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Predominant control of PDGF/PDGF receptor signaling in the
migration and proliferation of human adipose-derived stem cells
under culture conditions with a combination of growth factors
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Abstract. Human adipose-derived stem cells (hASCs)
play important roles in regenerative medicine and tissue
engineering. However, their clinical applications are limited
because of their instability during cell culture. Platelet lysates
(PLTs) contain large amounts of growth factors that are useful
for manufacturing cellular products. Platelet-derived growth
factor (PDGF) is a major growth factor in PLTs and a potent
mitogen in hASCs. To optimize growth conditions, the effects
of a combination of growth factors on the promotion of
hASC proliferation were investigated. Moreover, PDGF-BB
combined with vascular endothelial growth factor (VEGF)
and hepatocyte growth factor (HGF) markedly enhanced the
viability of hASCs compared with the effects of PDGF-BB
alone. Neither VEGF nor HGF had any effect alone. All
growth factor receptor inhibitors inhibited cell proliferation.
Wound healing assays revealed that VEGF and HGF stimu-
lated PDGF-dependent cell migration. The effects of these
growth factors on the activation of their cognate receptors
and signaling enzymes were assessed using immunoblot-
ting. Phosphorylation of PDGF receptor (PDGFR)B, VEGF
receptor (VEGFR)2 and MET proto-oncogene and receptor
tyrosine kinase was induced by PDGF-BB treatment, and
was further increased by treatment with PDGF-BB/VEGF
and PDGF-BB/HGF. The levels of phospho-ERK1/2 and
phospho-p38MAPK were increased by these treatments
in parallel. Furthermore, the expression levels of SRY-box
transcription factor 2 and peroxisome proliferator-activated
receptor g were increased in PDGF-BB-treated cells, and
PDGF-BB played a dominant role in spheroid formation. The
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findings of the present study highlighted that PDGF/PDGFR
signaling played a predominant role in the proliferation and
migration of hASCs, and suggested that PDGF was respon-
sible for the efficacy of other growth factors when hASCs were
cultured with PLTs.

Introduction

Mesenchymal stem cells (MSCs) represent a promising
source for cell-based clinical applications (1,2). MSCs are
adult pluripotent stem cells present in almost every tissue and
organ and the bone marrow is an important site for MSC isola-
tion (1,2). Adipose tissue is a promising source of MSCs with a
comprehensive impact on various clinical applications such as
the treatment of osteoarthritis (2,3). Adipose tissue is relatively
abundant in the body and can be collected in large amounts
with minimally invasive procedures, resulting in low rates of
morbidity (3). Human adipose-derived stem cells (hASCs) can
differentiate into multiple lineages, including osteogenic (4),
chondrogenic (5), adipogenic (6) and neurogenic (7) lineages.
Based on their differentiation abilities, hASCs have been used
in regenerative medicine to promote bone regeneration (8),
wound healing and age suppression (9), and to facilitate nerve
regeneration (8). Additionally, their high proliferation rate as
well as their immune-privileged and -tolerant properties make
hASCs effective and a potential novel therapy in the field of
regenerative medicine (8,9).

Human platelet lysates (PLTs) contain several mitogenic
growth factors, including platelet-derived growth factor
(PDGF), fibroblast growth factor (FGF), epidermal growth
factor (EGF) and transforming growth factor (TGF)-f (10,11).
PLT can be used in MSC cultures without adversely affecting
the immunophenotype or metabolism of MSCs, and can
replace fetal bovine serum (FBS) for cell proliferation (12,13).
The superiority of PLT over human AB serum (14), human
plasma (15) and human autologous serum (15) for ex vivo
expansion of MSCs is due to its high growth factor content,
low cost and ease of large-scale production (12-15). Therefore,
this method can be applied in clinical studies concerning
hASCs using PLTs. PLTMax, a derivative of platelet-rich
plasma (PRP), is a commercialized PLT product created from
the whole blood of American donors, which has been tested
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for infections. Alonso-Camino and Mirsch (16) demonstrated
that PLTMax exhibited proliferative effects similar to those
of PRP. Furthermore, our group previously reported that
culturing hASCs with PLTMax resulted in a superior effect on
cell proliferation compared to culturing with FBS (17).

PDGF is a major growth factor in PLT that stimulates
the proliferation, survival and motility of MSCs (18). PDGF
belongs to the family of cationic homo- and disulfide-linked
dimers of A- and B-polypeptide chains (19). PDGF isoforms
bind to a- and PB-tyrosine kinase receptors, and promote
autophosphorylation and kinase activity (19). Previous
studies on the PDGF signaling pathway and target genes have
demonstrated that the activation of PDGF receptor (PDGFR)
downstream molecules contributes to PDGF-promoted cell
proliferation and migration (19,20). However, PDGF does
not account for the mitogenic ability of PLT (20). In addition,
PLTMax (or PLT) contains proliferation and differentiation
factors released by platelets, such as vascular endothelial
growth factor (VEGF), hepatocyte growth factor (HGF) and
EGF (16). These factors act as mitogens and motogens for
diverse cell types and angiogenesis promoters (18). Previous
in vitro studies have demonstrated that hASCs cultured with
individual or combinations of growth factors differentiate into
endothelial, chondrogenic, myogenic, osteogenic and neural
cells (21,22). However, the cooperative role of the individual
factors present in PLTMax in the proliferation and differentia-
tion of hASCs remains unknown, and the precise mechanisms
involved in the recruitment of PDGF and its receptor to other
signaling pathways involved in the proliferation and migration
of hASCs are unclear.

In the present study, the contribution of proliferative
factors to hASC potency was systematically investigated. Our
group previously reported the positive effects of PLT (or PRP),
PDGF-BB and FGF-2 on the proliferation and migration of
hASCs (20,23,24). The present study aimed to optimize hASC
proliferation in 2-dimensional (D) and 3-D cultures by supple-
menting hASCs with growth factors. PDGF-BB combined
with VEGF, HGF or EGF had a synergistic effect on the
PDGF-BB-dependent migration and proliferation of hASCs.
PDGF-BB/PDGFR signaling predominantly controlled
different signaling pathways to activate the ERK1/2 and p38
MAPK mitogenic enzymes, followed by cell proliferation and
migration.

Materials and methods

Ethics approval. The present study was approved by The
Ethics Review Board of Kansai Medical University (Hirakata,
Japan; approval no. 2017094) in accordance with the ethical
guidelines of the Declaration of Helsinki of 1975.

Reagents. Human platelet lysate (PLTMax) was purchased
from MilliporeSigma (cat. no. SCM141). PDGF-BB was
purchased from PeproTech EC Ltd. VEGF-A (VEGF) and
HGF were obtained from Takara Biotechnology Co., Ltd.
FBS was purchased from HyClone (Cytiva). Trypsin, trypsin
inhibitor and imatinib (a PDGFR inhibitor) were purchased
from FUJIFILM Wako Pure Chemical Corporation. VEGFR
tyrosine kinase inhibitor II (a VEGFR inhibitor) and tivantinib
[a MET proto-oncogene, receptor tyrosine kinase (c-Met)

inhibitor] were purchased from Cayman Chemical Company.
All chemicals used in the present study were of analytical
grade.

Isolation of hASCs. The present study complies with the
International Society for Stem Cell Research guidelines
(https://www.isscr.org/guidelines). Adipose tissue was
obtained from a 42-year-old male patient, who had provided
informed oral and written consent, whilst undergoing plastic
surgery at Kansai Medical University in 2017. hASCs were
isolated as previously described (20,24). Briefly, adipose
tissue was cut into small pieces and digested with collagenase
(MilliporeSigma). After the addition of Dulbecco's modified
Eagle's medium (DMEM; Nissui Pharmaceutical Co., Ltd.;
cat. no. 05915) containing 10% FBS (Hyclone; Cytiva) and
2% penicillin/streptomycin (Gibco; Thermo Fisher Scientific,
Inc.), the tissue was centrifuged at 400 x g for 3 min at room
temperature. The obtained supernatant was passed through
a 100-ym nylon mesh (Falcon; Corning Life Sciences) to
remove cellular debris. The resulting primary hASCs were
cultured for 4-5 days until the cells reached 90% confluency.
These cells were defined as passage ‘0’. Cells from passages
7-9 were used for all the experiments. hASCs were identified
through the presence (CD73, CD90 and CD105) or absence
(CD14 and CD31) of cell surface markers by flow cytometric
analysis (6,8,20).

Cell proliferation assay. hASCs were seeded into 96-well
cell culture plates at a density of 3.0x10° cells/well and
incubated in complete medium overnight at 37°C. The cell
culture medium was then replaced with serum-free DMEM
(control medium). After incubation for 18 h, hASCs were
cultured in control medium supplemented with PLTMax
(1-5%), PDGF-BB (20 ng/ml), PDGF-BB (20 ng/ml)/VEGF
(1 ng/ml), VEGF (1 ng/ml) and PDGF-BB (20 ng/ml)/HGF
(1 ng/ml) for 48 h at 37°C. For pharmacological inhibi-
tion assays, imatinib (Cayman Chemical Company; cat.
no. 13139), VEGFR inhibitor II (Cayman Chemical
Company; cat no. 17654) and tivantinib (Cayman Chemical
Company; cat. no. 17135) were added to the control medium
1 h before incubation at 37°C with medium containing
growth factors. Cell proliferation was examined using a
Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc.)
according to the manufacturer's instructions as described
previously (17,20,24). The optical absorbance was measured
at 450 nm using a multi-well plate reader (EnSpire 2300
Multilabel Reader; PerkinElmer, Inc.).

Immunofluorescent analysis. hASCs (1x10%) were treated
with PDGF-BB (20 ng/ml), VEGF (1 ng/ml), HGF
(1 ng/ml),PDGF-BB (20 ng/ml)/ VEGF (1 ng/ml) and PDGF-BB
(20 ng/ml)/HGF (1 ng/ml) for 24 h. The cells were fixed in 4%
formaldehyde solution for 20 min at room temperature and
permeabilized with 0.3% Triton X-100 for 15 min (17). After
blocking with phosphate-buffered saline (PBS) containing 3%
FBS (Hyclone; Cytiva) for 2 h at room temperature, cells were
incubated with a monoclonal antibody against Ki-67 (1:800;
cat. no. #9449; Cell Signaling Technology, Inc.) for 2 h at room
temperature, followed by incubation with FITC-conjugated
anti-rabbit immunoglobulin (IgG; 1:100; cat. no. SAO0003-1;
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Table I. Primer sequences used for quantitative PCR analysis.

Gene Forward primer, 5'-3' Reverse primer, 5'-3'
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
COLI10A1 CGCTGAACGATACCAAATGCCC TGGACCAGGAGTACCTTGCTCT
RUNX2 CCCAGTATGAGAGTAGGTGTCC GGGTAAGACTGGTCATAGGACC
PPARG AGCCTGCGAAAGCCTTTTGGTG GGCTTCACATTCAGCAAACCTGG
ACTA1 AGGTCATCACCATCGGCAACGA GCTGTTGTAGGTGGTCTCGTGA
SOX2 GCTACAGCATGATGCAGGACCA TCTGCGAGCTGGTCATGGAGTT
CD73 AGTCCACTGGAGAGTTCCTGCA TGAGAGGGTCATAACTGGGCAC

PPARG, peroxisome proliferator-activated receptor y; RUNX2, RUNX family transcription factor 2; COL10A1, collagen type X al chain;

ACTA, actin al; SOX2, SRY-box transcription factor 2.

Proteintech Group, Inc.) and DAPI (1:1,000; cat. no. D523;
Dojindo Molecular Technologies, Inc.) for 1 h at room
temperature. Images of the antigens were captured using a
fluorescence microscope (BZ9000; Keyence Corporation).

Western blot analysis. hASCs (5x10°) were treated without
or with PDGF-BB (20 ng/ml), VEGF (1 ng/ml), HGF
(1 ng/ml), PDGF-BB (20 ng/ml)/VEGF (1 ng/ml) and
PDGF-BB (20 ng/ml)/HGF (1 ng/ml) for 20 min. Cells were
lysed in M-PER solution (cat. no. 78501; Thermo Fisher
Scientific, Inc.) supplemented with a protease and phos-
phatase inhibitor cocktail (cat. no. 78440; Thermo Fisher
Scientific, Inc.) (20). Protein concentration was estimated
using a BCA assay kit (cat. no. A53225; Thermo Fisher
Scientific, Inc.). Cellular proteins (20 ug/lane) were separated
by SDS-PAGE on 4-15% gradient gels (cat. no. NP0321BOX;
Thermo Fisher Scientific, Inc.) and electroblotted onto
polyvinylidene difluoride membranes (cat. no. IPVH00010;
Thermo Fisher Scientific, Inc.). After blocking with Blocking
One-P reagent (cat. no. 05999-84; Nacalai Tesque, Inc.) for
60 min at room temperature, the membranes were incubated
overnight at 4°C with the following primary antibodies:
Anti-phospho-Erk1/2 (1:1,000; cat. no. #4370; Cell Signaling
Technology, Inc.), anti-Erk1/2 (1:1,000; cat. no. #4695;
Cell Signaling Technology, Inc.), anti-phospho-PDGFRb
(1:1,000; cat. no. GTX133525; GeneTex, Inc.), anti-PDGFRb
(1:1,000; cat. no. 134491AP; Proteintech Group, Inc.),
anti-phospho-c-Met (1:1,000; cat. no. 600401989S;
Rockland Immunochemicals Inc.), anti-c-Met (1:1,000; cat.
no. GTX631992; GeneTex, Inc.), anti-phospho-VEGFR2
(1:1,000; cat. no. CSBPA000703; Cusabio Technology, LLC),
anti-VEGFR?2 (1:1,000; cat. no. CSBPA008334; Cusabio
Technology, LLC), anti-phospho-p38 MAPK (1:1,000; cat.
no. #4511; Cell Signaling Technology, Inc.), anti-p38 MAPK
(1:1,000; cat. no. #8690; Cell Signaling Technology, Inc.)
and anti-B-actin (1:1,000; cat. no. #4970; Cell Signaling
Technology, Inc.). Next, the membranes were incubated
with horseradish peroxidase-conjugated goat anti-rabbit
IgG (1:10,000; cat. no. SC2357; Santa Cruz Biotechnology,
Inc.) or rabbit anti-mouse IgG (1:10,000; cat. no. SC2031;
Santa Cruz Biotechnology, Inc.) for 1 h at room temperature.
Immunoreactive bands were visualized using an enhanced
chemiluminescence reagent (cat. no. 296-69901; FUJIFILM

Wako Pure Chemical Corporation), and signals were
quantified using ImageJ software (version 1.53t; National
Institutes of Health) with B-actin as the loading control for
normalization.

Wound healing assay. hASCs were seeded into 24-well cell
culture plates at 6.0x10* cells/well and incubated in complete
medium at 37°C overnight, followed by incubation with
serum-free medium for 4 h at 37°C. The cell monolayer was
then scratched using a sterilized 200-u1 disposable pipette
tip. Subsequently, the cells were washed twice with PBS and
cultured in DMEM containing PDGF-BB (20 ng/ml), VEGF
(1 ng/ml), HGF (1 ng/ml), PDGF-BB (20 ng/ml)/VEGF
(1 ng/ml), and PDGF-BB (20 ng/ml)/HGF (1 ng/ml). Images
of the scratched areas from three independent experiments
were compared at 0, 12 and 24 h using an optical microscope
(Primovert; Zeiss, AG), and the area between the two edges
of the wound was analyzed using ImagelJ software (National
Institutes of Health; version 1.53t).

Gene expression. Total RNA was isolated from the hASCs
using a Maxwell RSC kit (cat. no. AS1340; Promega
Corporation) (25). Reverse transcription-quantitative PCR
(RT-qPCR) was performed using SYBR Green RT-qPCR
Master Mix (cat. no. 204243; Qiagen GmbH), according to the
manufacturer's protocol, on a Rotor-Gene Q HRM Real-Time
PCR System (Qiagen GmbH). The PCR thermocycling condi-
tions were 40 cycles of 10 sec at 95°C and 20 sec at 60°C.
Relative gene expression changes were calculated using the
2-44C method (26) with GAPDH as the internal reference
gene. The PCR primers used in the present study are listed in
Table I.

Spheroid formation assays. hASCs were suspended in
DMEM containing PDGF-BB (20 ng/ml), VEGF (1 ng/ml),
HGF (1 ng/ml), PDGF-BB (20 ng/ml)/VEGF (1 ng/ml)
and PDGF-BB (20 ng/ml)/HGF (1 ng/ml) at a density of
1x10* cells/100 pl and seeded in a Corning ultra-low-attach-
ment 96-well plate (Corning, Inc.). The cells were cultured
in the indicated medium at 37°C for 6 days, and 50 ul
DMEM containing PDGF-BB (20 ng/ml), VEGF (1 ng/ml),
HGF (1 ng/ml), PDGF-BB (20 ng/ml)/VEGF (1 ng/ml)
and PDGF-BB (20 ng/ml)/HGF (1 ng/ml) was added every
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2 days. Phase-contrast images were acquired using an optical
microscope (Primovert; Zeiss GmbH). Quantification of
spheroid diameters was performed using ImageJ software
(version 1.53t; National Institutes of Health).

Statistical analysis. Data are expressed as the mean + stan-
dard deviation (n=3/4). All statistical analyses were performed
using JMP® Pro v.16.2 (JMP Statistical Discovery LLC).
Data homogeneity was examined using the Shapiro-Wilk test.
Significant differences were evaluated using one-way ANOVA
followed by Tukey's post-hoc test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Proliferative effects of PLTMax, PDGF-BB, VEGF, HGF
and EGF on hASCs. When cells were cultured with PLTMax,
hASC viability increased gradually with 1-3% PLTMax in
a dose-dependent manner, and the greatest stimulation was
observed at 3% PLTMax with 3% PLTMax showing higher
viability of the cells than 10% FBS (Fig. SIA). Trypsin treat-
ment, but not trypsin inhibitor (TT) treatment, significantly
reduced hASC proliferation, indicating that growth factors
and other proteins in PLTMax played essential roles in cell
proliferation (Fig. S1B).

Next, the proliferative effects of PDGF-BB, a major
growth factor in PLTMax, were examined. PDGF-BB
caused a dose-dependent stimulation of hASC proliferation
at 0-20 ng/ml (Fig. 1A). At >20 ng/ml PDGF-BB concen-
trations, the extent of the proliferation curve decreased
(Fig. S2). Conversely, other growth factors such as VEGF
and HGF did not exhibit any significant proliferative effects
on hASCs (Fig. 1B and C). When cells were treated with
VEGF and PDGF-BB, the addition of 1 ng/ml VEGF to
20 ng/ml PDGF-BB-containing medium further enhanced
PDGF-dependent cell proliferation. Cells treated with
PDGF-BB and higher concentrations of VEGF showed a
decrease in cell viability, compared with the lower concentra-
tion. The potency of stimulation with PDGF-BB and VEGF
appeared to be stronger than stimulation with PDGF-BB
alone (Fig. 1D). Treatment with 20 ng/ml PDGF-BB and
1 ng/ml HGF resulted in the greatest cell proliferation,
similar to that observed with the combination of PDGF and
VEGEF (Fig. 1E).

Furthermore, EGF alone did not enhance cell viability
but the enhancement of the proliferation with PDGF-BB
(20 ng/ml) and EGF (1 ng/ml) in combination was ~2.1-fold
(Fig. S3A). The extent of enhancement by EGF combined
with PDGF-BB was lower than that induced by PDGF-BB
combined with either VEGF or HGF. Thus, in the presence
of PDGF-BB, growth factors such as VEGF, HGF and EGF
showed a synergistic effect on hASC proliferation. The
combined use of growth factors resulted in maximal hASC
proliferation, similar to that achieved by PLTMax.

Effects of PDGF-BB, VEGF and HGF on the number of
Ki-67" cells. To examine proliferative markers of cell prolif-
eration, fluorescent immunostaining of hASCs with anti-Ki-67
antibody was performed (Fig. 2A). The percentage of Ki-67*
cells in the control was low (8%). However, the percentage
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Figure 1. Continued.

of Ki-67* cells in the VEGF and HGF groups were 12 and
26%, respectively. The addition of PDGF-BB increased the
number of Ki-67-positive cells by 52%, which was similar to
that observed after PDGF-BB/HGF treatment. The highest
expression level was observed in the PDGF-BB/VEGF group
(Fig. 2B). These results confirmed that PDGF-BB combined
with VEGF resulted in an improved proliferative ability
of hASCs.
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Figure 1. Growth factor-dependent proliferation of hASCs. The cells
were cultured in DMEM with or without the indicated concentra-
tions of (A) PDGF-BB, (B) VEGF, (C) HGF, (D) PDGF-BB/VEGF and
(E) PDGF-BB/HGF for 48 h. Cell viability was measured by Cell Counting
Kit-8 assay. Data are shown as the mean + SD (n=4). "'P<0.05; “P<0.01
vs. control. PDGF, platelet-derived growth factor; VEGF, vascular endo-
thelial growth factor; HGF, hepatocyte growth factor; hASCs, human
adipose-derived stem cells.

Pharmacological effects on hASC viability. The effects of
pharmacological inhibitors of PDGF, VEGF and HGF recep-
tors on cell viability were investigated. Proliferation of hASCs
induced by PDGF-BB was significantly decreased when cells
were treated with imatinib (a PDGFR inhibitor), tivantinib
(a c-Met inhibitor) and VEGFR inhibitor II (Fig. 3A).

Imatinib significantly inhibited the proliferation of
PDGF-BB/VEGF-treated hASCs (Fig. 3B), and further inhi-
bition was observed with a combination of imatinib and the
aforementioned VEGFR inhibitor. Furthermore, inhibition by
imatinib and/or tivantinib was observed after treatment with
PDGF-BB/HGF (Fig. 3C).
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Figure 2. Effect of growth factors on the proliferative ability of hASCs.
(A) Representative microscopy images of immunochemical staining for
Ki-67 (green)/DAPI (blue) in hASCs cultured with PDGF-BB (20 ng/ml)
plus VEGF (1 ng/ml) for 24 h (scale bar, 100 zm). (B) Quantification of Ki67*
cells. A total of 300 cells were counted after the indicated treatment and data
are expressed as the mean + SD (n=3). "P<0.05; “P<0.01 vs. control. hASCs,
human adipose-derived stem cells; PDGF, platelet-derived growth factor;
VEGEF, vascular endothelial growth factor; HGF, hepatocyte growth factor.

PD153035, an EGFR inhibitor, inhibited the proliferation
induced by PDGF-BB and EGF (Fig. S3B). These results
indicated that all growth factor receptor inhibitors investigated
in the present study exhibited a similar potent effect on the
inhibition of hASC proliferation.

Activation of receptors for growth factors and signaling
enzymes by treatment with PDGF-BB, PDGF-BB/VEGF and
PDGF-BB/HGF. To clarify the involvement of receptors in
PDGF-, VEGF- and HGF-mediated signaling pathways, immu-
noblotting was performed with hASCs. Phospho-PDGFR
levels increased after treatment with PDGF-BB (Fig. 4).
Treatment with a combination of PDGF-BB and VEGF
resulted in significantly higher phosphorylation level of
PDGFRp compared with other treatment groups. Furthermore,
PDGF-BB stimulated the phosphorylation of VEGFR2 but
VEGF did not significantly affect phosphorylated protein
levels. A marked increase in phospho-VEGFR?2 levels was
observed in PDGF-BB/VEGF-treated cells. The increased
phosphorylation of c-Met was not observed in HGF-treated
cells, but it was increased by PDGF-BB/HGF, compared
with HGF-only treatment. In response to the increase in
phospho-PDGFR, phospho-VEGFR?2 and phospho-c-Met, the
levels of phospho-ERK1/2 and phospho-p38 MAPK increased
in PDGF-BB, PDGF-BB/VEGF and PDGF-BB/HGF groups.
These results indicated that the activation of PDGF/PDGFR
signaling played a predominant role in the stimulation of
VEGFR and c-Met, subsequently triggering the phosphoryla-
tion of ERK and p38, followed by the enhancement of hASC
proliferation.

Effects of PDGF-BB, VEGF and HGF on hASC migration.
To investigate the effects of growth factors on hASC migra-
tion, wound closure was measured after 12 h of incubation.
PDGF-BB, PDGF-BB/VEGF and PDGF-BB/HGF mark-
edly increased cell migration compared with the control
(Fig. 5A and B). PDGF-BB/VEGF and PDGF-BB/HGEF treat-
ments showed 100% wound closure by 24 h of incubation.
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Figure 3. Pharmacological inhibition of hASC viability cultured with inhibitors of growth factor receptors. The cells were cultured in DMEM containing
(A) PDGF-BB (20 ng/ml), (B) PDGF-BB (20 ng/ml)/VEGF (1 ng/ml) and (C) PDGF-BB (20 ng/ml)/HGF (1 ng/ml), without or with the indicated receptor
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PDGF-BB/VEGF and PDGF-BB/HGF appeared to be A
the most effective combination to induce cell migration. - ~ g P2
Treatment with VEGF or HGF alone had no effects on cell phospho-PDGFRS - i ) 150

migration. PDGFRp ---H- -150

— — —
phospho-VEGFR2 -150

Gene expression in PDGF-BB-, VEGF- and HGF-treated VEGFR2 W',_. T - _150
cells. To examine the effects of PDGF-BB, VEGF and HGF on ) i

. . .. phospho-c-Met - - -150
the gene expression of stem cell and differentiation markers,
RT-qPCR was performed on growth factor-treated cells for oMet - ¢ -150
6 days. As shown in Fig. 6, PDGF-BB, PDGF-BB/VEGF and phospho-ERK1/2 — — N )
PDGF-BB/HGF increased the mRNA levels of peroxisome ERK12 | D e S _40

proliferator-activated receptor y (PPARG), an adipogenic

marker, indicating that these growth factors could be involved Phosphoped . - ==
in adipocyte differentiation. Conversely, the levels of RUNX p35 | et S G Sl el | 5
family transcription factor 2 (RUNX?2), an osteogenic marker, p-Actin | G D D D END s=» | /)
and actin al (ACTA), a myogenic marker, were decreased in B QL g % g W
PDGEF-BB-treated cells. Additionally, the expression level of 5 5 ¢4 ju T T
collagen type X al chain (COL10A1), a chondrogenesis-related © Q g g

gene, was decreased by treatment with PDGF-BB, but was
restored in PDGF-BB/VEGF- and PDGF-BB/HGF-treated Figure 4. Continued.



EXPERIMENTAL AND THERAPEUTIC MEDICINE 27: 156, 2024 7

B PDGFRp C VEGFR2
@.18— k% 4_
E16‘ . %%
S 14 - £ 354
o
S 12 1 g 34
£ 10 1 §2.5- *x
Fk
£ 81 £ 2
1) J w
-S_ 6 o >6 1.5 1
g 47 2 £ 1)
Q 2- 7]
o+— M . - . N . g 05 I
e m . oW L B w 0 r r T T T
g & & @23 2 ofd T 09 & 3% &  3u
S LL L w I = ) O] Q5 O] 2
o o = > ; o lO]
0] o < uw w | I ;
[a] e A o > w > w T
. : e S 2 g g
o a a
D c-Met E ERK1/2
10 - 9 - x
kok
9 N8_
28‘ 57. Kok
S5 71 &
> w6 -
§6< §5' sk
? 5
2 &4
g 4 S
< -
%3- *k - §3
1 . 5
i m | N ol | |
ol B H H B B M B N N N
S o L oL w & w S m w =W w =
£ o 6 B8 S Rg £ a ¢ @[S S BE
S & 5 ix T AT § & £ 4¥g T T
o Q O] [0} o o = kg 0]
[a] A A [a]
a a a o £ g
F p38
1000 -
900 4 *k
800 4
[0}
3700-
%600-
& 500
<
% 400
o
S 300 4
200 4 *k *ok *k "
100 - - -
0 A B N B =
5 m w T (TR
2 o 0] 26 6 2%
c w i} | I y X
S S T T
o Q 10} (O]
Q Jat a
o a a

Figure 4. Activation of growth factor receptors and signal enzymes in growth factor-treated hASCs. hASCs were cultured in DMEM containing 10% FBS,
followed by starvation for 16 h. The cells were then incubated in DMEM containing PDGF-BB (20 ng/ml), VEGF (1 ng/ml), HGF (1 ng/ml), PDGF-BB
(20 ng/ml)/VEGF (1 ng/ml) or PDGF-BB (20 ng/ml)/HGF (1 ng/ml) for 20 min. The cells then were washed, collected and lysed. Next, cellular proteins were
analyzed by SDS-PAGE using 4-15% gels, followed by (A) immunoblotting with the indicated primary antibodies. (B) Ratio of phospho-PDGFRDb versus
total PDGFRb, (C) ratio of phospho-VEGFR?2 versus total VEGFR2, (D) ratio of phospho-c-Met versus total c-Met, (E) ratio of phospho-ERK1/2 versus
total ERK1/2 and (F) ratio of phospho-p38 versus total p38 were calculated. Data are presented as the mean + SD (n=3). “P<0.01 vs. control. hASCs, human
adipose-derived stem cells; PDGF, platelet-derived growth factor; VEGF, vascular endothelial growth factor; HGF, hepatocyte growth factor.

cells. An increase in the levels of SRY-box transcription  Effects of PDGF-BB, VEGF and HGF on hASC spheroid
factor 2 (SOX2), a stem cell marker, was observed in the formation. Cell aggregates were observed when suspended
PDGF-BB/VEGF and PDGF-BB/HGF groups, but not in the  cells were cultured in a low-attachment culture plate
PDGF-BB group. The levels of CD73, a mesenchymal stem  with notably few adherent cells on day 2 (Fig. 7A). The
cell marker, were decreased by treatment with PDGF-BB and  cells formed spheroids of various sizes and the number
PDGF-BB/VEGF. of suspended cells decreased after further incubation.
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Figure 5. In vitro hASC wound healing assay. (A) Wounds were created on
hASCs seeded in 24-well plates at 90% confluence using a pipette tip, and the
cells were then incubated in DMEM without or with PDGF-BB (20 ng/ml),
VEGF (1 ng/ml), HGF (1 ng/ml), PDGF-BB (20 ng/ml)/ VEGF (1 ng/ml) and
PDGF-BB (20 ng/ml)/HGF (1 ng/ml) for 12 and 24 h. Wounds were observed
under an optical microscope (magnification, x40). (B) Quantitative analysis
of wound closure after 12 and 24 h incubation. Wound healing closure rates
were calculated using ImageJ software (version 1.53t). Values are presented
as the percentage of wound closure = SD (n=4). "P<0.05; “"P<0.01 vs. control.
hASCs, human adipose-derived stem cells; PDGF, platelet-derived growth
factor; VEGF, vascular endothelial growth factor; HGF, hepatocyte growth
factor.

Treatment of cells with PDGF-BB, PDGF-BB/VEGF and
PDGF-BB/HGF increased the number of spheroids (diam-
eter >100 ym) with incubation time. Since the spheroid
number in all groups was zero at the start of the experiment,
following incubation there was a significant formation of
spheroids in all groups. At day 6, the number of spheroids
100-200 gm was high after treatment with PDGF-BB or
PDGF-BB/VEGTF, and spheroids >200 ym were observed in
PDGF-BB-, PDGF-BB/VEGF- and PDGF-BB/HGF-treated
cells (Fig. 7B). Thus, PDGF plays a dominant role in
spheroid formation.

Gene expression in hASCs from day 6 spheroids
was examined. RT-qPCR data showed that COL10A1
and RUNX2 mRNA levels were increased by treatment
with PDGF-BB/VEGF compared with the control group,
and PDGF-BB/HGF treatment also increased COL10A1
mRNA levels. Furthermore, treatment with PDGF-BB
md PDGF-BB/HGF led to an increase in PPARG mRNA,
but ACTA mRNA levels were decreased in PDGF-BB,
PDGF-BB/VEGF, and PDGF-BB/HGF groups (Fig. 8). SOX2
mRNA levels were increased in PDGF-BB/VEGF-treated

cells, and CD73 mRNA levels increased with all treatments.
These results indicated that the expression of stem cell markers
in the spheroids was high.

Discussion

To the best of our knowledge, the present study is the first
to demonstrate that PDGF/PDGFR signaling predominantly
stimulates hASC migration and proliferation (Fig. 9).
PDGF-BB is a major growth factor present in both PLTMax
and PRP (17,20). Proteolytic treatment with PLTMax reduced
the enhancement of hASCs proliferation, suggesting that
proteins, including growth factors and adhesion molecules,
were involved in such stimulation. Our group previously
reported that PDGF treatment induced the proliferation of
hASCs (20). However, the effect of PDGF on cell prolif-
eration was lower than that of PRP (or PLTMax) (20). In
the present study, although it was examined whether growth
factors such as VEGF, HGF and EGF stimulated hASC
proliferation, treatment with VEGF, HGF or EGF alone did
not exert any proliferative effect. When hASCs were incu-
bated with PLTMax for 48 h, the highest proliferative effect
was observed with 3-5% PLTMax. A stimulatory effect
similar to that of PLTMax was observed with the combined
use of PDGF-BB, VEGF and HGF. Furthermore, the number
of Ki-67" cells increased significantly after treatment with
PDGF-BB, PDGF-BB/VEGF and PDGF-BB/HGF, but not
with VEGF or HGF alone. EGF or insulin-like growth factor
(IGF) combined with PDGF was less effective for hASC
proliferation than PRP alone (20). Thus, VEGF and HGF
synergistically enhanced the PDGF-dependent proliferation
of hASCs. In addition, as shown in the present study PDGF
is a primary factor responsible for cell proliferation and
can draw on the potential of other growth factors including
VEGF, HGF and EGF in PLTMax when hASCs are cultured
with PLTMax (or PRP).

The addition of 20 ng/ml PDGF-BB resulted in signifi-
cantly higher stimulation of hASC proliferation (Fig. 1).
Kang et al (27) also found that PDGF induced the chemo-
tactic migration of human adipose tissue-derived MSCs in
a dose-dependent manner (5-25 ng/ml) and increased the
number of cells after incubation for 48 h. Additionally, PDGF
isoforms stimulate the migration and proliferation of equine
epithelial cells, keratinocytes (28), and mesoderm-derived
epithelial and glial cells (29) to different extents, indicating
that the extent of the PDGF proliferative effect is dependent
on different cell types owing to different quantities of recep-
tors. Thus, the distribution of PDGFR and the concentration
of PDGF isoforms are important determinants of the fate of
different cell types.

Accompanied by the stimulation of cell proliferation, the
wound-healing assays revealed that the migration of hASCs
was enhanced by treatment with PDGF and VEGF. Growth
factors released after activation could stimulate the chemo-
taxis of fibroblasts into wound tissues (30). Among these
growth factors, PDGF is a potent chemotactic factor that acti-
vates cell adhesion molecules, including integrins (31). HGF,
EGF and TGF-p positively regulate focal adhesion molecules
and integrins (32-34). During inflammation, PDGF induces
the migration and proliferation of monocytes, fibroblasts and
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Figure 6. Gene expression of differentiation-related genes, including (A) PPARG, (B) RUNX2, (C) COL10A1 and (D) ACTA, and stem cell-related genes,
including (E) SOX2 and (F) CD73 in growth factor-treated hASCs. hASCs were incubated in DMEM without or with PDGF-BB (20 ng/ml), VEGF (1 ng/ml),
HGF (1 ng/ml), PDGF-BB (20 ng/ml)/VEGF (1 ng/ml) and PDGF-BB (20 ng/ml)/HGF (1 ng/ml), and the cells were cultured for 6 days. The individual medium
was changed every 2 days. Total RNA in the cells was isolated and reverse transcription-quantitative PCR was performed. mRNA levels were normalized to
GAPDH mRNA expression. Data are presented as the mean = SD (n=3). "P<0.05 vs. control. hASCs, human adipose-derived stem cells; PPARG, peroxisome
proliferator-activated receptor y; RUNX2, RUNX family transcription factor 2; COL10A1, collagen type X al chain; ACTA, actin al; SOX2, SRY-box
transcription factor 2.

vascular smooth muscle cells; attracts monocytes to sites of ~ Furthermore, PDGF is a strong pro-angiogenic factor that
vascular injury; and limits proinflammatory events through  stimulates the migration and proliferation of endothelial
autocrine feedback inhibition of platelet aggregation (35). cells (36).



10 SUN et al: PREDOMINANT ROLE OF PDGF/PDGF RECEPTOR SIGNALING IN hASC PROLIFERATION

A T F
; 2 = ol
Day2 § . -
Day 4
Day 6 ‘ Tl
Control PDGF-BB  PDGF-BB/VEGF PDGF-BB/HGF
B
20 -
181 0 20-50 um
0 50-100 pm
w 161 = 100-200 um
3 14 >200 um
E 12
[=
o 10
o
o 8-
L *%
& 61
4 =
2
* * *
0 & k3
Control ~ PDGF-BB PDGF-BB/  PDGF-BB/
VEGF HGF

Figure 7. Spheroid formation of hASCs with PDGF-BB, PDGF-BB/VEGF
and PDGF-BB/HGF. (A) Representative microscopy images of spheroids
under the indicated conditions. Cells were seeded at 1,000 cells/well in
low-attachment plates (96-wells), and cultured with DMEM containing
PDGF-BB (20 ng/ml), VEGF (1 ng/ml), HGF (1 ng/ml), PDGF-BB
(20 ng/ml)/VEGF (1 ng/ml) and PDGF-BB (20 ng/ml)/HGF (1 ng/ml) for
6 days. The cells were also cultured with serum-free DMEM as a control
(scale bar, 1 mm). (B) Quantification of total spheroids distributed by size.
The shapes of the spheroids were analyzed by ImagelJ software, and spheres
<20 ym were excluded. The diameter of spheroids was divided into 20-50,
50-100, 100-200 and >200 gm, and the number of spheroid in each group
was shown. Data are presented as the mean + SD (n=3). “P<0.05; “P<0.01 vs.
control. hASCs, human adipose-derived stem cells; PDGF, platelet-derived
growth factor; VEGF, vascular endothelial growth factor; HGF, hepatocyte
growth factor.

PDGFR consists of a and (3 subunits (37). PDGFR-a can
bind to either PDGF-A or PDGF-B, while PDGFR-f can
bind only to PDGF-B. PDGF-BB binds to the two subunits of
PDGFR and is ~10-fold more mitogenic than PDGF-AA (37).
Since hASCs express high levels of PDGFR-f, which is
fundamental in cell proliferation, adhesion and migration
at the commencement of angiogenesis (38,39), it is possible
that the PDGF-B/PDGFR-f3 signaling may play an important
role in cell stimulation. On the other hand, PDGF-B is not
expressed by hASCs, whereas PDGF-D and PDGFR-f are,
and PDGF-D also upregulates growth factor expression and
exerts a strong mitogenic effect on hASCs (40). PDGF-D is
a minor component of platelets (41). Therefore, it mainly acts
as a mitogenic factor in response to inflammation and tissue
injury regeneration.

The present study demonstrated that rapid phosphory-
lation of VEGFR2 and c-Met occurred upon treatment of
hASCs with PDGF-BB. This indicated that transactivation
of these receptors by PDGF-BB induced the phosphoryla-
tion of the mitogenic enzymes ERK1/2 and p38MAPK,
leading to cell migration and proliferation. Conversely,

neither VEGF nor HGF activated any receptor for PDGF,
HGF or VEGF in hASCs, which was consistent with the
lack of stimulation on cell proliferation. VEGFR and c-Met
may be located intracellularly in hASCs under resting
conditions. By contrast, phosphorylation of VEGFR2 and
c-Met occurs without binding of the corresponding ligands
once PDGFR- activation occurs. Interactions between
PDGFR and EGFR have also been reported (42). Increased
PDGFR-f kinase activity leads to upregulation of VEGF and
VEGFR2 mRNAs in bone marrow MSCs, acting directly
on endothelial cells and leading to increased vessel forma-
tion (43). To the best of our knowledge, no previous studies
have examined the transactivation of PDGFR to VEGFR
and c-Met in any cell type. Although the mechanisms
underlying VEGFR2 and c-Met activation by PDGF are
unclear, it is possible that the activation signal of PDGFR-f3
transactivates other receptors in a manner mediated by
intracellular molecules. G protein-coupled receptors and
sphingosine 1-phosphate receptor can transfer activating
signals to cell surface receptors (44). Thus, the predominant
control of PDGF/PDGFR signaling to activate other growth
factor receptors is essential for promoting hASC migration
and proliferation.

In the presence of PDGF-BB, VEGF further increased the
levels of phospho-VEGFR and phospho-c-Met, and subse-
quently markedly activated ERK1/2 and p38 MAPK. These
events were ascribed to the synergistic effect of VEGF and
c-Met on PDGF-dependent enhancement of hASC migration
and proliferation. Considering that all inhibitors of PDGFR,
VEGFR and c-Met reduced the proliferation of hASCs in the
presence of PDGF-BB, the activation of these receptors by
PDGEF appears to be required for cellular activation. Among
the growth factors present in PLTs, PDGF, IGF and FGF
promote proliferation and cell cycle transition in human
MSCs (27,41). However, the effects of TGF- and EGF on
MSCs remain unknown. Treatment of hASCs with EGF and
basic FGF promotes the cell proliferation and differentia-
tion of neural lineage (45). When hASCs were treated with
a combination of FGF2 and VEGF, the promotion of cell
proliferation and endothelial differentiation was accom-
panied by an increase in the expression of the endothelial
markers CD31, von Willebrand factor and CD144 (46). The
present data demonstrated that VEGF and HGF promoted
the PDGF-dependent proliferation of hASCs, with high
mRNA expression of the stem cell markers SOX2 and
CD73. Similarly, PDGF-BB combined with VEGF or HGF
enhanced the formation of spheroids in which hASCs abun-
dantly expressed SOX2 and CD73 mRNAs. These results
indicated that PDGF may be an essential growth factor that
promoted maintenance of hASC stemness.

Several studies have shown that MSCs do not express
VEGFR (37) and that VEGF can bind to PDGFR (47),
suggesting that VEGF induces MSC proliferation by acti-
vating the PDGF/PDGFR axis. By contrast, the present data
clearly demonstrated that no PDGFR-f activation occurred
by treating hASCs with VEGF alone. The reason for this
discrepancy is not clear, but it is possible that PDGFR is local-
ized on the cell surface of MSCs. However, growth hormone
receptors are generally translocated to the plasma membrane
upon phosphorylation (48). As shown in the present study,
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Figure. 8. Gene expression of differentiation-related genes, including (A) PPARG, (B) RUNX2, (C) COLI0A1 and (D) ACTA, and stem cell-related genes,
including (E) SOX2 and (F) CD73 in growth factor-treated hASC spheroids. Spheroids treated with the indicated growth factors for 6 days were collected by
centrifugation at 1,000 x g for 5 min at room temperature. Total RNA in the cells was isolated and reverse transcription-quantitative PCR was performed. Data
are presented as the mean + SD (n=3). "P<0.05 vs. control. hASCs, human adipose-derived stem cells; PPARG, peroxisome proliferator-activated receptor v;
RUNX2, RUNX family transcription factor 2; COL10A1, collagen type X al chain; ACTA, actin al; SOX2, SRY-box transcription factor 2.

once PDGFR-f3 and PDGF-BB phosphorylate VEGFR2 and  activation of PDGF/PDGFR signaling is indispensable for the
c-Met in hASCs, the activated receptors are translocated to  stimulation of other signaling pathways in hASCs, improving
the cell surface and bind to their cognate ligands. Thus, the  the wound healing properties of hASCs.
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Migration
proliferation

Figure 9. PDGF-BB/PDGFR signal dominates the stimulation of the migra-
tion and proliferation of hASCs via activation of multiple growth factor
receptors. VEGF and HGF synergistically enhanced such stimulation.
hASCs, human adipose-derived stem cells; PDGF, platelet-derived growth
factor; VEGF, vascular endothelial growth factor; HGF, hepatocyte growth
factor; PDGFR, PDGF receptor; VEGFR, VEGF receptor; c-Met, HGF
receptor; hASCs, human adipose-derived stem cells.

PDGF has multiple effects on the differentiation of
hASCs. PDGF-B enhances vascular network stability and
osteogenic differentiation, resulting in the development of
vascularized bone tissues by hASCs (49). PDGF promotes
the tenogenic differentiation of hASCs (49,50). RT-qPCR
analysis showed that mRNA expression of the osteogenic
marker RUNX?2 was slightly increased upon treatment with
PDGF-BB and VEGF, and this effect was potent in spheroids.
The mRNA levels of the chondrogenic marker COL10A1
increased in spheroids treated with all the evaluated growth
factors. Although PDGF treatment of hASCs reduced the
expression of adipogenesis-related genes in a previous
study (51), the present data showed an increase in the mRNA
expression of the adipogenic marker PPARG by PDGF-BB,
PDGF-BB/VEGF and PDGF-BB/HGF treatment compared
to the control. The reasons for such differences in gene
expression between previous and present data are unclear.
hASCs produce various paracrine factors that are dependent
on different culture conditions (52,53) and therefore the cells
may develop along different lineages. In the present study,
SOX2 and CD73 were selected as stem cell markers to
examine the maintenance of stem cell self-renewal. SOX2
mRNA was increased by treatment with PDGF-BB/VEGF
under monolayer and spheroid culture conditions, and was
virtually unchanged with PDGF-BB exposure. CD73 mRNA
levels increased in all spheroid treatment groups, but remained
unchanged in monolayer cells. Thus, the supplementation of
hASC spheroids with PDGF-BB, VEGF and HGF positively
affected stem cell pluripotency. Furthermore, VEGF and
HGF synergistically enhanced the PDGF-dependent migra-
tion and proliferation of hASCs. However, other additional
effects of VEGF and HGF on the fate of hASCs were not
observed. The proliferation and differentiation potential of
hASC spheroids differs depending on the culture conditions,

including supplementation with growth factors, scaffold
environment and cell density, and therefore further system-
atic gene expression studies are required to elucidate the roles
of VEGF, HGF and PDGF in the differentiation potential of
hASCs.

Several studies have reported the proliferation-promoting
effects of PLTs on bone marrow-derived MSCs (12,54).
Additionally, Huang er al (55) reported that PLTs enhanced
neuronal proliferation and differentiation to a greater extent
than FBS. Additionally, PLTs contain higher concentrations
of various growth factors other than FBS (17). Collectively,
PLTs are a promising xenogeneic-free substitute for FBS in
hASC cultures, with an underlying mechanism of growth
factor-induced proliferation. The present study demonstrated
that the combination of the growth factors PDGF-BB, VEGF
and HGF promoted the migration and proliferation of hASCs.
It is unclear whether the cells could acquire multiple func-
tions for tissue regeneration or senescence, although this may
be induced upon long-term culture (53). This may be further
explained by the fact that PLTs (or PRP), which also contain
adhesion molecules, chemokines and various plasma proteins,
share similar importance with platelets and leukocytes
during wound healing (56). The combination of other factors,
including chemokines and adhesion molecules, with VEGF and
HGF could further enhance the proliferative effect on hASCs
through PDGF/PDGFR signaling. Improving the viability
and stability of hASCs by preserving their homogeneity may
contribute to the development of stem cell therapeutics using
biofunctional materials.

In conclusion, the present study demonstrated that
VEGF and HGF treatment synergistically enhanced the
PDGF-BB-dependent proliferation of hASCs. hASC migra-
tion after PDGF-BB/VEGF and PDGF-BB/HGF treatment
was greater than that after PDGF-BB treatment alone. These
enhancements were accompanied by the phosphorylation of
PDGFR, VEGFR2 and c-Met. RT-qPCR analysis revealed
high expression of stem cell markers in growth factor-treated
cells. During hASC spheroid formation, PDGF-BB played a
predominant role in the synergistic effects of VEGF and HGF.
These observations provide new insights for future investiga-
tions surrounding the beneficial effects of supplementing
cultured hASCs with PDGF-BB and VEGF to repair injured
tissues.
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