CRC xenograft models. When these
cells developed palpable tumors, the CRC model mice were
randomly divided into four groups (n = 8 for each group):
Alone, MSCs, MSCs+AMD3100, and MSCs+Cy. The mice of
latter three groups were intratumor injected with MSCs which
were pretreated with DMSO, AMD3100 (20 μM) and Cy (5
μM) for 6 hrs, respectively. Thereafter, DMSO/AMD3100/Cy
was sequentially intratumor injected every other day. The
volume of tumors was measured every five days. After
30 days administration with MSCs and inhibitors, the mice
were sacrificed and tumor samples were collected for further
analysis.

To establish the liver metastasis models, HCT116 was
injected via tail vein without or with MSCs, which were
pretreated DMSO, AMD3100 (50 μM) and Cy (5 μM) for 6
hrs, respectively. Thereafter, these mice of MSCs-injected
groups were sequentially administrated with DMSO/
AMD3100/Cy by intraperitoneal injected every other day for
30 days. Then the liver samples were harvested for metastatic
pathological observation and analysis.

Immunohistochemistry staining

Tissue samples fixed in formalin (at least 24 h) were
embedded in paraffin and then cut into 4 μm sections
and placed onto poly-prep slides (Sigma, USA). After
deparaffinized and hydrated in 100% and 95% ethanol
successively, the slides were treated with 10 mM sodium
citrate (pH 6.0) for 10 min at 95°C for antigen retrieval.
When cooled to room temperature, the slices were blocked
with 5% normal horse serum, followed by incubation with
primary antibodies specific for α-SMA and Vimentin (1:
500, Abcam, USA) at 4°C for overnight. Positive reactions
were visualized as brown by a 3, 3-diamino-benzidine
(DAB) reagent (Sigma, USA) and the cell nuclears were
counterstained with hemotoxylin.

Statistical analysis

All data presented here were carried out at least three times
with consistent results and expressed as mean ± standard
deviation (SD). Data were analyzed by GraphPad Prism 6.0
(GraphPad Software Inc., San Diego, CA). Statistical

differences were performed using one-way analysis of var-
iance (ANOVA) followed by Turkey post hoc test for multiple
comparison. A p < .05 was considered statistically significant.

Results

Mscs promoted CRC cells proliferation, migration and
invasion and increased SDF-1 secretion

To explore the intercellular interaction between MSCs and
CRC cells, the MSCs were co-cultured with HCT116 and
HT29 cells respectively for 24, 48 and 72 h. In the co-
culture system, the expression and secretion of stromal cell-
derived factor-1 (SDF-1) significantly increased with the
extension of co-culture time (Figure 1(a,b)), indicating that
MSCs promoted syntheses and secretion of SDF-1 in CRC
cells. Simultaneously, faster growth rate (Figure 1(c,d)), higher
migration capacity (Figure 1(e)) and higher invasion capacity
(Figure 1(f)) were observed in MSCs-cocultured CRC cells
(HCT116 and HT29). These results demonstrated that MSCs
induced expression and secretion of SDF-1 and promoted
proliferation, migration and invasion in CRC cells.

CRC cells induced CAFs differentiation in MSCs

To identify CAFs differentiation induced by tumor cells in
CRC, the expression of CAFs biomarkers was investigated
in MSCs after co-cultured with HCT116/HT29 cells for
48 h. As indicated by qRT-PCR and Western Blot, the
mRNA and protein levels of CAFs biomarkers including α-
SMA, Vimentin, S100A4 and FAP presented a significant
increase in MSCs co-cultured with HCT116 (HCT116-
MSCs) and HT29 cells (HT9-MSCs) compared to the no-
co-cultured group (Ctrl) (Figure 2(a)). Simultaneously,
higher expression levels of α-SMA and Vimentin were
observed by immunofluorescence staining (Figure 2(b)) in
HCT116-MSCs and HT9-MSCs, indicating CAFs differen-
tiation was occurred in MSCs. In addition, it was noted
that the expression levels of TGF-β1 and CXCR4 were
significantly increased in HCT116-MSCs and HT29-MSCs
compared to the Ctrl group (Figure 2(c,d)), as well as the
secretion of TGF-β1 (Figure 2(e)). These data suggested
that co-cultured with CRC cells, MSCs may be induced to
initiate differentiation to CAFs, and the up-regulated
CXCR4 expression and TGF-β1 secretion may be closely
related to the differentiation process.

Inhibition of CXCR4 expression and TGF-β1 secretion
prevented CRC-induced MSCs self-differentiation to CAFs

To further confirm the importance of CXCR4 and TGF-β1 in
CRCs-MSCs interaction, inhibitors AMD3100 (20 μM, for
CXCR4 inhibition) and Cy (5 μM, for TGF-β1 inhibition) were
treated in HCT116-MSCs andHT29-MSCs, respectively. DMSO
treatment was performed as a control. The concentration of
TGF-β1 in supernatants significantly decreased after AMD3100
and Cy treatment compared to DMSO treatment (Figure 3(a)),
suggesting that TGF-β1 secretion was suppressed by AMD3100
and Cy. As indicated by qRT-PCR and Western Blot assays, the
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Figure 1. MSCs promoted CRC cells proliferation, migration and invasion and increased SDF-1 secretion.
(a) qPCR analysis for mRNA level of SDF-1 in response to co-culture time (24h, 48h and 72h) in HCT116 and HT29 cells with or without MSCs. (b) ELISA analysis for protein
level of SDF-1 secretion after 24h, 48h, or 72h co-culture. (c) CCK-8 assay for cell proliferation of HCT116 and HT29 cells after 24h, 48h, or 72h co-culture. (d) Colony formation
assay for cell proliferation of HCT116 and HT29 cells co-cultured with or without MSCs for 48h. (e) Matrigel-free transwell assay for cell migration of HCT116 and HT29 cells as
described in D. (f) Matrigel transwell assay for cell invasion of HCT116 and HT29 cells co-cultured with or without MSCs for 48h. * p < .05, ** p < .01, *** p < .001.

Figure 2. CRC cells induced CAFs differentiation in MSCs.
(a) qPCR and western blot analysis for expression of CAFs markers α-SMA, Vimentin, S100A4 and FAP in mRNA and protein levels in MSCs co-cultured with HCT116/
HT29 cells or not. (b) Immunofluorescence staining for α-SMA and Vimentin in MSCs with or without HCT116/HT29 cells co-culture. (c) qPCR and western blot analysis
for mRNA levels of CXCR4 and TGF-β1 in MSCs co-cultured with HCT116/HT29 cells or not. (d) Western blot analysis for protein expression level of CXCR4 in MSCs in
the presence or absence of co-culture. (E) ELISA analysis for TGF-β1 secretion from MSCs after HCT116/HT29 cells co-culture or not. * p < .05, ** p < .01, *** p < .001.
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mRNA and protein expression levels of CXCR4 significantly
reduced by AMD3100 treatment while no significant difference
after Cy treatment compared to DMSO treatment (Figure 3(b,
c)), so it is inferred that TGF-β1 secretion may be modulated by
CXCR4 signaling activation. Furthermore, the mRNA and pro-
tein expression of CAFs biomarkers α-SMA, Vimentin, S100A4
and FAP were significantly declined in HCT116-MSCs and
HT29-MSCs after AMD3100 or Cy treatment (Figure 3(b,c)),
indicating the CAFs differentiation in HCT116-MSCs and
HT29-MSCs was blocked by AMD3100 and Cy. Consistent
results were obtained by immunofluorescence staining analysis
(Figure 3(d)). According to these results, we confirmed that the
CXCR4/TGF-β1 signaling axis was involved in the process of
CAFs differentiation from HCT116/HT29-induced MSCs.

Blocking CXCR4/TGF-β1 signaling inhibited CRC cells
migration and invasion in vitro

To further confirm the effects of CXCR4/TGF-β1 signaling
on CRC cells proliferation, migration and invasion, colony

formation assay and Transwell assay were performed, and
the epithelial-mesenchymal transition (EMT) in CRC cells
was evaluated. The number of colonies was significantly
reduced in MSCs-co-cultured HCT116 cells (MSCs-
HCT116) and HT29 cells (MSCs-HT29) after AMD3100
and Cy treatment compared to DMSO treatment (Figure 4
(a)). Consistently, the migration and invasion capacities of
MSCs-HCT116 and MSCs-HT29 cells were also observably
inhibited by AMD3100 and Cy (Figure 4(b,c)). Moreover,
compared to the control group (DMSO), the expression level
of epithelial marker E-cadherin was significantly increased
and the expression levels of mesenchymal markers
N-cadherin and Vimentin were remarkably decreased in
MSCs-HCT116 and MSCs-HT29 cells treated with
AMD3100 and Cy (Figure 4(d)). All these data indicated
that blocking CXCR4/TGF-β1 signaling by inhibitors signifi-
cantly suppressed the increase of CRC cells proliferation,
migration and invasion promoted by MSCs, and it was
probably due to the attenuated CAFs differentiation in
MSCs by AMD3100 and Cy.

Figure 3. Inhibition of CXCR4 expression and TGF-β1 secretion prevented CRC-induced MSCs self-differentiation to CAFs.
(a) ELISA analysis for TGF-β1 secretion in HCT116-MSCs and HT29-MSCs (short for MSCs co-cultured with HCT116/HT29 cells) pretreated with DMSO, AMD3100 or Cy.
(b) qPCR analysis in mRNA level, and (c) western blot analysis in protein level for the expression of CXCR4 and CAFs markers α-SMA, Vimentin, S100A4 and FAP in
HCT116-MSCs and HT29-MSCs cells treated with DMSO, AMD3100 or Cy. The quantitative analysis of protein bands grey intensity were displayed in the hisograms. (d)
Immunofluorescence staining for α-SMA and Vimentin in HCT116-MSCs and HT29-MSCs cells treated with DMSO, AMD3100 or Cy. * p < .05, ** p < .01
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MSCs accelerated CRC xenograft tumor growth and CAFs
differentiation in vivo via CXCR4/TGF-β1 axis

To further verify the role of CXCR4/TGF-β1 axis in MSC-
induced CRC development in vivo, CRC subcutaneous
xenograft models in nude mice were established (n = 20,
five in each group). Compared to HCT116 cells injected
alone (Alone group), tumors grew fastest after injection
with MSCs pretreated with DMSO (MSCs group).
However, the rate of tumor growth induced by MSCs
injection was significantly inhibited by AMD3100 and Cy
treatment (AMD3100-MSCs and Cy-MSCs) (Figure 5(a)).
The size and weight of tumor after 30-days treatment were

significantly higher in MSCs group than the Alone group,
but they were remarkably decreased after AMD3100 and
Cy treatment (Figure 5(b)). In addition, the mRNA and
protein expression of CXCR4, TGF-β1 and CAFs markers
(α-SMA, Vimentin, S100A4 and FAP) were significantly
up-regulated in MSCs group, which were remarkably
down-regulated by AMD3100 and Cy treatment (Figure 5
(c,d)). Consistent results were obtained by immunofluor-
escence staining (Figure 5(e)). These experiments demon-
strated that MSCs accelerated CRC xenograft tumor
growth and CAFs differentiation in vivo, which may be
blocked through suppressing CXCR4/TGF-β1 signaling.

Figure 4. Blocking CXCR4/TGF-β1 signaling inhibits CRC cells migration and invasion in vitro.
(a) Colony formation assay for cell proliferation in MSCs-HCT116 and MSCs-HT29 cells (short for HCT116/HT29 cells co-cultured with MSCs) pretreated with DMSO,
AMD3100 or Cy. (b) Transwell assays without matrigel for cell migration, and (c) with matrigel for cell invasion analysis were measured in MSCs-HCT116 and MSCs-
HT29 cells pretreated with DMSO, AMD3100 or Cy. (d) Western blot analysis for protein levels of EMT markers E-cadherin, N-cadherin and Vimentin were detected in
MSCs-HCT116 and MSCs-HT29 cells pretreated with DMSO, AMD3100 or Cy. The quantitative analyses of protein bands grey intensity were displayed in the
hisograms. * p < .05, ** p < .01
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MSCs promoted CRC liver metastasis by self-
differentiation to CAFs via CXCR4/TGF-β1 axis

The effects of MSCs on CRC liver metastasis were investi-
gated in vivo. In the primary CRC xenograft tumors, the
EMT were enhanced by decreased E-cadherin and increased
N-cadherin in MSCs group compared to the Alone group,
which were however attenuated by AMD3100 and Cy treat-
ment by rescuing the expression of E-cadherin and
N-cadherin (Figure 6(a)). Furthermore, more liver meta-
static nodules were observed in MSCs group than the
Alone group. However, the number of nodules significantly
decreased in groups for AMD3100 and Cy treatment
(Figure 6(b)), indicating that inhibitors AMD3100 and Cy
prevented CRC liver metastasis induced by MSCs. The
mRNA and protein expression of CAFs markers (α-SMA,
Vimentin, S100A4 and FAP) were significantly up-regulated
in the metastatic liver tissues of MSCs group, which were
dramatically reduced in the metastatic tissues of groups

with AMD3100 and Cy treatment (Figure 6(c,d)). These
data suggested that MSCs promoted the liver metastasis of
CRC by self-differentiation to CAFs via CXCR4/TGF-β1
axis.

Discussion

CAFs are a heterogeneous population of fibroblast-like cells
with a tumor promoting function, which may be due to the
variation of cell origins and the molecular constitution of
tumor stroma. CAFs have been found to originate from
bone marrow MSCs and TGF-β may be involved in the
transition as MSCs transduced with a lentivirus vector
which inhibited TGF-β/smad signaling, expressed a decrease
in CAF markers when conditioned for 10 days in tumor cell
conditioned medium in comparison to naïve MSCs .15 In
addition, treatment of MSCs with the endoplasmic reticulum
chaperone, GRP78, activated TGF-β/smad signaling and

Figure 5. MSCs accelerated CRC xenograft tumor growth and CAFs differentiation in vivo via CXCR4/TGF-β1 axis.
(a) Tumor volume growth delay curves in athymic nude mice (n = 20, five in each group) measured every five days for HCT116 cell xenografts treated with or without
MSCs in the presence of DMSO, AMD3100 or Cy administration for 30 days. (b) Observation of the xenograft tumors from nude mice of each group (n = 5) after
30 days growth and drug treatment. The weights of these xenograft tumors were presented in the histogram. (c) qPCR and western blot analysis for expression of
TGF-β1 and CXCR4 in the xenograft tumor tissues from the HCT116 cell xenografts mice treated with or without MSCs in the presence of DMSO, AMD3100 or Cy
administration for 30 days. (d) qPCR and western blot analysis for expression of CAFs markers α-SMA, Vimentin, S100A4 and FAP, and (e) Immunohistochemistry
analysis for the levels of α-SMA and Vimentin in the xenograft tumor tissues after MSCs treatment with or without AMD3100/Cy treatment. * p < .05, ** p < .01, ***
p < .001
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induced the differentiation to a CAF like phenotype .16 These
are consistent with what we found in the present study. When
HCT116 and HT29 co-cultured with MSCs, the mRNA and
protein expression level of multiple CAF markers were sig-
nificantly enhanced. Simultaneously, higher expression
level of α-SMA and Vimentin was observed in co-culture
HCT116-MSCs and HT29-MSCs, indicating the increased
differentiation of CAFs in co-culture cells. Considering that
many processes between gene transcription and protein trans-
lation and especially the half-life of different proteins could
vary dramatically from minutes to days while mRNA degra-
dation rate is usually within hours .17 Thus, the correlation of
fold difference between mRNA level and protein level could
vary a lot. Therefore, it is clear that TGF-β plays a major role

in the differentiation from MSC to CAF, promoting the for-
mation of tumor microenvironment, however it is unclear to
what degree it affects the secretory profile of the cells and
their functional characteristics .18

In this study, both CRCs and MSCs cells express CXCR4
and secret TGF-β1. Transforming growth factor β (TGF-β) is
a widely-acknowledged chondrogenic induction factor for
MSCs19-21 and TGF-β-stimulated signaling pathway might be
essential for CAF differentiation of MSCs. TGF-β1-enhanced
CXCR4 expression was reported in bone marrow-derived stem
cells (BMSCs) .22 It is possible for TGF-β1 as a multi-potent
factor to assist in the SDF-1, which is important in promoting
both tumor growth and angiogenesis and driving migration by
targeting CXCR4 .23 Furthermore, it was first elucidated that

Figure 6. MSCs promoted CRC liver metastasis by self-differentiation to CAFs via CXCR4/TGF-β1 axis.
(a) Western blot analysis for protein levels of E-cadherin and N-cadherin in the primary xenograft tumor tissues treated with or without MSCs and DMSO, AMD3100 or
Cy administration. The quantitative analyses of protein bands grey intensity were displayed in the hisograms. (b) Observation and counting of metastatic nodules on
the liver surface from HCT116 nude mice of each group treated with or without MSCs and DMSO, AMD3100 or Cy administration for 30 days. (c) qPCR and western
blot analysis for expression of CAFs markers α-SMA, Vimentin, S100A4 and FAP, and (d) Immunohistochemistry analysis for the levels of α-SMA and Vimentin in the
metastatic liver tissues from HCT116 nude mice of each group treated with or without MSCs and DMSO, AMD3100 or Cy administration. * p < .05, ** p < .01.
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the TGF-β1 augmented CXCR4 expression is mediated by the
phosphorylation of ERK pathway .24 In addition to the induc-
tion of CAF differentiation, SDF-1 released by CAFs directly
mediates pro-tumor effects of CAFs by promoting tumor
growth and angiogenesis .25 Furthermore, inhibition of
CXCR4 expression and TGF-β1 secretion significantly blocked
their differentiation from HCT116-MSCs or HT29-MSCs to
CAFs in tumor microenvironments both in vitro and in vivo,
which would be consistent with the findings of Lei et al .15

These findings verified the essential role of CXCR4/TGF-β1
signaling in mediating the differentiation of HCT116/HT29-
induced MSCs to CAFs and pro-tumor effects.

Furthermore, the present study showed that when HCT116
and HT29 co-cultured with MSCs the mRNA and protein
expression level of multiple CAF markers including α-SMA,
Vimentin, FSP and FAP were significantly enhanced compare
to the control group, indicating that MSCs may promote
tumor growth and metastasis, which is consistent with several
coinjection experiments .5,26 To determine the effect of MSCs
on metastasis in vivo, we used an experimental lung metastasis
model, and we found that MSCs enhanced the metastatic
potential of CRCs. Thus, it is reasonable to suppose that
MSC promoted EMT in HCT116 cells to enhance their meta-
static potential27 and AMD3100 and Cyclophosphamide treat-
ment inhibited this process. The metastatic mechanisms of
EMT have been widely recognized28 and recent observations
have revealed that chemokine networks in cancer cells are
utilized to modulate the host microenvironment in favor of
cancer progression .29 Interactions between CXCR4 and
CXCL12 have been considered to play a role in the progres-
sion of colon cancer30,31 and also EMT is mediated by the
CXCR4/CXCL12 system .32,33

To sum up, the present study has revealed an essential role
of CXCR4/TGF-β1 axis playing in the transformation of
tumor microenvironment by mediating MSCs self-
differentiation to CAFs, promoting CRC growth and metas-
tasis. Inhibition on CXCR4/TGF-β1 axis may be a potential
approach to improve the safety of MSCs therapies in CRC
even other cancers. A better understanding of interplay
between MSCs and CRCs within the tumor microenviron-
ment will be important in developing strategies for improving
tumor therapy which considering the effects of the tumor
microenvironment on tumor survival and growth.
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