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Abstract: The clinical translation of tissue engineering methods is confined by the limited external cell sources,
which is hopefully to be addressed by the cell guidance approach as cytokine-induced homing and differentiation of
the patients’ autologous cells. Synovium-derived stem cells (SDSCs) are a potent cell source for cartilage restoration
due to its intrinsic proximity and tissue-specific chondrogenic capacity. In this study, stromal cell-derived factor-1«
(SDF-1a) in combination with transforming growth factor B, (TGF-B,) were used to induce SDSCs migration and chon-
drogenesis in vitro. The migration capacity was evaluated by transwell assay and for chondrogenic evaluation, the
expression of Sox9, ACAN and COL2A1 were assessed by quantitative RT-PCR while the expression of sulfated GAG
and collagen Il were evaluated by Alcian Blue stain and immunohistochemistry respectively. Our data showed that
SDF-1a/CXC chemokine receptor 4 (CXCR4) was involved in SDSCs migration through phosphoinositide 3-kinase
(PI3K)/protein kinase B (Akt) pathway. Exogenous TGF-B, enhanced SDF-1a-induced SDSCs migration in a concen-
tration and time-dependent manner through CXCR4, evidenced as complete blockage by AMD3100, the CXCR4
antagonist and this effect was mediated by extracellular regulated protein kinases (ERK) activation. Moreover, the
addition of SDF-1a augmented the TGF-B,-induced SDSCs chondrogenesis, evidenced by the increased pellet sizes
and the expressions of COL 2A1, ACAN and Sox9. This effect was related to c-Jun N-terminal kinase (JNK) activation.
Collectively, these results suggest that SDF-1a and TGF-B, interacts with each other and synergistically enhance the
SDSCs migration and chondrogenesis through MAPK pathways.

Keywords: Stromal cell-derived factor-1a, transforming growth factor-,, synovium-derived stem cells, migration,
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Introduction

Although great strides have been made in the
field of tissue engineering in last few decades,
the requirement of external donor cells still
remains as one notable limitation. In clinical
practice, cell harvest procedure would be trans-
lated into a biopsy or additional surgery that
may result in the donor site morbidity. Cell guid-
ance presents to be an appealing alternative,
the concept of which is based on the site-spe-
cific homing of the desired host cells to the
transplanted scaffold that constantly delivering
cytokines for tissue regeneration [1].

Regarding to the application of this technique
for articular cartilage regeneration, synovium-

derived stem cells (SDSCs) present to be an
ideal cell source. Due to the intrinsic proximity,
SDSCs are recognized as a kind of tissue spe-
cific stem cells for cartilage restoration [2, 3].
Endogenous SDSCs could migrate into the
injured cartilage area and undergo chondrogen-
ic differentiation [4]. Stromal cell-derived factor-
1o (SDF-1a) acts as a potent stimulus in mes-
enchymal stem cells (MSCs) homing through
the recruitment of CXC chemokine receptor 4
(CXCR4) positive progenitors and SDF-1a/
CXCR4 axis has been involved in the repair of
various tissue injuries including kidney injury
[5], myocardial infarction [6], and fracture repair
[7]. If SDF-1 signaling pathway is destroyed, the
repair effect would be attenuated [8]. The phos-
phoinositide 3-kinase (PI3K)/protein kinase B
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(Akt) activation acts downstream CXCR4, par-
ticipating in the chemotaxis of MSCs. AMD3100
could downregulate the level of phospho-Akt
during MSCs migration induced by SDF-1« [6].
However, it is not clear whether SDF-1a/PI3K/
Akt axis plays a role in SDSCs migration.

Transforming growth factor B (TGF-B) is a wide-
ly-acknowledged chondrogenic induction factor
for MSCs including SDSCs [9-11]. Treatment
with TGF-B, or TGF-B, induced the expression of
Sox9 and other cartilage-related extracellular
matrix markers in chondrogenic pellets [12].

In previous studies, TGF-B, was reported to
interplay with SDF-1¢, subsequently affecting
the chemotaxis of MSCs to SDF-1« in ischemia
reperfusion-injured kidney model and in peri-
odontal ligament [5, 13]. Moreover, SDF-1«x
played a regulatory role in bone morphogenetic
protein 2 (BMP-2) induced chondrogenic and
osteogenic differentiation in vitro and these
effects could be inhibited by the blockage of
SDF-1/CXCR4 axis [14]. It raises the possibility
that despite their well-recognized role of migra-
tion and chondrogenic induction, SDF-1a and
TGF-B, may cross-talk with each other and fur-
ther facilitate their counterpart in SDSCs-based
in situ cartilage restoration.

Mitogen-activated protein kinase (MAPK) sig-
naling cascade, mainly including extracellular
regulated protein kinases (ERK), c-Jun N-term-
inal kinase (JNK) and P38, are known to
involved in various biological responses includ-
ing cell migration and differentiation, whereas
playing different roles under different situa-
tions. While ERK signal was activated in SDSCs
condensation procedure, it was downregulated
during chondrogenesis [15]. Meanwhile, the
inhibition of P38 signal pathway promoted the
SDSCs chondrogenic capacity [11].

In this study, we hypothesized that SDF-1a
interacts with TGF-B, and synergistically facili-
tats the SDSCs migration and chondrogenesis.
Meanwhile, we explored the potential involve-
ment of MAPK signaling pathways underlying
both processes.

Material and methods
Cell isolation, culture and identification
Synovium was harvested from primary knee

osteoarthritis patients who underwent total
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knee arthroplasty in accordance with the guide-
lines approved by the Ethics Committee of
Zhongshan Hospital, Fudan University. Written
informed consent was obtained from all pati-
ents. Cell isolation and identification proce-
dures were described in our previous study
[16]. Briefly, the collected synovial tissue was
rinsed three times with phosphate buffered
solution (PBS) solution containing 100 U/ml
penicillin and 100 U/ml streptomycin before
minced finely. Afterward, the tissue was digest-
ed with trypsin-EDTA (0.1% trypsin, 0.4 mM
EDTA) and 0.1% collagenase Il (Sigma-Aldrich,
St. Louis, MO, USA) for 0.5 h and 2 h at 37°C
sequentially. Digested cells were filtered thro-
ugh a 70-um nylon filter (Becton Dickinson,
Franklin Lakes, NJ, USA) and centrifuged at
1000 rpm for 5 min to obtain a cell pellet, which
was then resuspended and seeded in culture
flasks consisting of alpha minimum essential
medium («MEM) containing 10% fetal bovine
serum (FBS) (Gibco, Invitrogen, Carlsbad, CA,
USA). The cells were cultured at 37°C in a
humidified atmosphere of 5% CO, with the
medium changed after 48 h. When the attached
cells reached 90% confluence, they were pas-
saged at a dilution rate of 1:4 for subculture.
For flow cytometry analysis, SDSCs were har-
vested and aliquots of 2x10° cells were resus-
pended before directly stained with 5 uL fluo-
rescein isothiocyanate (FITC)-labeled antibod-
ies against CD29, CD45 and CD105 and phyco-
erythrin (PE)-labeled anti-CD44 (eBioscience,
San Diego, CA, USA) and incubated at 4°C for
30 min.

For osteogenic and adipogenic differentiation,
SDSCs were seeded at 10,000 cells/cm?. Once
the cells reached confluence, the culture medi-
um was switched to adipogenic induction medi-
um or osteogenic induction medium (Cyagen
Biosciences, Santa Clara, CA, USA) for an addi-
tional 21 days. Adipogenic differentiation was
assessed with Oil Red O staining while osteo-
genic differentiation was assessed using alka-
line phosphatese (ALP) and Alizarin Red S stain-
ing as described before. Reverse transcription
polymerase chain reaction (RT-PCR) was used
to evaluate the relative gene expressions and
the primers sequences used are listed in Table
1.

Cell migration assay
Chemotaxis assay was conducted in a 24-well

plate with 8.0-um pore-size transwell inserts
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Table 1. Primer list

Histology and immuno-

Genes  Forward primer sequence (5’ to 3’) Reverse primer sequence (5’ to 3’)

histochemistry

B-actin  CCCCAAGGCCAACCGCGAGAAGATG AGGTCCCGGCCAGCCAGGTCCAG

For in vitro histology,

SOX9  TATGACTGGACCCTGGTG TGTGGCTTGTTCTTGCTGG the representative pel-
COL2A1 CAACACTGCCAAACGTCCAGAT CTGCTTCGTCCAGATAGGCAAT lets (n = 3) were fixed in
AGG GCAGAGACGCATCTAGAAATTG GGTAATTGCAGGGAACATCATT 4% paraformaldehyde,
RUNX2 ATTCCTGTAGATCCGAGCACC GCTCACGTCGCTCATTTTGC embedded in paraffin
ALP ATGGGATGGGTGTCTCCACA CCACGAAGGGGAACTTGTC blocks, and cut into
PPARy  CCTATTGACCCAGAAAGCGATT CATTACGGAGAGATCCACGGA 5-um-thick sections. To
LPL TCATTCCCGGAGTAGCAGAGT GGCCACAAGTTTTGGCACC detect sulfated glycos-

CXCR4  AAACTGAGAAGCATGACGGACAA

GCCAACATAGACCACCTTTTCAG

aminoglycans (GAGs),

(Millipore, Billerica, MA, USA). SDSCs were pre-
treated with or without TGF-B, of different con-
centration (5, 10, 20, 40 ng/mL) for 30 min.
Then SDSCs were dissociated into single cells
and resuspended at a density of 10° cell/mL
and 200 pL of cell suspension was transferred
into the upper chamber. For the inhibition
experiment, SDSCs were preincubated with an
inhibitor (10 yM AMD3100 for CXCR4, 10 uM
LY294002 for PI3K, or 10 yM PD98059 for
ERK, Abcam) for 30 min prior to seeding.
Afterwards, 600 pL caMEM medium without
(control) or with 20, 50, 100 and 200 ng/mL
SDF-1a (Pepro Tech, Rocky Hill, NJ, USA) were
added to the lower chambers. After incubation
at 37°C for certain time, SDSCs remaining on
the top of the membrane were removed with a
cotton swab and those migrated to the bottom
of the membrane were harvested, fixed with 4%
paraformaldehyde, and stained with 0.1% crys-
tal violet for 10 min. Cell numbers from 5 ran-
dom visual fields were counted under a micro-
scope (Nikon Eclipse, Nikon Instruments, Inc,
Melville, NY, USA). The chemotaxis index (Cl)
was calculated.

_ Stimulated migration (SDSC number per high power field (HPF))
ar= Random migration (SDSC number per HPF)

Chondrogenic differentiation assay

For chondrogenic differentiation, aliquots of
1x10° SDSCs were centrifuged at 500 g for 5
min in a 15-ml polypropylene tube to form a
pellet. The pellets were cultured in serum-free
chondrogenic medium (Cyagen Biosciences)
with the supplementation of 10 ng/mL TGF-B,
(Pepro Tech, Rocky Hill, NJ, USA). The medium
was changed every 3 days with SDF-1a added
into the medium of corresponding group. The
pellets were cultured for 21 days and collected
for the following evaluations.
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sections were stained
with Alcian blue (Sigma-
Aldrich). For immunohistochemistry, the sec-
tions were probed with primary antibody against
collagen Il (ab34712, 1:100, Abcam), followed
by the usage of immunohischemistry kit for rab-
bit primary antibody (Yeasen, Shanghai, China)
for the following detection.

Western blot assay

Cell lysates were extracted using RIPA lysis buf-
fer (Beyotime, Institute of Biotechnology, Hai-
men, China) with PMSF at 4°C and equal
amount of protein was loaded onto 10% SDS-
PAGE gels. The protein samples were separat-
ed and transferred onto polyvinylidenedifluo-
ride (PVDF) membranes (Millipore, Germany)
for 1.5 h at 310 mA. After blocking the mem-
brane with 5% milk solution in 0.1% TBS-Tween
20 for 1 h at room temperature, the mem-
branes were incubated overnight at 4°C with
the following primary antibodies: anti-CXCR4
(@ab124824, 1:75, Abcam, Cambridge, UK), anti-
phospho-Akt (ab183758, 1:1000, Abcam),
anti-Akt antibodies (ab179463, 1:10000, Ab-
cam), anti-phospho-ERK (ab201015, 1:1000,
Abcam), anti-ERK (ab184699, 1:10000, Ab-
cam), anti-phospho-JNK (ab124956, 1:1000,
Abcam), anti-JNK (ab179461, 1:1000, Abcam),
anti-phospho-p38 (ab4822, 1:1000, Abcam),
anti-p38 (ab170099, 1:1000, Abcam), anti-
vimentin (@b92547, 1:1000, Abcam) and anti-
B-actin (@b8226, 1:2500, Abcam). Membranes
were washed in 0.1% TBS-Tween 20 and incu-
bated for 1 h with appropriate HRP-conjugated
secondary antibody (1:5000, Santa Cruz Bio-
technology, Santa Cruz, CA, USA) and protein
bands were visualized using the enhanced che-
miluminescence method (Pierce, IL). The pro-
tein expressions were quantified using densi-
tometry with Imagel) software (National Ins-
titutes of Health, USA) and normalized to rela-
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tive B-actin expression. All experiments were
performed in triplicates.

Quantitative real-time polymerase chain reac-
tion assay

To analyze the expression of CXCR4, type Il col-
lagen al (COL 2A1) and ACAN, markers for
chondrogenic differentiation as well as Sox9,
the key chondrogenic transcription factor, total
RNA was extracted using TRIzol® (Invitrogen)
and then reverse transcribed with PrimeScript
RT Reagent Kit (Takara-bio, Otsu, Japan). Quan-
titative real-time polymerase chain reaction
(gRT-PCR) was performed in an EPPENDORF
Master cycler ep realplex machine (Eppendorf,
Germany). HieffMgPCRSYBR® Green Master
Mix (YEASEN, China) was used according to the
manufacturer’s instruction. Relative RNA ex-
pression were calculated using x = 244t meth-
od [17]. B-actin was employed as the house-
keeping gene and the primers sequences used
are listed in Table 1. All experiments were per-
formed in triplicates.

Statistical analysis

All data were presented as the mean * stan-
dard deviation (SD). Student’s t-test was used
to assess between-group differences. All sta-
tistical analyses were performed with SPSS
20.0 statistical software (SPSS Inc., Chicago,
IL). A p value less than 0.05 was considered
statistically significant.

Results
Identification of SDSCs

The identification was demonstrated in our pre-
vious study [16]. After 21 days of culture,
SDSCs were successfully differentiated into
chondrocyte pellets, adipocytes and calcified
nodules. RT-PCR showed the significantly
increased chondrogenic genes (SOX9, COL2A1
and ACAN), adipogenic marker genes (PPARy
and LPL) and osteogenic marker genes (RUNX2
and ALP) expressions in the differentiated
SDSCs respectively, indicating SDSCs have the
characteristics of MSCs.

SDF-1a induces the SDSCs migration through
PI3K/Akt signaling pathway

A transwell-based migration assay was estab-
lished to quantitatively identify the contribution
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of SDF-1a on SDSCs migration in vitro. SDF-1a
augmented the SDSCs migration in a dose (20,
50, 100, 200 ng/mL) and time (6, 12, 18, 24
h)-related manner with the average number of
migrated SDSCs increased significantly com-
pared with that in the control group (P<0.05)
and reached a peak at 100 ng/mL and 24 h
respectively (Figure 1A). The number of migrat-
ed cells was significantly reduced when prein-
cubated with AMD3100, the CXCR4 antagonist
(P<0.05) (Figure 1B).

To further elucidate whether SDF-1a induces
SDSCs migration via PI3K/Akt pathways, the
PI3K/Akt selective inhibitor, LY294002 was
used. After preincubated with LY294002 (10
puM) for 30 minutes, SDSCs were added to the
upper chambers. The application of LY294002
attenuated the influence of SDF-1a on SDSCs
migration as the average number of migrated
SDSCs was significant decreased whereas still
remained observably more than that in control
group (P<0.05) (Figure 1B). Western blot analy-
sis showed the significantly increased phos-
pho-Akt expression in SDF-1a group, which was
not totally blocked by the pretreatment of
LY294002 whereas was almost blocked with
the pretreatment of AMD3100 (Figure 1C). The
above results indicate that SDF-1a induce the
SDSCs migration through CXCR4 and down-
stream activation of PI3K/Akt pathway.

TGF-B, augments the SDF-1a-induced migra-
tion through the activation of CXCR4

To determine whether TGF-B, has an effect on
SDF-1a-induced migration, a transwell-based
migration assay was set up with the pre-treat-
ment of TGF-B,. The administration of TGF-3,
resulted in a significant increase in the average
number of migrated SDSCs, which was also
dose-dependent (5, 10, 20, 40 ng/mL) and cul-
minated at 20 ng/mL (Figure 2A). To further
investigate whether the SDF-1a-driven migra-
tion is CXCR4 dependent, the cells were prein-
cubated with AMD3100 (10 uM). The number of
migrated cells was significantly reduced with
AMD3100 treatment (P<0.05) (Figure 2B).

To further confirm the role of ERK signal on the
TGF-B,-enhanced migration, SDSCs were pre-
treated with PD98059 (10 uM) before added to
the upper chamber for migration assay. The
administration of this ERK inhibitor significantly
suppressed the effect of TGF-B, on the migra-
tion of SDSCs whereas the migrated cell num-
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Figure 1. Effect of SDF-1a on SDSCs migration and Akt expression. (A) Effect of SDF-1a on SDSCs migration with
different doses and time. *P<0.05 versus control group. (B) Effect of SDF-1a on SDSCs were detected by transwell
migration assay. a) Control group, b) SDF-1a (100 ng/ml) group, ¢) AMD3100 group, d) SDF-1a+AMD3100 group, €)
LY294002 group, f) SDF-1a+LY294002 group. *P<0.05. Magnification: 100x. (C) With LY294002 and AMD3100,
effect of SDF-1a on phospho-Akt expression was detected by western blot analysis at both phosphorylation and total
protein levels. Imagel software was used to quantifiy the bands.

ber was still more than that in SDF-1a group expression (P<0.05). In contrast, this effect
(Figure 2A). gqRT-PCR analysis showed that was not observed with other inhibitors includ-
PD98059 significantly inhibited the CXCR4 ing Smad3 inhibitor (SIS3) and p38 MAPK inhib-
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Figure 2. Effect of TGF-B, on SDF-1a-induced SDSCs migration and Vimentin and CXCR4 expression. (A) Effects of dif-
ferent concentrations of TGF-B, on SDF-1a (100 ng/ml)-induced SDSCs migration and with ERK inhibitor PD98059,
effect of TGF-B, on SDF-1a-induced SDSCs migration were detected by transwell migration assay. a) control group,
b) SDF-1a (100 ng/ml) group, c) TGF-B, (20 ng/ml) group, d) SDF-1a+TGF-B, group, e) SDF-1a+PD98059 group,
f) TGF-B,+PD98059 group, g) SDF-1a+TGF-3,+AMD3100 group, h) SDF-1a+TGF-3,+PD98059 group. *P<0.05
compared with control group. **P<0.05. Magnification: 100x. (B) With PD98059, SB202190 or SIS3, effect of
TGF-B, on SDF-1la-induced SDSCs migration was detected by qRT-PCR *P<0.05 compared with the control group.
**P<0.05. (C) With PD98059, effects of SDF-1a and TGF-B, on Vimentin and CXCR4 expression were detected by
western blot analysis. ImageJ software was used to quantifiy bands.
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Figure 3. Effect of SDF-1a on TGF-B,-induced SDSCs chondrogenic differentiation. (A) Effects of different concen-
trations of SDF-1a on TGF-B, (10 ng/ml)-induced SDSCs chondrogenesis were detected by Alcian blue for sulfated
GAGs and immunohistochemical staining for collagen Il. Magnification: 40x. (B) qRT-PCR was used to evaluate
chondrogenic marker gene expressions (Sox9, ACAN and COL2A1) *P<0.05. (C) Western blot was used to detect
the MAPK signals (ERK, JNK and P38) at both phosphorylation and total protein levels. ImageJ software was used

to quantifiy bands.

itor (SB202190) (Figure 2B). The western blot
analysis confirmed that TGF-, remarkably aug-
mented the expression of CXCR4 compared
with that in SDF-1a group, which however, was
significantly attenuated by the ERK inhibitor
PD98059 (Figure 2C). These results indicate
that TGF-B, drives SDSCs migration through the
activation of CXCR4, which is ERK-dependent.
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SDF-1a enhances the TGF-3.-induced chon-
drogenesis through the activation of JNK path-
way

To determine whether SDF-1a has an effect on
TGF-B,-induced chondrogenesis, different con-
centrations (20, 50 and 100 ng/mL) of SDF-1«
were added into the chondrogenic culture

Am J Transl Res 2017;9(5):2656-2667



TGF-B, and SDF-1a enhance SDSCs migration and chondrogenesis

Extracellular

o
O Migration
MSCs

© 0o Chondrogem!c ‘@’

Differentiation o

Figure 4. The schematic diagram of the cross-talk between SDF-1a and TGF-B, during SDSCs migration and chon-
drogenesis. SDF-10/CXCR4 axis induces the SDSCs migration through PI3K/Akt signaling pathway (blue arrows).
TGF-B, augments the SDF-1lo-driven migration by targeting CXCR4 through the activation of ERK pathway (brown
arrows) while SDF-1a facilitates the TGF-B,-induced chondrogenesis through JNK activation (purple arrows).

medium. After 21 days of culture, the addition
of SDF-1a resulted in an enhanced chondro-
genesis in a concentration-dependent manner,
evidenced by the increase in pellet sizes, sul-
fated GAGs and collagen Il deposition by Alcian
Blue and immunohistological staining respec-
tively compared with the only TGF-B, group
(Figure 3A). Meanwhile, gRT-PCR results con-
firmed the significant increase in the expres-
sion of COL 2A1, ACAN, as well as Sox9.
(P<0.05) (Figure 3B).

Meanwhile, to explore the involvement of MAPK
pathways in this SDF-1a-enhanced chondro-
genesis, western blot assay was conducted
and the results showed the phosphorylation of
INK instead of ERK or P38 in TGF-B, group, the
expression of which was further increased with
the addition of SDF-1a (Figure 3C). These
results indicate that SDF-1a enhances TGF-B,-
induced chondrogenesis through the activation
of JNK pathway. The underlying mechanisms
are illustrated in Fiugre 4.
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Discussion

Cell guidance is an attractive approach to tis-
sue engineering. This technique seeks to
induce progenitor cells in circulation to cyto-
kine-impregnated scaffolds and facilitate tis-
sue formation without causing additional donor
site injury [1]. In this study, SDSCs were used as
the target cell for cartilage regeneration in vitro.
Synovium exists intra-articularly and has the
intimate relationship with articular cartilage
both in development and in function. Synovial
cells share common properties with chondro-
cytes including cartilage oligomeric matrix, link
protein, and sulfated GAGs [18]. Hence, SDSCs
possess a better chondrogenic capacity than
cells derived from bone marrow, adipose tissue
and periosteum [19].

Under appropriate stimulatory conditions, syno-
vial cells are able to migrate into articular carti-
lage defects. In our study, SDSCs migration was
observably driven by SDF-1«, as the migrated
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cell number in SDF-1a treated group was sig-
nificantly increased than that in control group.
In neural-like cells and heart myocardial infarc-
tion model, SDF-1/CXCR4 mediated cell migra-
tion toward injured areas through the activation
of PI3K/Akt pathway [6, 20]. Similarly in our
study, PIBK/Akt pathway was found down-
stream CXCR4 in SDF-lo-induced migration.
Interestingly, the number of migrated cells in
group pretreated with LY294002, a PI3K inhibi-
tor, was still significantly more than that in con-
trol group, implying the involvement of other
signaling pathways downstream CXCR4 to facil-
itate the SDF-1a-driven migration.

After cell recruitment, chondrogenic differentia-
tion is another pivotal step for functional carti-
lage tissue engineering. TGF-B, is the tradition-
al induction factor for chondrogenesis. In our
study, TGF-B,-pretreated SDSCs exhibited a fur-
ther augmented migration capacity as evide-
nced by the increased number of chemo-
attracted cells, which was nearly 4 folds and 2
folds compared with that in control group and
SDF-1a alone group. It is in accordance with the
previous study demonstrating TGF-B, in combi-
nation with SDF-1a led to a more efficient
BMSCs migration [21]. Additionally, the expres-
sion of CXCR4 in TGF-B, pretreated group was
significantly higher than that in only SDF-1ax
treated group and AMD3100 administration
almost completely abolished the TGF-B, effect,
indicating CXCR4 a target downstream TGF-B,
and SDF-1a interaction. TGF-B,-enhanced CX-
CR4 expression was also reported in choroid-
retinal endothelial cells [22] and in bone mar-
row-derived stem cells (BMSCs) [23]. The
expression of CXCR4 is quite limited (2-17%)
and diminishes in culture-expanded MSCs,
given the mobilization of this homing receptor a
therapeutic method to facilitate progenitor
cells migration [24, 25]. Cytokines released
during inflammation, including the tumor necro-
sis factor, vascular endothelial growth factor
and insulin-like growth factor 1 were capable of
inducing CXCR4 expression and facilitating the
following repair process [26, 27]. Thus, in this
tissue repair process, it is possible for TGF-B,,
this multi-potent factor to assist in the SDF-1a-
driven migration by targeting CXCR4. Mean-
while, the expression of Vimentin, a typical
diagnostic maker for tumor metastasis was
elevated after TGF-B, stimulation in our study.
This type Ill intermediate filament protein was
recently demonstrated to induce tumor cell
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invasion [28]. Moreover, Vimentin was highly-
expressed in MSCs and was proved to be posi-
tively associated with MSC migration. The over-
expression of Vimentin in umbilical cord mes-
enchymal stem cells (UC-MSCs) promoted
migration while the knockdown of Vimentin in
BM-MSCs limited their migration ability [29]. In
this scenario, the increased expression of
Vimentin may be related with the increased
migration capacity of TGF-B, pretreated SDSCs.
Furthermore, we first elucidate that the TGF-B,-
augmented CXCR4 expression is mediated by
the phosphorylation of ERK pathway. The inhibi-
tion of ERK by PD98059 significantly reduced
the migrated SDSCs in TGF-B, combined SDF-
1a group, the number of which was even lower
than that in SDF-1a group. These results are in
accordance with the western blot and gRT-PCR
results that the suppression of ERK almost
abolished the positive effect of SDF-1a and
TGF-B, on CXCR4 and Vimentin expressions.
Interestingly, PD98059 administration even
partially abrogated the effect of SDF-1a on
SDSCs migration as the number of migrated
cells was reduced compared with SDF-1a
group, implying the possible role of ERK in SDF-
la-induced CXCR4 expression. In studies refer-
ring to oncology, the downregulation of ERK
signaling pathway has been the target for con-
trolling cancer cell migration and invasion
including in human colon cancer cells [30], pan-
treatic cancer cells [31], and human melanoma
A375 cells [32]. It is reasonable for ERK to pres-
ent as an indispensable point in TGF-B,-
enhanced SDSCs migration so as to benefit the
subsequent cartilage restoration.

More interestingly, we firstly demonstrate that
SDF-1a could also facilitate the TGF-,-induced
chondrogenesis. The chondrogenic pellets tr-
eated with TGF-B, in combination with SDF-1a
demonstrated larger sizes, more sulfated GAGs
and collagen Il deposition and higher chondro-
genic marker genes expression. This finding
subverts the conventional role of SDF-1x as a
chemotaxis factor. In a previous study, a scaf-
fold loaded with SDF-1a and TGF-B, was trans-
planted into a rat model for the purpose of site-
directed cartilage tissue engineering. Similar to
our results, the combination of SDF-1a and
TGF-B, delivery led to the enhanced chondro-
genesis as the higher density of cellular infil-
trate and formation of differentiated tissue
compared with specimen treated with only SDF-
1x [33]. However, whether TGF-B, or both SDF-
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la and TGF-B, were responsible for the en-
hanced chondrogenesis was not clear as the
underlying mechanism was not further explo-
red. In our study, we show that SDF-1a contrib-
utes to the TGF-B-induced chondrogenesis,
making it more reasonable to apply the combi-
nation of these two cytokines together for func-
tional cartilage tissue engineering. However, in
a study of in situ recruitment of human BMSCs
for cartilage regerentaion, neither macrophage
infammatory protein-3 (MIP-3a) nor interleu-
kin-8 (IL-8), two chemokines proven to be more
effective in chemotaxis than SDF-1 in the same
study, influenced the osteoblast differentiation
or chondrogenesis of BMSCs [34]. This discrep-
ancy may probably due to the diffenrent cell
types and chemokine used. Regarding to the
downstream signaling pathway of SDF-1a, we
have found that JNK, instead of ERK or p38
was involved. JNK phosphorylation acted down-
stream cytoskeletal regulatory proteins RhoA/
Racl pathway in the pressure enhanced chon-
drogenic and osteogenic differentiation of
BMSCs [35]. Meanwhile, JNK was also related
to the reorganization of the actin cytoskeleton,
which is essential for chondrogenic differentia-
tion [36]. In this scenario, the upregulation of
p-JNK in our pellets upon SDF-1a stimulation
may be associated with the cytoskeletal rear-
rangement during chondrogenic differentia-
tion.

Conclusion

In conclusion, our work elucidates that SDF-1a/
CXCR4 axis promotes SDSCs migration through
PI3K/Akt signaling pathway. Meanwhile, TGF-3,
enhances this SDF-1a-driven migration by tar-
geting CXCR4 through ERK activation while
SDF-1a facilitates the TGF-B,-induced chondro-
genesis through JNK activation. These informa-
tion could help us better understand the mech-
anisms of SDSCs-based cell guidance therapy
before the performance of further in vivo study
for the purpose of achieving functional carti-
lage tissue engineering. However, it is worth
noticing that the optimal TGF-B, concentration
for SDF-1a-induced migration is not exactly the
same as the traditional recommended dose for
chondrogenesis, which needs to be further
studied and optimized in the future.
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