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bFGF Promotes Migration and Induces Cancer-Associated
Fibroblast Differentiation of Mouse Bone Mesenchymal
Stem Cells to Promote Tumor Growth

Xue Yang,"" Jian Hao!"" Yu Mao,"" Zi-Qi Jin? Rui Cao,' Cui-Hong Zhu?® Xiao-Hui Liu;
Chang Liu® Xiu-Li Ding! Xiao-Dong Wang? Dan Chen? and Xiong-Zhi Wu'

Tumors recruit bone mesenchymal stem cells (BMSCs) to localize to tumor sites, which induces their conversion
into cancer-associated fibroblasts (CAFs) that facilitate tumor progression. However, this process is poorly
understood on the molecular level. In this study, we found that 4T1 breast cancer cells promoted the migration of
BMSCs, and bFGF neutralizing antibody inhibited the migration of BMSCs induced by a tumor-conditioned
medium. In addition, exogenous bFGF enhanced the migration of BMSCs in a dose-dependent manner in vitro.
Furthermore, BMSCs promoted the proliferation of 4T1 tumor cells under BMSC-conditioned medium and in
tumor xenograft model. Dramatically, BMSCs expressed CAF markers and produced collagen in the tumor
microenvironment, and this transition was blocked by bFGF antibody. In addition, exogenous bFGF induced CAF
differentiation of BMSCs. And bFGF increased phosphorylation of Erk1/2 and Smad3 in BMSCs and Erk inhibitor
PD98059 was shown to block bFGF-induced Erk and Smad3 phosphorylation, suggesting that Erk/Smad3 sig-
naling pathway involved in BMSC transdifferentiation induced by bFGF. Collectively, our results indicate that
bFGF signaling plays indispensable roles in BMSC recruitment and transdifferentiation into CAFs and the
consequent protumor effects, and targeting tumor stroma through bFGF inhibition maybe a promising strategy to

suppress tumor progression.

Introduction

IN RECENT DECADES, great progress has been made in deci-
phering the complicated molecular mechanisms and genetic
changes that contribute to tumor pathogenesis. Studies have
begun to provide direct evidence that the components of the
tumor microenvironment are not merely passive supporters,
but crucial players in the regulation of tumor growth and me-
tastasis [1-4]. Notably, bone marrow (BM) contributes to the
tumor microenvironment. Not only do some tumor cells orig-
inate from BM-derived progenitor cells (e.g., hepatocellular
carcinoma) [5,6] but BM-derived progenitor cells can also be
mobilized into the circulation, migrate toward tumors, incor-
porate into the tumor microenvironment, and contribute to
tumor growth [7,8]. Moreover, clinical studies have revealed
that increased BM recruitment in tumors is associated with
poor prognosis [9]. Thus, the BM-derived tumor microenvi-
ronment is an attractive therapeutic target, and drugs that target
components of tumor microenvironment could be promising.

Bone mesenchymal stem cells (BMSCs), which are char-
acterized by their ability to self-renew and differentiate into
tissues of mesodermal and nonmesodermal cell lineages, play
crucial roles in supporting hematopoiesis [10,11]. BMSCs
can be found throughout the body, but they are often involved
in tissue remodeling after injury or chronic inflammation
where they differentiate into a variety of connective tissue
cell types [12,13]. Studies have increasingly shown that
BMSCs play an important role in tumor development and
progression. BMSCs recruited to tumors selectively prolif-
erate and contribute to the formation of the tumor-associated
stroma [14]. Furthermore, recruitment of BMSCs in breast
carcinomas facilitates metastatic spread [15].

Previous studies have suggested that BMSCs have the
ability to home to tumor sites [16,17] and differentiate into
cancer-associated fibroblasts (CAFs) under the tumor-
conditioned medium (TCM) [18]. These data indicate that
secreted factors in tumor microenvironment play essential
roles in BMSC recruitment and transdifferentiation. To date,
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BMSCs are known to respond to a number of chemotactic
factors, including CXCL16/CXCR®6 [19], IL-6 [20], IL-8 [21],
and SDF-1/CXCR4 [22]. Using a combination of chromatog-
raphy and electrospray tandem mass spectrometry, Lin et al.
found novel soluble signaling molecules that induce BMSC
chemotaxis to be present in the TCM of a breast cancer cell line
[23]. Differentiation of BMSCs into CAFs under a tumor en-
vironment indicates that there are secreted factors from tumor
cells to regulate this process. One study showed that inhibiting
transforming growth factor-B (TGF-B) signaling in human
BMSCs can block their differentiation to CAFs induced by
TCM [24].

bFGF, which belongs to the heparin binding growth factor
family, mediates various cellular events, including prolifera-
tion, motility, and differentiation [25-28]. bFGF increases
embryonic myogenic cell migration in a dose-dependent
manner [29]. bFGF also plays an important role in the prolif-
eration and stem cell plasticity of adipose-derived stem cells
[30]. Furthermore, bFGF can activate normal fibroblasts and
give them properties that are analogous to those of CAFs [31].
In addition, increased mRNA expression of o-smooth muscle
actin (a-SMA), vimentin, and collagen in human BMSCs has
been noted after 14-28 days of exposure to low-dose bFGF
[28]. However, whether bFGF signaling participates in BMSC
chemotaxis for tumor and CAF induction is still unclear.

In this study, we investigated the interplay between tumor
cells and BMSCs. We found that bFGF secreted by tumor
cells recruits BMSCs to the primary tumor site and induces
the differentiation of BMSCs into CAFs to promote tumor
growth. Furthermore, we identified the mechanism underly-
ing bFGF-induced BMSC transdifferentiation, and our results
demonstrated that Erk/Smad3 signaling pathway was essen-
tial for bFGF-induced BMSC transdifferentiation into CAFs.

Materials and Methods
Cell lines

Murine 4T1 breast cancer cells were obtained from the
Tianjin Medical University Cancer Research Institute. The
cells were maintained in RPMI 1640 (Gibco, Life Technolo-
gies, Paisley, United Kingdom) supplemented with 10% fetal
bovine serum (FBS, Gibco). Mouse BMSCs were obtained
from Cyagen Biotechnology Co., Ltd. (Guangzhou, China).
BMSCs were maintained in low-glucose Dulbecco’s modified
Eagle’s medium (Gibco) supplemented with 15% FBS.
BMSCs between passage 8 and 15 were used for experiments.
All cells were incubated at 37°C in 5% CO, humidified cell
culture incubator.

All experimental protocols were approved by Tianjin
Medical University Cancer Institute and Hospital.

Flow cytometry

Phenotypic analysis of BMSCs at passage 10 was performed
with flow cytometry. Briefly, BMSCs (1.0x 10° cells) were
trypsinized, washed twice in PBS, and stained with monoclonal
antibodies against stem cell antigen 1 (Sca-1), CD29, CD44,
CD105, CD11b (an immune cell marker), CD34 (expressed on
endothelial cells), CD45 (a marker of all hematopoietic cells),
and CDI117 (a hematopoietic stem/progenitor cell marker)
for 30min on ice. Labeled cells were analyzed using a
FACSCalibur flow cytometer (BD FACSCanto II; BD Bios-
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ciences). All flow cytometry antibodies were purchased from
BioLegend (San Diego).

Cell differentiation

For adipocyte and osteogenic differentiation, BMSCs were
exposed to an adipocyte induction medium (M3017; Tianjin
Weikai Bioeng Ltd., China) or an osteogenic differentiation
medium (M3015; Tianjin Weikai Bioeng Ltd.) and medium
was replaced every 3 days for 2 weeks. Then cells were fixed
with 4% paraformaldehyde and stained with oil red O stain
[32] or 1-Step™ NBT/BCIP (S1015; Tianjin Weikai Bioeng
Ltd.) solution for 30 min and then rinsed with water [33].

Preparation of conditioned medium

4T1 cells were grown in RPMI 1640 supplemented with
10% FBS. When the cells were 70%—-80% confluent, the old
medium was removed and a fresh serum-free medium was
added. The TCM from 4T1 cells was harvested after 16 h of
incubation and centrifuged at 1,500 rpm for 10 min to re-
move cell debris. A BMSC-conditioned medium (CM) was
collected in the same way.

Transwell migration assay

The tropism of mouse BMSCs for tumor cells and growth
factors was determined using a transwell migration assay.
Briefly, BMSCs (1 x 10%) were placed in a serum-free me-
dium in the upper well of a transwell plate (Millipore, Bill-
erica, MA). 4T1 cells (1 X 104) were plated on the bottom well
for 12 h and the medium was changed to a serum-free medium
before BMSCs were added to the top well. TCM was placed in
the lower well of the plate. In selected experiments, 10 ng/mL
recombinant mouse bFGF (Peprotech, Rocky Hill, NJ), 50 ng/
mL bFGF, or 20 ng/mL bFGF antibody (Millipore) was added
to the lower compartment. BMSCs were incubated for 12 h at
37°C. The cells attached to the top side of the membrane were
removed using cotton swabs. The migrated cells on the bot-
tom side were then fixed with 4% paraformaldehyde and
stained with 0.1% crystal violet. Five random fields at x 400
magnification were photographed and counted.

Cell treatment with CM

For the observation of the effect of BMSC-CM on tumor
cell proliferation, 4T1 cells were plated at a density of 5 x 10°
cells per well in 24-well plates in a tumor cell culture medium
(supplemented with 10% FBS or 1% FBS) or a mixture of
tumor cell culture medium and BMSC-CM (4:1 or 1:1). Every
group consisted of three wells. After culture for 72h, the
tumor cells in each well were collected and counted.

MTS assay

A cell suspension of 4T1 cells (100 uL, 3 x 10° cells/well)
was placed in a 96-well plate and treated with a tumor cell
culture medium (supplemented with 10% FBS) or a mixture of
tumor cell culture medium and BMSC-CM (4:1 or 1:1) for 72 h.
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetra-zolium (MTS; Promega, Madi-
son, WI) was added (20 puL per well) at a concentration of
1.90 mg/mL to each well, and the plate was incubated at
37°C for 2—4 h. Then, the optical density (OD) of each well
was read at 490 nm on a microplate reader.
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Immunofluorescence analysis

BMSCs (2x 10* cells per well) were plated on sterilized
coverslips in 12-well plates and allowed to adhere over-
night. The following day, 50% TCM, 10ng/mL bFGF,
10ng/mL recombinant mouse TGF-B (rm TGF-f, Cell
Signaling Technology, Danvers, MA), or 20 ng/mL specific
bFGF antibody was added to the cells. After 48h of cell
culture, the cells were fixed with 4% paraformaldehyde at
room temperature for 30 min, followed by permeabilization
with 0.1% Triton X-100, washing with PBS, and blocking
with 1% BSA in PBS. Cells were then immunostained for o-
SMA (1:500; Sigma, Saint Louis, MO, Sigma-Aldrich.com.)
and vimentin (1:500; Sigma) for 1h at room temperature.
The secondary antibody used was anti-mouse IgG-FITC
(1:1,000; ZSGB-BIO, Beijing, China). Following further
washing, the cells were counterstained with the nuclear dye
4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI) and
examined with a fluorescence microscope (Leica TCS SPS).

Picric acid—sirius red staining

BMSCs (1x10° cells per well) were plated on six-well
plates and allowed to adhere overnight. The following day,
50% TCM, 10 ng/mL bFGF, 10 ng/mL TGF-f, or 20 ng/mL
specific bFGF antibody was added to the cells. After 48 h of
cell culture, the cells were fixed with 4% paraformaldehyde
at room temperature for 30 min, permeabilized with 0.1%
Triton X-100, and washed with PBS. Then, the cells were
stained with picric acid-sirius red (0.1% sirius red in satu-
rated aqueous picric acid, Solarbio, Beijing, China) to detect
collagen expression. Stained sections were examined by
microscopy. Three randomly selected images per section
were digitally captured (magnification x 400).

Western blotting

Proteins were extracted from BMSCs cultured in a normal
medium, 50% TCM, 10 ng/mL bFGF, 10 ng/mL TGF-f3, 20 ng/
mL bFGF antibody, or 10 uM Erk inhibitor PD98059 (Sell-
eckchem) using mammalian protein extraction reagent sup-
plemented with a protease inhibitor and phosphatase inhibitor
cocktail (Solarbio). The protein was fractionated by 10% so-
dium dodecyl sulfate—polyacrylamide gel electrophoresis,
transferred to a PVDF membrane, and incubated with pri-
mary antibodies against a-SMA (1:2,000; Sigma), vimentin
(1:2,000; Sigma), Erk (1:2,000; Cell Signaling Technology), p-
Erk (1:2,000; Cell Signaling Technology), Smad3 (1:2,000;
Cell Signaling Technology), p-Smad3 (Ser423/425, 1:2,000;
Cell Signaling Technology), or B-actin (1:2,000; Sigma).
Protein expression was detected using an ECL western blotting
detection system.

Real-time reverse transcription—polymerase
chain reaction

To measure the levels of a-SMA, vimentin, collagen I,
collagen III, and GAPDH in BMSCs, the cells were treated in
the same manner as for Western. Total RNA was extracted with
TRIzol reagent (Invitrogen). cDNA was synthesized from 2 pug
of total RNA using MMLYV reverse transcriptase. Real-time
polymerase chain reaction (PCR) was carried out with 2 pL. of
cDNA and SYBR Green Master Mix (Qiagen). The forward

and reverse primers used were as follows: a-SMA, 5’-CCCAG
ACATCAGGGAGTAATGG-3" and 5-TCTATCGGATACT
TCAGCGTCA-3"; vimentin, 5'-CGTCCACACGCACCTAC
AG-3’ and 5-GGGGGATGAGGAATAGAGGCT-3"; collagen
I, 5-TAAGGGTCCCCAATGGTGAGA-3" and 5-GGGTCCC
TCGACTCCTACAT-3"; collagen III, 5-CTGTAACATGGA
AACTGGGGAAA-3’ and 5-CCATAGCTGAACTGAAAAC
CACC-3; and GAPDH, 5-AATGGATTTGGACGCATTG
GT-3" and 5-TTTGCACTGGTACGTGTTGAT-3". The ther-
mal conditions were as follows: 3 min at 95°C, followed by 40
cycles of 95°C for 155, 55°C for 30's, and 72°C for 1 min. For
semiquantitative analysis, the target gene expression was nor-
malized to that of GAPDH. Data are expressed as percentages
compared with the control.

Immunohistochemistry

All tumor masses fixed in 10% neutral formalin were em-
bedded in paraffin and cut into parallel consecutive 4-pm thick
sections for subsequent immunohistochemical study. Briefly,
the endogenous peroxidase activity was blocked with 3% H,0,
for 20 min. The sections were permeabilized with sodium cit-
rate—hydrochloric acid buffer solution (pH 6.0) for 20 min in a
microwave. Then, 1% BSA was applied for 30 min to prevent
nonspecific adherence of serum proteins. Next, sections were
incubated with primary antibody anti-mouse a-SMA (1:500;
Sigma) or anti-PCNA (1:500; Abcam, Cambridge, MA)
overnight at 4 C. After washing with PBS, sections were in-
cubated with secondary antibody diluted 1:1,000 at 37 C for
45min and washed with PBS. DAB (diaminobenzidine,
BOSTER, Wuhan, China) was applied for Smin and then
washed off with PBS. Finally, sections were counterstained
with hematoxylin. For a negative control, PBS was used in-
stead of primary antibody. The sections were analyzed by light
microscopy. The quantification of a-SMA and PCNA density
was performed using Image-Pro Plus image analysis software.

Animal experiments

Six-week-old female BALB/c mice were purchased from
the Beijing Vital River Experimental Animal Technical
Company and used in accordance with the Animal Ethics and
Welfare Committee of Tianjin Medical University Cancer
Institute and Hospital. 4T1 cells, BMSCs, and 4T1-activated
BMSCs (BMSCs that were exposed to 50% TCM for 7 days
and culture medium changed every 2 days) were prepared as
single-cell suspensions (2x 10° 4T1 cells in 0.1 mL PBS, a mix
of 2x 10° 4T1 cells and 1x 10° BMSCs in 0.1 mL PBS, or a
mix of 2x 10° 4T1 cells and 1x 10° 4T1-activated BMSCs in
0.1 mL PBS, respectively). Cells were injected subcutaneously
at one site on the back of BALB/c mice. Each group contained
10 animals. Mice were examined every 2 days, and tumor
growth was evaluated by measuring the length and width of the
tumor mass. Palpable tumors at the injection sites that were
more than 3 mm in diameter were monitored as a tumor. At the
end of the experiment, tumor masses were removed and fixed
in 10% neutral formalin for histologic preparations.

Statistical analysis

All quantitative data are shown as mean =*standard
deviation. All experiments were performed in triplicate.
Statistical significance was analyzed by one-way ANOVA
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using SPSS 16.0 software. Comparisons with P <0.05 were
considered to be statistically significant.

Results
The characteristics of BMSCs

Morphologically, mouse BMSCs had a spindled, fibroblast-
like appearance after expansion (Fig. 1A). Mouse BMSCs were
tested for Sca-1, CD105, CD29 and CD44 positivity, CD34,
CD45, CD11b, and CD117 negativity using flow cytometric
analysis (Fig. 1D), and multilineage differentiation into adi-
pocytes (Fig. 1B) and osteocytes (Fig. 1C). The surface marker
expression pattern corresponding to mouse BMSCs was de-
scribed previously [34].

Effect of tumor cell and TCM on BMSC migration

To examine the chemotaxis of BMSCs toward tumor
environment, BMSCs were exposed to 4T1 tumor cells or
TCM, and then their ability to migrate toward tumor envi-
ronment was assayed in transwell chamber migration assay.

As shown in Fig. 2A, the migrating cell numbers of
BMSCs in 4T1 and TCM groups were significantly higher
compared with the control group (Fig. 2A, P<0.001 and
P <0.001, respectively).

Tumor cell-derived bFGF induces BMSC migration

As there was no direct contact between 4T1 tumor cells
and BMSCs in the in vitro migration assay, a 4T1 cell-
secreted factor(s) was most likely responsible for the stim-
ulation of BMSC migration. To investigate whether bFGF
secreted by 4T1 cells induces BMSC migration, we then
added neutralizing bFGF antibody to the TCM to block the

A

FIG. 1. Characteristics of
BMSCs (Pyp). Morphologi-
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bFGF signaling activity. At a 20ng/mL concentration of
bFGF antibody, BMSC migration was attenuated in re-
sponse to the TCM (Fig. 2B, P <0.025). Taken together,
these data suggest that bFGF in the tumor microenvironment
stimulates BMSC migration.

bFGF enhances the migration of BMSCs
in a dose-dependent manner in vitro

We then investigated the role of exogenous bFGF in
BMSC migration in vitro. Both 10 ng/mL (P <0.025) and
50ng/mL (P<0.001) bFGF promoted BMSC migration
(Fig. 2C). Moreover, there was a 1.8-fold (P<0.001) in-
crease in the number of migrated cells toward 50ng/mL
bFGF compared to 10 ng/mL bFGF.

BMSC-CM promotes 4T1 cell proliferation in vitro

For the observation of the effect of BMSCs on tumor cell
proliferation, 4T1 cells were maintained in a mixture of tumor
cell growth medium (supplemented with 10% FBS or 1% FBS)
and BMSC-CM (volume in 4:1 or 1:1). Compared to the
control medium, both 20% BMSC-CM and 50% BMSC-CM
had a proproliferative effect on 4T1 cells (Fig. 3A, P <0.02 and
P <0.001, respectively). To exclude the influence of FBS on
cell proliferation, we decreased the serum concentration to 1%
FBS. Under 1% FBS, both 20% BMSC-CM and 50% BMSC-
CM promoted the proliferation of 4T1 cells (Fig. 3B, P<0.05
and P <0.002, respectively).

In accordance with the cell count assay, the MTS cell pro-
liferation assay also showed that 20% and 50% BMSC-CM
promoted 4T1 cell proliferation. 20% and 50% BMSC-CM
group had a much higher OD value than the control medium
(Fig. 3C, P<0.002 and P <0.001, respectively).

cal, BMSCs were long, spin-
dle shaped, and fibroblastic in
appearance (A, magnification
x400). (B) Adipocyte differ-
entiation assay. (C) Osteogenic
differentiation assay. (D) Flow
cytometry cell surface marker

profiles of BMSCs. BMSCs,

Sca-1
bone mesenchymal stem cells.

CD29 CD44 CD105

CD11b

CD34 CD45 CcD117
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FIG. 2. bFGF-induced BMSC migration. (A) BMSC migration toward 4T1 tumor cells and TCM. (B) Inhibition of bFGF
with neutralizing antibody in TCM attenuated the migration stimulation of BMSCs. (C) Exogenous rm bFGF promoted the
migration of BMSCs in a dose-dependent manner. *P <0.05 versus control. **P < (.01 versus control. ***P <0.001 versus
control. #P <0.05 versus TCM group.%%%P < 0.001 versus bFGF (10) group. bFGF, basic fibroblast growth factor;
BMSCs, bone mesenchymal stem cells; TCM, tumor-conditioned medium; rm bFGF, recombinant mouse basic fibroblast

growth factor.

BMSCs promote tumor growth in vivo

To determine if BMSCs support tumor growth in vivo, a
set of xenograft experiments were performed using mouse
4T1 breast cancer cells. Both the presence of BMSCs and
TCM-pretreated BMSCs clearly supported tumor growth
when compared with 4T1 cells alone (Fig. 3D). 4T1 cells
mixed with BMSCs or TCM-pretreated BMSCs generated
tumors of greater volume and weight when compared to
4T1 cells-alone group (Fig. 3E, F). The tumor weight in the
BMSCs and TCM-pretreated BMSC group was increased
by 46.7% (P<0.001) and 75.5% (P <0.001), respectively,
compared to the control group.

Effect of BMSCs on the expression of PCNA in vivo

To quantify PCNA expression, the tumor sections were
photographed with a digital camera at X400 magnification
(Fig. 3G), and the integral optical density of PCNA in each
section was analyzed using Image-Pro-Plus image analysis
software. We found that the expression of PCNA in tumor
tissues significantly increased in the BMSCs (P<0.001)
and TCM-treated BMSC groups (P <0.001) compared to the
4T1 group (Fig. 3H).

Effect of BMSCs on the expression of a-SMA in vivo

Previous studies have indicated that BM-derived cells
such as mesenchymal stem cells (MSCs) are one of the
origins of CAFs [22,35]. Therefore, tumor sections were
processed for the immunohistochemical staining of a-SMA
at the end of the observation period (Fig. 4A). Strong pos-
itive staining for a-SMA was seen in tumors derived from
the BMSCs (P <0.001) and TCM-pretreated BMSC groups
(P<0.001). This suggested that BMSCs coinjected with 4T'1
cells may become functionally incorporated into the tumor
stroma and further facilitate tumor growth.

Activation of BMSCs by TCM—expression
of markers specific to CAFs

CAFs can be characterized by an increased expression of
proteins such as a-SMA and vimentin, and BMSC-derived
cells expressing CAF markers contribute to the stroma of
mixed xenograft tumor. We next examined the differentiation
of BMSCs through exposure to the TCM in vitro. Immuno-
fluorescence assay showed that native BMSCs expressed o-
SMA and vimentin at a low level, while the expression levels
of a-SMA and vimentin increased after exposure to the TCM,
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FIG. 3. Effect of BMSCs on 4T1 breast cancer growth. (A, B) 4T1 cells were treated with BMSC-CM (volume in 4:1 or
1:1 with normal medium supplemented with 10% FBS or 1% FBS) for 72 h, and then, cells were harvested for counting. (C)
MTS cell proliferation assay. (D) Xenograft experiments were performed using 4T1 cells alone or mixed with BMSCs/4T1-
BMSCs. Representative image of excised tumors. (E) Tumor growth curves for mouse xenograft tumor models. (F) Effect
of BMSCs/4T1-BMSCs on tumor weight. On the 16th day, the implanted tumors were excised and weighted. (G) Im-
munohistochemistry staining of PCNA (magnification x400). (H) The quantification of PCNA-positive areas. *P <0.05
versus control. **P<0.01 versus control. ***P <(.001 versus control. BMSCCM, bone marrow mesenchymal stem cell-
conditioned medium; FBS, fetal bovine serum; IOD, integral optical density; PCNA, proliferation cell nuclear antigen.

indicating that the TCM induced BMSCs to acquire a CAF-
like phenotype (Fig. 4B).

To further confirm the effect of TCM on BMSC differen-
tiation, we assessed the TCM-stimulated expression of a-SMA
and vimentin through western blotting analysis (Fig. 4D).
Accordingly, BMSCs exposed to the TCM resulted in the in-
creased expression of o-SMA and vimentin. Furthermore,
there were 14-fold and 19-fold upregulations in mRNA ex-
pression levels of a-SMA (P <0.001) and vimentin (P <0.001)
after 48 h of TCM treatment, respectively (Fig. 4F).

CAFs also express collagen [35] and we further determined
collagen expression to reflect the CAF activity. Prominent
collagen deposition was found after picric acid—sirius red
staining and the TCM group secreted slightly more collagen
than the control group (Fig. 4E). The mRNA expression level
of collagen I (P<0.001) and collagen IIT (P<0.001) also
significantly increased after TCM exposure (Fig. 4F).

bFGF signaling induced BMSC differentiation

TCM exposure led BMSC differentiation to CAF-like phe-
notype, indicating that a soluble factor(s) was likely responsi-
ble for the differentiation stimulation. When specific bFGF
antibody was added to the TCM, the expression of a-SMA,
vimentin, and collagen was reduced in both protein and mRNA

levels, compared to the TCM group without bFGF antibody
(Fig. 4C-F). These data indicate that tumor cell-derived bFGF
may involve in BMSC differentiation into CAFs.

To date, differentiation of BMSCs to CAFs has been in-
duced in vitro mainly by TGF-B [24,36]. However, another
study indicates that bFGF is capable of increasing the mRNA
expression of o-SMA, vimentin, and collagen in human
BMSCs after low-dose bFGF (3ng/mL) exposure for 14 or
28 days [28]. In this study, the expression levels of a-SMA,
vimentin, and collagen in bFGF-treated BMSCs were deter-
mined by immunofluorescence, western blotting, picric acid—
sirius red staining, or reverse transcription-polymerase chain
reaction (RT-PCR) analysis (Fig. 4B, D-F). These results
showed that extraneous bFGF upregulated o-SMA, vimentin,
and collagen expression in both mRNA and protein levels.
Furthermore, immunofluorescence and RT-PCR analysis
showed that bFGF had a stronger effect on a-SMA, vimentin,
and collagen expression than TGF- at the same concentration.

Erk/Smad3 signaling pathway involved in BMSC
differentiation induced by bFGF

The progression from undifferentiated BMSCs to differen-
tiated cells involves the activation or suppression of certain
signaling pathways. These pathways may be specific to one
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FIG. 4. Expression of CAF markers in tumor issue sections and in BMSCs under 50% TCM, bFGF antibody, bFGF, or
TGF-p treatment. (A) Immunohistochemistry staining of a-SMA (/eft, magnification X 400) and quantification of a-SMA-
positive areas (right). (B, C) Expression of CAF marker o-SMA and vimentin in BMSCs exposed to 50%TCM, 50%TCM +
bFGF antibody, bFGF, or TGF-8 by immunofluorescence staining. (D) Expression of a-SMA and vimentin in BMSCs exposed
to 5S0%TCM, 50%TCM + bFGF antibody, bFGF, or TGF-f3 by western blot. (E) Picric acid—Sirius red staining for collagen in
BMSCs exposed to 50%TCM, 50%TCM + bFGF antibody, bFGF, or TGF-B. (F) Reverse transcription-polymerase chain
reaction (RT-PCR) of BMSCs exposed to 50%TCM, 50%TCM + bFGF antibody, bFGF, or TGF-B. *P < 0.05 versus control.
**P < 0.01 versus control. ***P<0.001 versus control. #P <0.01 versus 50%TCM group. ###P < 0.001 versus 50%TCM
group. BMSCs, bone mesenchymal stem cells; a-SMA, a-smooth muscle actin; CAFs, cancer-associated fibroblasts; FGF-Ab,
fibroblast growth factor antibody; TGF-, transforming growth factor-f3.

lineage or may be important for the differentiation process in
general. As shown in Fig. 5A, Erk1/2 was phosphor activated
by bFGF, indicating that Erk1/2 signaling accompanied the
upregulation of o-SMA and vimentin in transdifferentiated
BMSCs. Additionally, compared to control group, phosphor-
ylation of mothers against decapentaplegic homolog 3 (p-
Smad3) was also elevated in bFGF induced cells (Figure 5A).

To further elucidate the role of Erk/Smad3 signaling in
bFGF-induced BMSC differentiation, we blocked the acti-
vation of Erkl/2 by treating BMSCs with a specific Erk
inhibitor PD98059. In the presence of PD98059, bFGF-
induced Erk and Smad3 phosphorylation was significantly
decreased and both a-SMA and vimentin protein levels were
dramatically downregulated (Fig. 5A), which indicated that
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Erk/Smad3 signaling pathway was involved in bFGF-
induced BMSC differentiation (Fig. 5B).

Discussion

The surrounding tumor microenvironment appears to be an
important determinant in the final outcome of the disease
[37,38]. BM-derived cells, particularly BMSCs, seem to
contribute to the tumor stroma and regulate tumor growth [8].

Previous studies have suggested that BMSCs have the
ability to home to tumor sites [16,17]. Due to their tropism for
tumors, BMSCs may serve as a platform for delivery of bi-
ological agents for anticancer therapy [39,40], an approach
that has shown promise in preclinical models [41]. Secreted
factors in tumor microenvironment maybe involved in tumor
chemotaxis toward BMSCs. Recently, Schmidt et al. reported
that bFGF increased the migratory activity of BMSCs
through activation of the Akt/protein kinase B pathway [42].
Thus, whether tumor cells recruit BMSCs by secreting bFGF
is a promising topic of study. In this study, we provided

Primary tumor

FIG. 6. bFGF induces the re-
cruitment and CAF differentia-
tion of BMSCs to promote tumor
growth. Model shows putative po-
tential mechanisms underlying
primary breast cancer progression
by recruitment of BMSCs. Tumor-
derived bFGF interacts with its re-
ceptor FGFR on BMSCs to recruit
BMSCs into tumor sites and in-
duces BMSCs into CAFs to pro-
mote tumor growth. BMSCs, bone
mesenchymal stem cells.

Bone marrow

evidence that tumor-secreted bFGF promoted BMSC mi-
gration toward tumor cells by adding a specific bFGF neu-
tralizing antibody in TCM. Moreover, exogenous bFGF
induced BMSC migration in a dose-dependent manner. No-
tably, bFGF did not promote BMSC proliferation at the same
dose and time (12 h) as the migration assay (Date not shown).
Indeed, BMSCs are known to express the bFGF receptor on
their surface [43]. Our results suggest that tumor cells recruit
BMSCs by secreting bFGF.

Several studies have shown that BMSCs inhibit tumor
growth in murine model of glioma by inhibition of angio-
genesis [44] and hepatocellular carcinoma by inducing tumor
cell apoptosis [45]. However, there are controversies in
BMSC effects on tumor growth. BMSCs have been showed to
support tumor growth and metastasis once integrated into the
tumor microenvironment [15,19]. Our findings demonstrate
that BMSCs promote the proliferation of 4T1 cells in vitro and
tumor growth in a murine model of breast cancer. According
to the observation of tumor mass, PCNA expression in tumor
cells increased in the coinjection group. Therefore, BMSCs
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could promote 4T1 breast cancer growth in vitro and in vivo.
Many studies indicate that BMSCs have several tumor-growth
promoting functions in the tumor microenvironment, including
expressing growth factors, enhancing tumor vessel formation,
and creating tumor stem cell niches [8]. Interestingly, one study
indicates that BMSCs play a dual role in tumor growth in vitro
and in vivo. Human BMSCs inhibited lung and esophageal
tumor cell proliferation and invasion in vitro; but, in vivo,
BMSCs favored tumor formation and growth [46]. These
controversies maybe attributed to the differences in tumor
types or experimental conditions and further studies are needed
to elucidate this phenomenon. MSCs, including BMSCs, have
the capacity to differentiate into cells of connective tissue
lineages, including bone, fat, cartilage, and muscle. These cells
have generated a great deal of interest because of their potential
use in regenerative medicine and tissue engineering and there
are some dramatic examples, derived from both preclinical and
clinical studies, which illustrate their therapeutic value [47].
However, according to our results and other studies, the safety
remains a key problem to solve for tumor patients receiving
BMSC or gene therapy.

Studies have indicated that BM-derived cells, especially
BMSCs, not only regulate tumor growth [48] but are also
sources of CAFs [35,49]. The CAF population differs mor-
phologically and functionally from normal fibroblasts and
expresses d-SMA and vimentin [50]. In our study, BMSCs
presented with a bipolar and/or multipolar morphology and
then acquired a uniform spindle-shaped morphology, forming
parallel arrays and whorls at confluence after TCM treatment.
Moreover, upregulated expression of a-SMA, vimentin, and
collagen in BMSCs following exposure to the TCM was also
confirmed. In addition, the expression of «-SMA in the tumor
stroma increased in the coinjection groups in vivo, which
suggested that BMSCs coinjected with 4T1 cells may become
functionally incorporated into the tumor stroma and promote
tumor growth. In addition, BMSCs activated using the TCM
were injected together with 4T1 cells, resulting in an accel-
erated tumor growth. These results support the conclusion
that BMSCs are precursors of CAFs under tumor environment
and promote tumor growth.

BMSCs exhibited a capability to differentiate into CAFs
under TCM treatment, indicating that a soluble factor(s) pro-
duced by tumor cells may mediate this process. To date, dif-
ferentiation of BMSCs into CAFs has been induced in vitro
mainly by TGF-f [24]. However, one study indicates that bFGF
makes normal fibroblasts having analogous properties to CAFs
[31]. In addition, an increased mRNA expression of a-SMA,
vimentin, and collagen in human BMSCs has been noted after
14-28 days of exposure to low-dose bFGF [28]. However, the
molecular mechanisms underlying bFGF regulation on BMSCs
is unclear and there has been little investigation of whether
tumor cells secrete bFGF to induce the differentiation of
BMSCs to CAFs. In this study, blocking bFGF in the TCM using
a specific antibody inhibited the expression of a-SMA and vi-
mentin in BMSCs. Moreover, exogenous bFGF induced BMSCs
to acquire a CAF-like appearance and increased o-SMA,
vimentin, and collagen expression in both mRNA and protein
levels. These data indicate that bFGF under tumor environment
is capable of inducing BMSC:s differentiation to CAFs.

bFGF is a basic growth factor that signals to the nucleus
by binding to FGF receptor and activating multiple signal
transduction pathways, including those involving Ras,

mitogen-activated protein kinases (MAPKSs), extracellu-
lar signal-regulated kinases (ERKSs), Src, p38 MAPKs,
phospholipase-Cy, Crk, jun N-terminal kinase, and protein
kinase C [51]. The ERKs are the main downstream of FGF
signaling pathways. In this study, bFGF induced the phos-
phorylation of Erk1/2 in BMSCs and Erk inhibitor reduced
o-SMA and vimentin expression and blocked bFGF-
induced Erk phosphorylation, indicating that Erk1/2 sig-
naling plays an indispensable role in BMSC differentiation
into CAFs. Smad3 signaling participates in epithelial to
mesenchymal transdifferentiation and pathological fibrotic
diseases [52]. The Smad family is divided into different
groups and Smad3 belongs to R-Smads, which are phos-
phorylated by receptor kinases. For example, Smad2 and
Smad3 are phosphorylated by the TGF-f receptor kinase in
the C-terminal tail [53,54]. Indeed, the Smad activity is also
regulated by phosphorylation through nonreceptor kinases,
such as ERK phosphorylation [55]. Interestingly, in this
study, bFGF increased Smad3 phosphorylation and Erk
inhibitor reduced bFGF-induced Smad3 phosphorylation,
suggesting that the Erk/Smad3 signaling pathway was in-
volved in BMSC transdifferentiation induced by bFGF.

Conclusion

In summary, these data identify bFGF secreted by breast
cancer cells recruits BMSCs to primary tumor sites, and
BMSCs support tumor growth partly by differentiating into
CAFs, which are induced by bFGF (Fig. 6). Furthermore, our
results indicate that bFGF promote CAF differentiation of
BMSCs through Erk/Smad3 signaling pathway. bFGF is known
for its proangiogenic effect; however, our results show that
bFGF acts as a novel regulatory molecule that promotes mi-
gration and CAF differentiation of BMSCs. The cross talk be-
tween BMSCs and tumor cells is complicated and we suggest
that the exploitation of BMSCs in new therapeutic strategies
should be undertaken with caution in malignant conditions.

Acknowledgment

This work was supported by the National Natural Science
Foundation of China (81173376 and 81473441).

Author Disclosure Statement

No competing financial interests exist.

References

1. Joyce JA and JW Pollard. (2009). Microenvironmental
regulation of metastasis. Nat Rev Cancer 9:239-252.

2. McAllister SS, AM Gifford, AL Greiner, SP Kelleher, MP
Saelzler, TA Ince, F Reinhardt, LN Harris, BL Hylander, EA
Repasky, et al. (2008). Systemic endocrine instigation
of indolent tumor growth requires osteopontin. Cell 133:
994-1005.

3. Gao D, DJ Nolan, AS Mellick, K Bambino, K McDonnell
and V Mittal. (2008). Endothelial progenitor cells control
the angiogenic switch in mouse lung metastasis. Science
319:195-198.

4. Joyce JA. (2005). Therapeutic targeting of the tumor mi-
croenvironment. Cancer Cell 7:513-520.

5. Wu XZ and XH Yu. (2007). Bone marrow cells: the source
of hepatocellular carcinoma? Med Hypotheses 69:36-42.



10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Wu XZ and D Chen. (2006). Origin of hepatocellular
carcinoma: role of stem cells. J Gastroenterol Hepatol
21:1093-1098.

. Wu XZ, D Chen and GR Xie. (2007). Bone marrow-derived
cells: roles in solid tumor. Minireview. Neoplasma 54:1-6.

. Roorda BD, A ter Elst, WA Kamps and ES de Bont. (2009).
Bone marrow-derived cells and tumor growth: contribution
of bone marrow-derived cells to tumor micro-environments
with special focus on mesenchymal stem cells. Crit Rev
Oncol Hematol 69:187-198.

. Gao D and V Mittal. (2009). The role of bone-marrow-
derived cells in tumor growth, metastasis initiation and
progression. Trends Mol Med 15:333-343.

. Pittenger MF, AM Mackay, SC Beck, RK Jaiswal, R

Douglas, JD Mosca, MA Moorman, DW Simonetti, S Craig

and DR Marshak. (1999). Multilineage potential of adult

human mesenchymal stem cells. Science 284:143-147.

Zhang J, C Niu, L Ye, H Huang, X He, WG Tong, J Ross, J

Haug, T Johnson, JQ Feng, et al. (2003). Identification of

the haematopoietic stem cell niche and control of the niche

size. Nature 425:836-841.

Quante M, SP Tu, H Tomita, T Gonda, SS Wang, S

Takashi, GH Baik, W Shibata, B Diprete, KS Betz, et al.

(2011). Bone marrow-derived myofibroblasts contribute to

the mesenchymal stem cell niche and promote tumor

growth. Cancer Cell 19:257-272.

Taichman RS, Z Wang, Y Shiozawa, Y Jung, J Song, A

Balduino, J] Wang, LR Patel, AM Havens, M Kucia, et al.

(2010). Prospective identification and skeletal localization

of cells capable of multilineage differentiation in vivo.

Stem Cells Dev 19:1557-1570.

Hall B, M Andreeff and F Marini. (2007). The participation

of mesenchymal stem cells in tumor stroma formation and

their application as targeted-gene delivery vehicles. Handb

Exp Pharmacol 180:263-283.

Karnoub AE, AB Dash, AP Vo, A Sullivan, MW Brooks, GW

Bell, AL Richardson, K Polyak, R Tubo and RA Weinberg.

(2007). Mesenchymal stem cells within tumour stroma pro-

mote breast cancer metastasis. Nature 449:557-563.

Nakamura K, Y Ito, Y Kawano, K Kurozumi, M Kobune, H

Tsuda, A Bizen, O Honmou, Y Niitsu and H Hamada. (2004).

Antitumor effect of genetically engineered mesenchymal

stem cells in a rat glioma model. Gene Ther 11:1155-1164.

Studeny M, FC Marini, JL Dembinski, C Zompetta, M

Cabreira-Hansen, BN Bekele, RE Champlin and M An-

dreeff. (2004). Mesenchymal stem cells: potential precur-

sors for tumor stroma and targeted-delivery vehicles for

anticancer agents. J Natl Cancer Inst 96:1593-1603.

Mishra PJ, PJ Mishra, R Humeniuk, DJ Medina, G Alexe,

JP Mesirov, S Ganesan, JW Glod and D Banerjee. (2008).

Carcinoma-associated fibroblast-like differentiation of hu-

man mesenchymal stem cells. Cancer Res 68:4331-4339.

Jung Y, JK Kim, Y Shiozawa, J] Wang, A Mishra, J Joseph,

JE Berry, S McGee, E Lee, H Sun, et al. (2013). Recruit-

ment of mesenchymal stem cells into prostate tumours

promotes metastasis. Nat Commun 4:1795.

Rattigan Y, JM Hsu, PJ Mishra, J Glod and D Banerjee.

(2010). Interleukin 6 mediated recruitment of mesenchymal

stem cells to the hypoxic tumor milieu. Exp Cell Res

316:3417-3424.

Picinich SC, JW Glod and D Banerjee. (2010). Protein kinase

C zeta regulates interleukin-8-mediated stromal-derived

factor-1 expression and migration of human mesenchymal

stromal cells. Exp Cell Res 316:593-602.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

YANG ET AL.

Kucerova L, M Matuskova, K Hlubinova, V Altanerova
and C Altaner. (2010). Tumor cell behaviour modulation by
mesenchymal stromal cells. Mol Cancer 9:129.

Lin SY, J Yang, AD Everett, CV Clevenger, M Koneru, PJ
Mishra, B Kamen, D Banerjee and J Glod. (2008). The iso-
lation of novel mesenchymal stromal cell chemotactic factors
from the conditioned medium of tumor cells. Exp Cell Res
314:3107-3117.

Shangguan L, X Ti, U Krause, B Hai, Y Zhao, Z Yang and
F Liu. (2012). Inhibition of TGF-beta/Smad signaling by
BAMBI blocks differentiation of human mesenchymal
stem cells to carcinoma-associated fibroblasts and abolishes
their protumor effects. Stem Cells 30:2810-2819.

Kalluri R and M Zeisberg. (2006). Fibroblasts in cancer.
Nat Rev Cancer 6:392-401.

Powers CJ, SW McLeskey and A Wellstein. (2000). Fi-
broblast growth factors, their receptors and signaling. En-
docr Relat Cancer 7:165-197.

Bottcher RT and C Niehrs. (2005). Fibroblast growth factor
signaling during early vertebrate development. Endocr Rev
26:63-77.

Hankemeier S, M Keus, J Zeichen, M Jagodzinski, T
Barkhausen, U Bosch, C Krettek and M Van Griensven.
(2005). Modulation of proliferation and differentiation of
human bone marrow stromal cells by fibroblast growth
factor 2: potential implications for tissue engineering of
tendons and ligaments. Tissue Eng 11:41-49.

Webb SE, KK Lee, MK Tang and DA Ede. (1997). Fibroblast
growth factors 2 and 4 stimulate migration of mouse embry-
onic limb myogenic cells. Dev Dyn 209:206-216.

Hu F, X Wang, G Liang, L Lv, Y Zhu, B Sun and Z Xiao.
(2013). Effects of epidermal growth factor and basic fi-
broblast growth factor on the proliferation and osteogenic
and neural differentiation of adipose-derived stem cells.
Cell Reprogram 15:224-232.

Li X, Y Wang, Y Zhao, H Yang, A Tong, C Zhao, H Shi, Y Li,
Z Wang and Y Wei. (2014). Immunotherapy of tumor with
vaccine based on basic fibroblast growth factor-activated fi-
broblasts. J Cancer Res Clin Oncol 140:271-280.

Bagley RG, W Weber, C Rouleau, M Yao, N Honma, S
Kataoka, I Ishida, BL Roberts and BA Teicher. (2009).
Human mesenchymal stem cells from bone marrow express
tumor endothelial and stromal markers. Int J Oncol 34:
619-627.

Hu H, M Chen, G Dai, G Du, Z Wang, J He, Y Zhao, D
Han, Y Cao, Y Zheng, et al. (2016). An inhibitory role of
osthole in rat MSCs osteogenic differentiation and prolif-
eration via Wnt/beta-Catenin and Erk1/2-MAPK Pathways.
Cell Physiol Biochem 38:2375-2388.

Kolf CM, E Cho and RS Tuan. (2007). Mesenchymal stromal
cells. Biology of adult mesenchymal stem cells: regulation of
niche, self-renewal and differentiation. Arthritis Res Ther
9:204.

Direkze NC, K Hodivala-Dilke, R Jeffery, T Hunt, R
Poulsom, D Oukrif, MR Alison and NA Wright. (2004).
Bone marrow contribution to tumor-associated myofibro-
blasts and fibroblasts. Cancer Res 64:8492-8495.

Wang D, JS Park, JS Chu, A Krakowski, K Luo, DJ Chen
and S Li. (2004). Proteomic profiling of bone marrow
mesenchymal stem cells upon transforming growth factor
betal stimulation. J Biol Chem 279:43725-43734.

Orimo A, Y Tomioka, Y Shimizu, M Sato, S Oigawa, K
Kamata, Y Nogi, S Inoue, M Takahashi, T Hata, et al. (2001).
Cancer-associated myofibroblasts possess various factors to



MIGRATION AND DIFFERENTIATION OF BMSCs INDUCED BY BFGF 11

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

promote endometrial tumor progression. Clin Cancer Res
7:3097-3105.

Kaminski A, JC Hahne, M Haddouti el, A Florin, A
Wellmann and N Wernert. (2006). Tumour-stroma inter-
actions between metastatic prostate cancer cells and fibro-
blasts. Int J Mol Med 18:941-950.

Studeny M, FC Marini, RE Champlin, C Zompetta, 1J
Fidler and M Andreeff. (2002). Bone marrow-derived mes-
enchymal stem cells as vehicles for interferon-beta delivery
into tumors. Cancer Res 62:3603-3608.

Nakamizo A, F Marini, T Amano, A Khan, M Studeny, J
Gumin, J Chen, S Hentschel, G Vecil, ] Dembinski, et al.
(2005). Human bone marrow-derived mesenchymal stem
cells in the treatment of gliomas. Cancer Res 65:3307-3318.
Zimmerlin L, TS Park, ET Zambidis, VS Donnenberg and AD
Donnenberg. (2013). Mesenchymal stem cell secretome and
regenerative therapy after cancer. Biochimie 95:2235-2245.
Schmidt A, D Ladage, T Schinkothe, U Klausmann, C Ulrichs,
FJ Klinz, K Brixius, S Arnhold, B Desai, U Mehlhorn, et al.
(2006). Basic fibroblast growth factor controls migration in
human mesenchymal stem cells. Stem Cells 24:1750-1758.
Minguell JJ, A Erices and P Conget. (2001). Mesenchymal
stem cells. Exp Biol Med 226:507-520.

Ho IA, HC Toh, WH Ng, YL Teo, CM Guo, KM Hui and
PY Lam. (2013). Human bone marrow-derived mesen-
chymal stem cells suppress human glioma growth through
inhibition of angiogenesis. Stem Cells 31:146-155.
Abd-Allah SH, SM Shalaby, AS El-Shal, EA Elkader, S
Hussein, E Emam, NF Mazen, M El Kateb and M Atfy.
(2014). Effect of bone marrow-derived mesenchymal stro-
mal cells on hepatoma. Cytotherapy 16:1197-1206.

Tian LL, W Yue, F Zhu, S Li and W Li. (2011). Human
mesenchymal stem cells play a dual role on tumor cell
growth in vitro and in vivo. J Cell Physiol 226:1860-1867.
Barry FP and JM Murphy. (2004). Mesenchymal stem
cells: clinical applications and biological characterization.
Int J Biochem Cell Biol 36:568-584.

48. Wong RS. (2011). Mesenchymal stem cells: angels or de-
mons? J Biomed Biotechnol 2011:459510.

49. Kidd S, E Spaeth, K Watson, J Burks, H Lu, A Klopp, M
Andreeff, FC Marini. (2012). Origins of the tumor micro-
environment: quantitative assessment of adipose-derived
and bone marrow-derived stroma. PLoS One 7:¢30563.

50. De Wever O, P Demetter, M Mareel and M Bracke. (2008).
Stromal myofibroblasts are drivers of invasive cancer
growth. Int J Cancer 123:2229-2238.

51. Goldfarb M. (2001). Signaling by fibroblast growth factors:
the inside story. Sci STKE 2001:pe37.

52. Flanders KC. (2004). Smad3 as a mediator of the fibrotic
response. Int J Exp Pathol 85:47-64.

53. Attisano L and JL Wrana. (2002). Signal transduction by
the TGF-beta superfamily. Sci 296:1646-1647.

54. Shi Y and J Massague. (2003). Mechanisms of TGF-beta sig-
naling from cell membrane to the nucleus. Cell 113:685-700.

55. Matsuura I, G Wang, D He and F Liu. (2005). Identification
and characterization of ERK MAP kinase phosphorylation
sites in Smad3. Biochemistry 44:12546—-12553.

Address correspondence to:

Prof. Xiong-Zhi Wu

Key Laboratory of Cancer Prevention and Therapy
National Clinical Research Center for Cancer

Tianjin Medical University Cancer Institute and Hospital
Huan-Hu-Xi Road, He-Xi District,

Tianjin 300060

China

E-mail: wuxiongzhi@163.com

Received for publication July 16, 2016
Accepted after revision August 2, 2016
Prepublished on Liebert Instant Online XXXX XX, XXXX



