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Abstract

Background

Platelet-derived growth factors (PDGFs) have
been reported to enhance proliferation of synovial
mesenchymal stem cells (MSCs) without reducing
their multi-lineage differentiation potential in vitro.
This study was aimed to elucidate the intracellular
molecular pathways activated by PDGFs.

Methods

Synovial MSCs were isolated from patients who
underwent total knee arthroplasty with institutional
approval and patients’ permission. Cell proliferation
and differentiation assays were performed in the
presence of small inhibitor molecules specific for
intracellular kinases.

Results

Both PDGF-AA and -BB enhanced cell proliferation
in medium containing reduced serum. These
effects were significantly reduced by a phosph-
atidylinositol-3 kinase (PI3K) inhibitor, LY290042.
During chondrogenic spheroid formation in vitro,
LY290042 significantly reduced the size of sphe-
roids enhanced by PDGF-AA. LY290042 also
significantly inhibited in vitro chondrogenic and
osteoblastic differentiation of synovial MSCs.
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Conclusion

Our data indicated that activation of the PIBK-PKB/
Akt pathway by PDGFs plays an important role in
both proliferation and differentiation of synovial
MSCs. Hence, these data could be beneficial for
optimizing the in vitro culture conditions of synovial
MSCs for clinical use.
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Introduction

The synovial membrane is a thin layer of membranous
tissue, which lines the inner surface of the joint capsule
and tendon sheath'. Fibroblast-like cells isolated from the
synovial membrane in the knee joint are multipotent with
an ability to differentiate into osteoblasts, chondrocytes,
and adipocytes, and express various surface antigens,
such as CD73, CD90, and CD105? 8, suggesting that
cultured synovial fibroblasts have the characteristics of
mesenchymal stem cells (MSCs)“. The cartilage-inductive
potential of these cells in vivo was demonstrated by the
transplantation of synovial MSCs into the knee joint in
various animal experimental osteoarthritis models®'3and
thus the autologous MSC transplantation therapy for
the articular cartilage and/or meniscus regeneration is
now going on'“. In our protocol, we transplant the cells
that are created by 2-weeks of two-dimensional culture
of the autologous synovial cells obtained by synovial
biopsy'. The trial was basically successful. However, in
some cases, we experienced somehow impaired growth
rate of MSCs by unknown reasons. In such cases, we
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regard the optimization of the culture conditions is of
great importance, since our current protocol requires
at least 2 x 107 cells for transplantation. To make it
possible, we now aimed to understand the intracellular
signaling that control the proliferation and differentiation
of synovial MSCs.

Several cytokines and growth factors, including PDGFs
(platelet-derived growth factors), IL18 (interleukin 1
beta), and TNFa (tumor necrosis factor alpha) have been
reported to enhance proliferation and/or differentiation
of synovial MSCs in vitro® 7. However, the physiological
roles of IL13 and TNFa are still questionable, due to
the ambiguous optimal doses in previous reports in
comparison to their physiological serum concentrations.
In contrast, the roles of PDGF seem to be reasonable.
PDGFs are multifunctional secreted proteins that are
involved in various physiological processes'®. Previous
studies have shown that MSCs isolated from the synovial
membrane express two types of PDGF receptors
(PGDFRs), PDGFRa/CD140a and PDGFRB/CD140b3 9,
and have greater potential of proliferation with respect
to the amounts of PDGFs in the serum compared to bone
marrow-derived MSCs? 5. In bone marrow-derived MSCs,
inhibition of PDGF signaling enhances the expression of
stem cell-related transcription factors (Oct4 and Nanog)
and promotes pluripotency and differentiation into
endodermal and ectodermal lineages'®. This suggests
that PDGF signaling is involved in both proliferation and
differentiation of synovial MSCs. However, the molecular
mechanisms by which PDGF promotes synovial MSC
proliferation and differentiation are yet to be elucidated.

Therefore, in this study, we focused on answering
to two major experimental questions with regard
to the use of synovial MSCs for cell transplantation
therapy. The first aim of this study was to elucidate
the intracellular molecular pathways involved in PDGF-
dependent synovial MSC growth. The second was to
evaluate the physiological roles of these pathways in the
process of osteoblastic, chondrogenic, and adipogenic
differentiation of synovial MSCs in vitro. For this purpose,
we inhibited the canonical PDGF signaling pathway by
small inhibitor molecules for specific kinases and found
that both phosphatidylinositol-3 kinase (PI3K) and
extracellular signal-regulated kinase (Erk) activities play
some roles in proliferation of synovial MSCs. In addition,
we demonstrated that PI3K activity also play roles in the
differentiation process of MSCs.
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Methods

Growth factors and small inhibitor molecules for
kinases downstream of PDGFR

Recombinant human PDGF-AA (#221-AA) and PDGF-
BB (#220-BB) were purchased from R&D Systems
(MN). A PI3K inhibitor, LY290042 (#129-04861), and
a PKC (protein kinase C) inhibitor, GF10923X (#079-
03811), were purchased from Wako Pure Chemical Co.,
Ltd. (Osaka, Japan). A p38/MAPK inhibitor, SB203580
(#19-135), was purchased from Upstate Biotechnology
(NY). An Erk1/Erk2 inhibitor, PD98059 (#9900), was
purchased from Cell Signaling Technology (MA).

Isolation and expansion of synovial MSCs

This study was approved by the Ethics Committee
of Tokyo Medical and Dental University (approved No.
2121). All patients gave their full written and informed
consent for participation in this study. Primary human
synovial cells were isolated from the synovial tissues
obtained from patients who underwent total knee
arthroplasty, as described previously 2. All experiments
were performed using cells within passage 6.

Cell proliferation assay

Synovial MSCs at passage 4-5 were seeded at 5.7 x
102 cells/cm? on 10-cm-diameter dishes in MEM-alpha
supplemented with 10% FBS and antibiotics. On the
next day, the culture medium was replaced with fresh
MEM-alpha supplemented with 0.1% FBS and/or PDGFs.
Concentrations of PDGF-AA and -BB were determined
as 3-fold of ED50 (effective dose 50%) based on the
technical data sheets provided by the manufacturer
(ED50 of PDGF-AA was 200 ng/mL and of PDGF-BB
was 6 ng/mL). Cells were detached on days O, 2, 5, and
8 by trypsin (Gibco, MA) treatment and total cell numbers
were measured by an automated cell counter (TC20;
BioRad, Hercules, CA). Experiments were performed
using cells isolated from 4 unrelated patients. Statistical
analysis was performed using paired t-test (Figure 2A).

Inhibition of cell proliferation by small inhibitor
molecules for kinases downstream of PDGF
signals

Synovial MSCs at passage 4-5 were seeded at 5.0
x 102 cells/well in 96-well plates. On the next day,
the culture medium was replaced with fresh MEM-
alpha supplemented with 0.1% FBS, PDGFs (3-fold of
ED50), and/or inhibitor molecules (3-fold of 1C50). Cell
proliferation rate was determined by the MTT assay .
Experiments were performed in quadruplicate using
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cells isolated from 1 donor for LY290042, SB203580,
and GF10923X. For PD98059, sample size was 13~16.
Statistical analysis was performed using unpaired t-test
(Figure 3).

Expression analysis of surface antigens
Fluorochrome-conjugated antibodies for the analysis
of cell surface markers, including CD73, CD90, CD105,
CD44, CD45, CD140a, and CD140b, were purchased
from BD Biosciences (NJ). Cells were detached with
TrypLE (Thermo Fisher Scientific, MA) for 5 min and
stained with antibodies as described previously2. The
surface antigen-positive cell fraction was measured
using FACSVerse flow cytometer (BD Biosciences).

Intracellular phosphoprotein analysis

Ligand binding activation of PDGFRB/CD140b was
detected by phosphorylation of tyrosine residues
at 857, 1009, and 1021 in the amino acid sequence.
Phosphotyrosine (PY)-specific antibodies (PY857,
PY1009, and PY1021) for PDGFRB/CD140b were
purchased from BD Biosciences. Cells were starved in
MEM-alpha supplemented with 0.5% FBS and antibiotics
for 24 h to reduce the phosphorylation of tyrosine
residues, and then treated with PDGF-BB (3-fold of
ED50) for up to 20 min. Cell fixation and permeabilization
were performed using Phosflow buffer system (BD
Biosciences). The population of cells with tyrosine
phosphorylation was measured using FACSVerse flow
cytometer (BD Biosciences).

Western blotting

Cells were starved in MEM-alpha supplemented
with 0.5% FBS and antibiotics for 24 h to reduce
phosphorylation of tyrosine residues, and then treated
with PDGF-AA or -BB (3-fold of ED50) for up to 30 min.
Total cell lysate was prepared using cell lysis buffer
(#9803S:; Cell Signaling Technology, MA). Western
blotting was performed as described previously?'.
Antibodies against phospho-p44/42 (#4370), p44/42
(#9102), phospho-Akt (#9271), and Akt (#9272) were
purchased from Cell Signaling Technology.

In vitro differentiation assay

In vitro differentiation assay was performed according
to the method described by Colter?2,

For chondrogenic spheroid formation, 2.5 x 10°
cells were placed in a 15 mL polypropylene tube (BD
Biosciences), centrifuged at 450 x g for 10 min, and
cultured in chondrogenic medium containing 1000 ng/
mL rhBMP-2 (Infuse Bone Graft; Medtronic, TN), 10 ng/

mL transforming growth factor-83 (R&D Systems, MN),
and 100 nM dexamethasone (Sigma-Aldrich, MO) for 14
days. Experiments were performed using cells isolated
from 4 unrelated patients. Statistical analysis was
performed using paired t-test (Figure 4A).

For calcification, cells were cultured in normal growth
medium supplemented with 1 nM dexamethasone, 20
mM beta-glycerol phosphate, and 50 ug/mL ascorbate-
2-phosphate (Sigma-Aldrich) for 21 days. Calcified
nodule formation was visualized by alizarin red staining
(Sigma-Aldrich). Experiments were performed using cells
isolated from 4 unrelated patients. Statistical analysis
was performed using paired t-test (Figure 4E).

For adipogenesis, cells were cultured in MEM-alpha
supplemented with 10% FBS, 100 nM dexamethasone
(Sigma-Aldrich), 0.5 mM IBMX (isobutyl-methylxanthine;
Sigma-Aldrich), and 50 uM indomethacin (Wako, Japan)
for 21 days. The adipogenic cultures were fixed and
stained with fresh Qil red-O solution (Sigma-Aldrich).
Experiments were performed using cells isolated from
4 unrelated patients. Representative images were
indicated in Figure 4F.

Glycosaminoglycan (GAG) assay

Amounts of GAG in each chondrogenic spheroid were
measured using the Blyscan Assay Kit (Biocolor Ltd,
Newtonabbay, Ireland) according to the manufacturer’s
instructions. By using this kit, the total amount of soluble
sulfated proteoglycans and sulfated glycosaminoglycans
was quantitatively evaluated by colorimetric method
using a dye specifically binding to sulfated sugar chain.
Experiments were performed in sextuplicate from 1
donor. Statistical analysis was performed using unpaired
t-test (Figure 4B).

Histochemical and immunohistochemical analysis

Sections of the chondrogenic spheroids were
deparaffinized in xylene, rehydrated in graded alcohol,
and saturated with phosphate buffered saline (PBS).
Proteoglycan deposition in the extracellular matrix
was visualized by Safranin O staining (Sigma-Aldrich).
Type Il collagen staining was performed as described
previously?.

Statistical analysis

All statistical analyses were performed with EZR=23.
Paired t-test and unpaired t-test (Student’s t-test) were
employed for statistical analyses. P values less than
0.05 were considered statistically significant.
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Fig. 1. Expanded fibroblastic cells isolated from the synovial membrane express PDGFRs and exhibit characteristics of MSCs.

A. Primary cultures of adherent cells isolated from the human synovial membrane. Left column; Microscopic appearance of the cells during

primary culture (10X). Middle and right columns; Flow cytometric analysis of PDGFRs. Histograms in black indicate the distribution of
the fluorescence intensity of the cells stained with isotype control antibodies. Histograms in red indicate the distribution of the fluores-
cence intensity of the cells stained with antibodies against CD140a/PDGFa (left) or CD140b/PDGFRp (middle). Marker P7 designates
positive events.

. Flow cytemetric analysis of MSC-related surface antigens expressed on the cells isolated from the synovial membrane. Primary cells were

detached from dishes after 14 days of culture and stained with MSC-specific antibodies (CD73, CD90, CD105, and CD44). CD45 is a
negative marker for MSCs. Histograms in black indicate the distribution of the fluorescence intensity of the cells stained with isotype
control antibodies. Histograms in color indicate the distribution of the fluorescence intensity of the cells stained with antibodies against
surface markers indicated. Markers (P3-P7) designate positive events.

. Surface antigen expression profiles of cells after 14 days in culture. MSC: population of CD73*CD90"CD105*CD44*CD45 MSCs.

Representative data from 6 independent experiments are indicated in this figure.

Results

Cultured fibroblastic cells isolated from the
synovial membrane have characteristics of MSCs
and express PDGFRs

The synovial tissue is reported to be composed of two
major cell types: synovial macrophages and synovial
fibroblasts. At day 1 in culture, the appearance of the
adherent cells isolated from the synovial tissue was
quite heterogeneous and most of the cells had a round
shape and did not express PDGFRs (Figure 1A). This
heterogeneity disappeared with time, and only the cells
with fibroblastic appearance were expanded on day

14 (Figure 1A). Surface antigen expression analyses
indicated that most of these expanded cells were
negative for CD45, but positive for CD73, CD90, CD105,
and CD44 (Figure 1B, 1C). Multicolor flow cytometric
analyses showed that more than 80% of these cells
expressed CD73, CD90, CD105, and CD44 on the same
cell surface, but lacked CD45 (Figure 1C, MSC). Flow
cytometric analyses further indicated that more than
half of the cells expressed CD140a/PDGFRa (54.1+/-
34.6%) and CD140b/PDGFRB (63.6+/-44.4%, Figure 1C),
suggesting that PDGF signaling is involved in the growth
of synovial MSCs.
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Fig. 2. Analysis of intracellular signaling molecules activated by PDGF-AA and -BB.

A. Both PDGF-AA and -BB enhance proliferation of synovial MSCs in medium containing reduced serum. Synovial MSCs were cultured in

the presence or absence of PDGFs and the numbers of cells were counted on the days indicated. Data are expressed as mean + standard
deviation (SD) of 4 independent experiments. Open circle; 0.1%FBS, Closed circle; 10%FBS, Closed rectangle; 0.1%FBS+PDGF-AA,
Closed triangle; 0.1%FBS+PDGF-BB. Asterisk (*) indicates that the difference is statistically significant (p<0.05, Paired T-test). Exact p
values were as follows. Open circle vs closed rectangle; 0.013 (day8). Open circle vs closed triangle; 0.004 (day8).

. Immunoblot analysis of phospho-Erk1/2.

. Immunoblot analysis of phospho-Akt.

Representative images from 3 independent experiments are shown.

. Transient phosphorylation of tyrosine residues in the intracellular domain of CD140b/PDGFR that are involved in the PLC signaling
pathway. (Upper panels) Time course changes of fluorescence intensity of tyrosine residues after PDGF-BB stimulation. phosphorylation
of tyrosine 857, 1009, and 1021 quickly occurs after stimulation. Histograms in Blue indicate the distribution of the fluorescence inten-
sity of the cells stained with isotype control antibodies. (Lower panels) Peak fluorescence intensity at each time point is measured and

plotted. Representative images from 2 independent experiments are shown.

Activation of PI3K and Erk1/Erk2 is important for
PDGF-dependent proliferation of synovial MSCs

To examine if PDGF signal play roles in MSC growth,
cell growth assay was performed. As shown in Figure
2A, synovial MSCs were increased almost fourfold at
day 8 in culture in the normal growth medium (10%
FBS., closed circle). In the medium with reduced serum
(0.1%), cell proliferation was not observed (open
circle). Supplementation of PDGFs in the medium with
reduced serum significantly increased cell numbers

after day 8 in culture. Since the effect of PDGFs on
cell proliferation was observed in medium containing
reduced concentration of FBS (0.1%), the intracellular
signals activated by PDGFRs seemed to play some roles
in the proliferation of synovial MSCs.

Canonical PDGF signals include 3 different pathways,
Erk1/2, PI3K, and PLC (phospholipase C). Among
them, to identify the signaling pathways involved in the
proliferation of synovial MSCs, ligand binding-dependent
activation of intracellular signals downstream of PDGFs
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Fig. 3. The PI3K and Erk pathways play important roles in the proliferation of synovial MSCs.

MTT assay was performed to examine the inhibitory effect of small inhibitor molecules on the proliferation of synovial MSCs induced by
PDGF-AA (A) and -BB (B). Inhibitor molecules were supplemented at 3-fold of IC50, as indicated in the instruction manual provided by each
manufacturer. LY:LY290042, PD:PD98059, SB:SB203580, and GF:GF10923X. Asterisk (*) indicates that the difference is statistically sig-
nificant (Unpaired t-test, P<0.05). Data are expressed as mean + standard deviation (SD). Number of samples were 4 for LY, SB, and GF and
13~16 for PD. Exact p values are indicated in the figure. Of note that due to the larger sample size, much smaller p values were observed in

PD.

was evaluated by phosphorylation of p44/Erki, p42/
Erk2, and PKB/Akt (western blot analysis), and tyrosine
residues (857Y, 1009V, and 1021Y) of CD140b/PDGFRB
those are important in PLC activation (flow cytometry).
As shown in figures 2B and 2C. PDGF-AA rapidly
enhanced the phosphorylation levels of p44/Erk1, p42/
Erk2, and PKB/AKt in synovial MSCs within 10 min.
PDGF-BB strongly enhanced phosphorylation of PKB/
Akt within 10 min after stimulation. Effects of PDGF-BB
on PKB/Akt phosphorylation lasted longer than 30 min
in synovial MSCs (Figure 2C). However, Phosphorylation
levels of p44/Erk1 and p42/Erk2 did not seem to change
significantly up to 30 min after PDGF-BB stimulation.
Flow cytometric analyses suggested that PDGF-BB
also activates the PLC signaling pathway, since a rapid
increase in the phosphorylation of tyrosine residues
857, 1009, and 1021 (PY857, PY1009, and PY1021)
in PDGFRB/CD140b was observed within 2 min after
PDGF-BB stimulation in synovial MSCs (Figure 2D).
Next, to elucidate which signaling pathways are

functionally involved in the process of proliferation
of synovial MSCs, cell growth assay was performed
in the presence of various types of pathway-specific
protein kinase inhibitors. As shown in Figure 3, the
PIBK (LY290042) and Erk1/Erk2 (PD98059) inhibitors
significantly inhibited MSC proliferation induced by PDGF-
AA and PDGF-BB, while the MAPK (SB203580) had
subtle effects on it. Of note that much smaller p values
were observed in PD98059 (Figure 3). These seemed
due to the larger sample size only for this experiment
in technical issue. Flow-cytometric analyses indicated
the transient phosphorylation of tyrosine residues in
the intra-cellular domain of PDGFRB (Figure2D), which is
involved in the activation of PLC-PKC pathway, however,
PKC inhibitor, GF109203X, did not inhibit proliferation of
synovial MSCs, suggesting that PLC-PKC signal pathway
is dispensable in the proliferation of synovial MSCs
(Figure 3). Taken together, these data suggested that
both PIBK-PKB/Akt and Erk1/Erk2 signaling pathways
play important roles in PDGF-mediated MSC proliferation.
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Fig. 4. PI3K activity plays a pivotal role during chondrogenic and osteogenic differentiation of synovial MSCs.

A. In vitro chondrogenic spheroid formation. Pellet weights of 4 independent experiments were indicated (data from same patient indicated

in each marker). Asterisk (*) indicates that the difference is statistically significant if compared with that of control (Paired T-test, P<0.05).

Exact p values were as follows. AA:0.021, AA+LY:0.043, BB:0.058, BB+LY:0.026

. Upper panel indicates the GAG amounts in each spheroid. GAG amounts are normalized to DNA amounts in each spheroid and indicated
in the lower panel. Measured values from sextuplicate from 1 donor were indicated. Due to the experimental difficulties, there are sev-
eral missing values in each data. Asterisks (¥) indicates that the difference is statistically significant if compared with that of control
(Paired T-test, P<0.05). Exact p values and numbers of samples were as follows. Upper panel; AA:0.006 (n=5), AA+LY:0.029 (n=6),
BB:<0.0001(n=6), BB+LY:0.043 (n=6). Lower panel; AA:0.031 (n=4), AA+LY:0.202 (n=5), BB:0.0001 (n=5), BB+LY:0.035 (n=>5)

. Histological analysis of the chondrogenic spheroids.

. Osteogenic differentiation of synovial MSCs in the presence or absence of LY290042. Representative images from 4 independent experi-
ments are shown. AR: Alizarin Red S, CV: Crystal Violet

. CFU-F (colony forming unit-fibroblast: number of colonies which is visualized by CV staining) and CFU-OB (colony forming unit-osteo-
blast: number of colonies with calcified extra-cellular matrix, which is visualized by AR staining/CFU-F (%)) were counted. Data of 4
independent experiments were indicated (data from same patient indicated in each marker). Asterisk (¥) indicates that the difference is
statistically significant (paired T-test, CFU-OB: P<0.0001).

. Adipogenic differentiation of synovial MSCs. Representative images from 4 independent experiments are indicated.

PDGF enhanced chondrogenic spheroid formation
via the PI3K pathway

It is reported that the expression of stem cell
phenotype-related transcription regulators, Oct4 and
Nanog, is negatively regulated by PI3K activity in bone
marrow derived MSCs'®. To evaluate the effects of PDGF-
PIBK-Akt/PKB axis on the chondrogenic differentiation
of synovial MSCs, spheroid culture was performed in
the presence or absence of either PDGF-AA or -BB. As

indicated in Figure 4A, PDGF-AA significantly increased
the wet weight of chondrogenic spheroids. PDGF-BB
also increased the wet weight although the difference
was not statistically significant. GAG amounts in each
pellet were significantly increased in the presence of
either PDGF-AA or -BB (Figure 4B, upper panel). The ratio
of GAG to DNA amounts was also increased by PGDF
supplementation (Figure 4B, lower panel). Histologically,
the inter-nuclear distances seemed to be increased in
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the presence of PDGF-AA or -BB. (Hematoxylin and
Eosin staining, the top row). Extracellular matrices were
more abundant in type Il collagen in the presence of
PDGFs than in the presence of LY290042 (Figure 4C,
the bottom row). In contrast, the levels of proteoglycan
deposition seemed comparable regardless of LY290042
treatment (Figure 4C, the second row). These data
suggest that supportive function of PDGF-AA or -BB on
chondrogenic spheroid culture that may be combination
of the effects on cell proliferation and differentiation was
dependent on the PI3K activity.

Inhibition of the PI3K pathway strongly diminished
calcified extracellular matrix deposition by syno-
vial MSCs with slight effects on adipogenic
differentiation

To further analyze the importance of PI3K activity
during osteoblastic and adipogenic differentiation of
synovial MSCs, cells were maintained for two weeks in
differentiation medium. As shown in Figure 4D and 4E,
inhibition of PI3K activity strongly reduced the size of
the colonies and calcium deposition (colony forming unit
osteoblast, CFU-OB). In contrast, PI3K activity seemed
to be dispensable during adipogenic differentiation of
synovial MSCs (Figure 4F).

Discussion

In previous studies, we reported that serum PDGFs
have great potential to enhance the proliferation of
synovial MSCs without affecting multipotency in two-
dimensional culture conditions'. In this study, we
showed that fibroblastic cells positive for PDGFRs were
expanded during the primary culture of synovial MSCs
(Figure 1). This suggests that PDGF signaling plays an
important role in the proliferation of synovial MSCs.
Two types of receptor molecules, CD140a/PDGFRa
and CD140b/PDGFRB are found in the PDGF system,
and their specific ligands, PDGF-AA and PDGF-BB,
respectively, have already been identified. Distinctive
phosphorylation patterns of PKB/Akt and Erk1/Erk2
between the responses to the PDGF-AA and -BB
(Figure 2B and C) may suggest separate roles of these
factors on the regulation of synovial MSCs. However,
since our observation also indicated that physiological
functions of these factors and receptors on synovial
MSC proliferation are comparable, the distinctive
phosphorylation patterns may have only a subtle
influence on proliferation. Distinctive roles on other
physiological phenomena are still possible, but are not
unveiled yet. Further investigation may be required.
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Important roles of the PISK-PKB/Akt axis on prolife-
ration have been reported in MSCs from other types
of tissues. Gharibi et al reported that inhibition of PISK
by LY290042 significantly reduced PDGF-BB-induced
DNA synthesis in human bone marrow-derived MSCs?*.
They showed that PDGF-BB enhanced the expression of
cyclin D1 in these cells, and this effect was suppressed
by LY290042. Qiu et al also reported similar findings
using human cord blood-derived MSCs?. In our study, we
did not analyze the expression of cyclin D1 in synovial
MSCs. However, it is feasible to assume that similar
molecular mechanisms exist. This is the first study
reporting the intracellular signaling pathway responsible
for cell cycle progression in synovial MSCs.

In addition to the roles of PI3K in proliferation, we
showed that PI3K activity is also involved in the
chondrocytic- and osteoblastic-differentiation of synovial
MSCs. PDGF-AA significantly enhanced chondrogenic
spheroid formation, while the PI3K inhibitor, LY290042,
completely reversed it (Figure 4A and 4B upper panel).
Biochemical and immunohistochemical analyses
indicated that PDGF treatment during chondrogenic
differentiation enhanced the expression of cartilaginous
extracellular matrix proteins, such as type Il collagen
(Figure 4C). These pro-chondrogenic effects of PI3K
may be through both the increase in cell numbers and
cartilage matrix production in each spheroid (Figure 4B).

Inhibitory effect of LY290042 on extracellular matrix
mineralization was more striking. In the presence of
LY290042, CFU-OB was almost completely abolished
(Figure 4D); colony number was not altered, however, the
size of each colony appeared reduced (Figure 4D and
E). Although the underlying molecular mechanisms were
not elucidated, PI3K activity seemed to be a prerequisite
for osteogenic differentiation of synovial MSCs. In
contrast to our results, Gharibi et al reported that PDGF-
BB inhibited osteogenic differentiation of bone marrow-
derived MSCs and indicated that this was partly due to
the inhibited expression of osteoblast-related markers,
such as type | collagen and alkaline phosphatase?*. The
reason for this discrepancy remains unclear, and further
analyses are required to determine the characteristics
of MSCs derived from different adult tissues.

In summary, we analyzed the intracellular signaling
pathways activated by PDGFs in synovial MSCs and
identified that PI3K signaling is important in both in vitro
proliferation and differentiation. In this study, we also
identified that Erk activity is also play some roles in the
proliferation of synovial MSCs. The findings presented
in this study may be useful in the optimization of in vitro
culture conditions of synovial MSCs, facilitating their
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application in cell transplantation therapy. Furthermore,
these results may also be useful to develop a new serum-
free culture medium for clinical usage.
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